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I. INTRODUCTION 

1.1 Overview 
The mammary gland, a hallmark of mammals, is a highly specialized organ that 

produces milk to nourish offspring. Murine mammary gland development spans over 

embryogenesis, puberty, and pregnancy and is regulated by intricate signaling networks 

between mammary epithelial cells and the stroma. The two main cellular lineages that 

constitute the mammary gland are the milk producing luminal cells, and the contractile 

basal/myoepithelial cells. Several epithelial tissues depend on multipotent stem cells for 

their proper development and maintenance, but the mammary gland is maintained by 

an alternate mechanism. Transplantation assays and lineage tracing experiments have 

produced controversial results in the search for the mammary stem cell, but the growing 

consensus is that postnatal mammary development occurs from unipotent progenitor 

cells. Interestingly, though, basal mammary epithelial cells retain reprogramming 

potential that is repressed in situ, but observed in vitro. 

 

1.2 Murine Mammary Gland Development 
The murine mammary gland (MG) is a highly specialized organ and one of the 

most regenerative in the body. The primary function of the MG is to provide nourishment 

and passive immunity for offspring. MG development occurs in 3 stages. Embryonic, 

pubertal, and reproductive development. 

 

1.2.1  Embryonic Development/Primordial 
Murine mammary gland (MG) development begins at embryonic day (E) 10 and 

extends to E18.5. Bilateral stripes of multilayered ectoderm, or milk lines, form on the 

ventral surface of the embryo and run anterior to posterior from the forelimb bud to the 

hindlimb bud (Diagram 1). This line of ectodermal cells then migrate and thicken to form 

symmetrical placodes in the location of the mammary buds (5 pairs) 1-4. Wnt10b, Wnt3 

and Wnt6, are expressed in the mammary line and are important in specification 5, 6. 

The T-box transcription factor, Tbx3, is expressed very early in restricted areas of 

mesenchyme and is critical for the proper migration of cells to form mammary 

placodes7. At E11.5, the mammary placodes develop into bulbs of epithelial cells that 
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are distinct from the surrounding epidermis and appear as elevated knob structures up 

until E13.5,  when they descend into the underlying dermis 8 (Diagram 1, A). Around the 

sunken epithelial bud, mesenchymal cells become the mammary mesenchyme. The 

embryonic mammary mesenchyme provides critical inductive signals through 

parathyroid hormone-related protein (PTHLH) that direct the rudimentary bud formation 

and specify mammary epithelial cell differentiation. PTHLH is also important for 

androgen receptor activation in the mesenchyme of male embryos to signal for 

mammary bud degradation9. At E14.5, the fat pad precursor differentiates. Development 

continues with epithelial cell proliferation and elongation of the bud, forming a stalk 

connecting the bud to the epidermis like a small tree that will invade the fat pad and 

begin branching into about 10-15 branches. The nipple arises from epidermal cells that 

overlay the bud, and lumen formation becomes visible by E16.5. The spaces within the 

lumen increase in size (via programmed cell death) and number until E18.510.  At this 

point the rudimentary tree remains largely quiescent undergoing a period of allometric 

growth, keeping up with overall body development. 
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Diagram 1. Murine Mammary Gland Development. A. Mammary gland development  

begins around embryonic day 10 (E10) with formation of a milk line (gray) above the 

mammary epithelium (pink). At E11.5, placodes form symmetrically along the milk lines 

and begin to invaginate to form buds (E12.5-E14.5). At E15.5 the mammary epithelium 

begins to proliferate and elongate to form the primary sprout that drives migration 

through the mammary mesenchyme towards the fat pad (blue). Lumen formation gives 

rise to the nipple (green). On E18.5, the mammary epithelium forms a rudimentary 

branched structure connected to the nipple. B. The embryonic mammary anlage is 

present at birth and remains quiescent until puberty. Terminal end buds (TEBs) drive 

the mammary epithelium to proliferate and fill the fat pad in response to pubertal 

hormones. TEBs, specific to rodents, have an outer layer of cap cells surrounding an 

inner layer of body cells. Adult mice have an epithelial tree-filled fat pad absent of TEBs. 

The ducts of the epithelial tree have an inner layer of luminal cells and an outer layer of 

contractile basal cells. Hormonal changes that occur during pregnancy drive an 

expansion of milk-producing alveolar cells upon lactation. The milk-filled alveoli fill the 

majority of the fat pad. Upon weaning, involution occurs by cell death returning the 

gland to a resting state. 
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1.2.2 Pubertal Development (Mammary Gland Components, The Terminal End 
Bud) 

During puberty expansive proliferation of the mammary epithelium occurs driving 

mammary anlage invasion into the mammary fat pad. In mouse, this ductal elongation 

and branching morphogenesis is driven by highly proliferative terminal end buds (TEBs) 
11, 12. TEBs are club shaped structures at the ends of the growing ducts that contain a 

single proliferative outer layer of epithelial cap cells, surrounding a multilayered body of 

epithelial cells located at the invading front of the branch13, 14. The primary ductal 

system is generated by TEB bifurcation regulated by the stroma. Secondary branches 

grow laterally from the primary ducts. The epithelial cells that make up the cap of the 

TEB differentiate into myoepithelial cells 15 (Diagram 1, B). Branching morphogenesis 

continues until the TEBs reach the distal end of the fat pad and then the structure 

disappears. The production and activation of TGFβ and other mechanical and local 

cues regulate the termination of branching16.  Under cyclical ovarian stimulation, or the 

estrus cycle, short tertiary branches will grow in response to progesterone, only 

differentiating into milk producing alveolar buds under the influence of pregnancy 

hormones. In the absence of pregnancy hormones, tertiary branches apoptos, leaving 

the mammary gland with primarily primary and secondary outgrowths. Several 

hormones and growth factors are important for normal branching morphogenesis during 

puberty, including growth hormone (GH), prolactin (PRL), insulin-like growth factor 1 

(IGF1), and estrogen receptor (ESR1)17-19.  

Mammary Gland Components- The mammary gland (MG) is composed of 

multiple cell types that work together to maintain a functional organ. These include 

epithelial, fibroblast, vascular, immune, and lymphatic cells with adipose making up the 

majority of the organ. Epithelial cells form a bilayered ductal system of apically 

oriented luminal cells surrounded by a layer of basally oriented contractile myoepithelial 

or basal cells that contact the basement membrane (Diagram 1, B). The luminal cell 

population expresses keratins 8 and 18 and can be subdivided into estrogen receptor 

(ER)+/progesterone receptor (PR)+ and ER−/PR− cells. Lineage-tracing of the luminal 

cell population has revealed that during pregnancy, lactation and involution, 

ER+ progeny are restricted to the ER+ lineage and ER− progeny are restricted to the ER− 
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lineage 20-22. Myoepithelial cells express keratins 5 and 14 and smooth muscle actin,  

which mediates their contractile function. Several putative stem cells were thought to 

exist among the basal population 23-25. As will be discussed below, caps cells and body 

cells are specialized epithelial cells within the TEB that are less differentiated than basal 

cells or luminal cells and are highly proliferative 14, 26. Lastly, during pregnancy, luminal 

cells differentiate into milk producing cells that form alveoli. Fibroblasts, found on the 

basal side of the epithelium embedded in the fat pad serve many functions. Fibroblasts 

provide instructions to the epithelium during branching morphogenesis via growth 

factors and proteases 27, 28. Fibroblasts also support epithelial cell survival and 

morphogenesis and synthesize several extracellular membrane components 29, 30. 

Vascular and immune cells are intercalated throughout the mammary gland. 

Throughout pubertal MG development the lymphatic system extends in close 

association with epithelial outgrowth and blood vasculature 31. During branching 

morphogenesis, macrophages and eosinophils are recruited to the TEBs to mediate 

invasion through the fat pad 32. Macrophages are also required during involution for the 

clearance of dead cells and repopulation of adipocytes33. Adipocytes compose the 

majority of the adult, non-lactating murine MG. Adipocytes serve an endocrine function 

in the MG, regulating epithelial growth and function and mediating communication with 

other cell types. During pregnancy and lactation, adipocytes provide energy to the 

epithelial cells for the metabolically demanding milk production and cell contraction34, 35.  

The Terminal End Bud- The terminal end bud (TEB) is unique to the pubertal 

MG and is made up of two compartments. The outer compartment is a single layer of 

highly proliferative ‘cap cells’, differentiating into myoepithelial cells as the duct 

elongates 14 (Diagram 1, B). The inner compartment is the ‘body cell’ layer – a multi-

cellular layer approximately 4-6 cells thick. This layer is made up mainly of luminal and 

alveolar progenitors that differentiate into mature luminal cells as the duct elongates14. 

Cap cells express several markers including keratin 5, smooth muscle actin and p63. 

Cap cells also express a stem cell specific isoform of SH2-containing inositol 5’-

phosphatase (s-SHIP), though its role in the MG is unknown. The least differentiated 

and most proliferative cells are located in the bulbous region and the more differentiated 

and less proliferative are in the neck and subtending duct. TEBs invade through the fat 
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pad, undergoing regular bifurcation events until they reach the edge of the fat pad, 

when they regress completely to form blunt-ended ductal termini or small rounded 

buds36. Proper formation of the TEB requires estrogen, FGF10 and growth hormone. 

Wnt, SLIT and TGFB are also important for TEB morphology and function 37, 38. 

 
1.2.3 Reproductive Development/Alveolar 

During pregnancy, in preparation for lactation, the alveolar epithelium (luminal 

cells that have further differentiated) proliferates rapidly in response to circulating 

hormones. These include progesterone and prolactin, which are important to the 

developing secretory alveoli that are capable of producing milk 37, 39. During lactation, 

the apically oriented luminal epithelial cells synthesize and secrete milk proteins into the 

lumen of the alveoli. Oxytocin release, caused by the suckling infant initiates contraction 

of the surrounding myoepithelial cells and progression of the milk through the ductal 

tree and to the nipple. During weaning, the stimuli for milk production are lost and the 

expanded epithelial compartment apoptos in an event referred to as ‘involution’. This 

process is regulated by signal transducer and activator of transcription factor 3 (STAT3) 

and several other factors including STAT5a, STAT5b, sulfated glycoprotein-2 (SGP-2), 

interleukin-1b converting enzyme (ICE) and TGFβ3 40. 80 % of the mouse mammary 

epithelium is lost within 72 hours in a tightly regulated series of events 41. The gland is 

remodeled by a number of proteases, of which metalloproteinase 3 (Mmp3) is the most 

prominent to return to the MG to ‘resting’ state. The epithelial tree returns to a state 

similar, but not identical to the resting virgin mammary gland (MG). Thus, the epithelial 

component and the surrounding tissue architecture go through a significant amount of 

remodeling during each pregnancy 42, 43.  

 

1.3 Differences Between Human and Mouse Mammary Gland Development 
Human and mouse mammary gland (MG) development are largely very similar, 

with a few key differences. In utero, there are two major differences between species. 

Firstly, in humans, the mammary milk line condenses into only a single pair of placodes 

that develop into MGs, in comparison to the 5 pairs in mice. Also, while male mice have 

irreversible condensation of the mammary mesenchyme between E13.5 and E15.5, 
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human MGs develop similarly in both males and females 44. At birth, the main difference 

is that the human MG has several minor ductal networks joined at the nipple, and mice 

just have a single network 45. During mouse development the mammary epithelium is 

composed of terminal end buds at the leading edge of the tissue driving invasion, 

humans do not have terminal end buds. The human adult mammary fat pad is 

composed of less adipocytes than that of a mouse and a much more complex and 

fibrous branching system 45, 46. Finally, at the onset of pregnancy, the mouse MG 

develops lobules, whereas in human, the lobules are always present 47 

 

1.4 The Existence of Mammary Stem Cells (MaSCs) 
Stem cells are characterized as having the ability to self-renew and give rise to 

more specialized differentiated cells, depending on the tissue. Several studies have 

been done with a goal to identify the mammary stem cell (MaSC), giving rise to both 

basal (myoepithelial) and luminal mammary epithelial cells. The classical methods used 

to identify MaSCs are transplantation assays and lineage tracing. 

 

1.4.1 Transplantation Assays 
In the 1950’s serial transplantation assays, the original ‘gold standard’, hinted 

that MaSCs may exist in the mammay gland (MG). DeOme et al. revealed that portions 

of the normal mammary epithelia, when transplanted from donor mice to recipient fat 

pads cleared of endogenous tissue, could reproduce functional mammary epithelia 48 

(Diagram 2, A). The cleared mammary fat pad allowed transplantation and growth of 

normal, pre-neoplastic and malignant mammary tissues, giving rise to either normal or 

tumorous tissue, respectively. In 1998, Kordon and Smith showed that a single cell 

could recapitulate the entire mammary epithelium, and this was further verified by 

Shackleton et al. in 2006 49. Not only could these cells reconstitute the MG, but progeny 

cells from the primary transplant tissue displayed serial transplantability at a clonal level 
24, 50-54. It was following the success of these studies that serial transplantation was 

regarded as the ‘gold standard’ assay for detection and validation of MaSCs 55, 56. 

Several studies over time have used transplantation assays to determine the 

regenerative capacity of several cell types (23, 48, 53, 57-62). However, a major caveat to 



 9 

using transplantation assays is whether removal of donor cells from their endogenous 

environment may drastically alter their normal behavior. 

 
1.4.2 Markers used to isolate Mammary Stem Cells 

Classically, fluorescent-activated cell sorting (FACS) is one of the key techniques 

used to isolate cells to determine reconstitution capacity of potential stem cells using 

transplantation assays 23, 24, 63-69.  The first step is usually to remove hematopoietic and 

endothelial cells with the markers CD45, Ter119, and CD31 (also named as Lin for 

lineage negative). Then, several studies use CD24 (heat-stable antigen), CD29 (β1-

integrin), and CD49f (α6-integrin) as MaSC specific markers 23, 24, 64, 65, 68 . Other studies 

have reported additional markers used to identify MaSCs, including Lrp5/6 63Axin2 65 

CD1d 68 Lgr5 66 and Procr 67. It is notable that these factors are part of the Wnt signaling 

pathway, which has proved instrumental for MaSC renewal and expansion 70. Also, 

ALDH1 25, 71 α-SMA+ and Myh11+ myoepithelial cells have mammary repopulating unit 

capacity 60. 

 

1.4.3 Lineage Tracing 
Genetic lineage tracing is a powerful tool used for mapping cell fate. Lineage 

tracing allows direct observation of the progeny of a single cell under physiological 

conditions in the mouse 72. In this technique, cell- or tissue- specific recombinase 

enzyme is expressed to specifically activate the expression of a conditional reporter 

gene. The reporter will permanently genetically label all the progeny of the marked cells 
73 (Diagram 2, B). Because this technique does not perturb cells in their endogenous 

environment, it has taken over as the ‘gold standard’ to determine cell fate, and identify 

MaSCs. The Cre-loxP system is the preferred approach of genetic lineage tracing in 

mice, owing to its high recombination efficiency 74. The Cre-loxP system functions by 

Cre recombinase expression under a cell-specific promoter, specifically activating a 

reporter in cells that express the promoter by excision of the STOP cassette in a loxP-

STOP-loxP sequence upstream of the promoter. The Cre-loxP system can also be 

altered to make the Cre activity temporal and spatial. CreER is a mutated CRE whose 

Cre activity is inducible via the ER ligand, tamoxifen (Diagram 2, B). Several important 
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lineage tracing studies of mammary gland (MG) have been done. The keratin family of 

markers are commonly used to label stem cells in lineage tracing studies.  

Van Keymeulen et al. showed that K14+ (keratin14) cells from embryonic mice 

were multipotent, while K14+ postnatal cells were unipotent, only contributing to basal-

oriented myoepithelial cells throughout life. Van Keymeulen also found that two 

additional putative stem cell markers, K5+ (keratin5) and Lgr5+, preferentially labelled 

the myoepithelial stem cells. Lineage tracing of luminal cells showed that K8+ (keratin8) 

cells were unipotent, giving rise only to luminal cells, which went on to differentiate into 

luminal and milk-producing cells during pregnancy. K18+ (keratin18) cells also only 

labelled the luminal cells 75. Overall, Van Keymeulen et al. showed that while 

multipotent stem cells exist within the basal layer during embryonic development, only 

unipotent progenitors exist within the luminal and myoepithelial cell lineages after birth. 

However, Rios et al. reported that adult multipotent stem cells exist in the 

mammary gland. Lineage tracing depicted that K5, K14 and Lgr5 targeted long-lived 

multipotent stem cells that contributed to the expansion of both the luminal and 

myoepithelial lineages in the pubertal and adult mammary gland 76. The discrepancies 

between these studies may be attributed to the studies using different lineage tracing 

mouse models and differences in labeling efficiency and specificity, or the 

administration of different concentrations of tamoxifen 25. Leakiness has been a 

common problem with inducible systems. Wuidart et al. showed that the inducible 

CreER is not lineage specific, complicating the interpretation of data that suggest 

identification of multipotent stem cells in the adult mammary gland 77.  

Members of the Notch family were also thought to mark MaSCs, including 

Notch1+, Notch2+, and Notch3+. Rodilla et al. found that Notch1 targeted multipotent 

stem cells in the embryonic mammary rudiment, but restricted their lineage potential to 

the ER- luminal lineage postnatally 21. Sale et al. uncovered the existence of distinct 

Notch2+ progenitors that represented two novel mammary epithelial cell lineages, which 

they termed S (small) and L (large) cells. The S and L cells are morphologically, 

topologically, genetically, developmentally, and functionally distinct from classical 

luminal and myoepithelial cells 78. Lafkas et al. revealed that Notch3+ cells were a 
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luminal progenitor population that was highly clonogenic and transiently quiescent that 

gives rise to a ductal lineage 79.  

Several additional lineage tracing studies have been done (stem cells or 

progenitors expressing Axin2 80, Acta2 60, WAP 81, Procr 67, Lgr5 75, 76, Lgr677, Sox920, 77 

prominin120, p6377, 82 ,ER22, and Blimp183) that support both the existence of multi- and 

unipotent stem cells in the mammary gland and unveil the fate of mammary stem cells. 

Though studies have published confounding results, there is now a growing consensus 

that postnatal mammary development occurs from unipotent progenitor cells that 

separately generate the luminal and basal cell lineages forming the ductal tree. 

Amongst the luminal cells are subpopulations of luminal progenitors that have 

been defined using lineage tracing 25. Mature luminal and luminal progenitor cells can 

be differentiated by different cell marker combinations, one of them being CD49b-CD14-

Sca1+ which corresponds to the mature luminal cell population 61. The  luminal 

progenitor population is defined by CD49b+CD14+Sca-1−Aldh1+ which marks the 

largest luminal progenitor subset 84. This subset can then be further divided into 

committed hormone responsive estrogen receptor (ER) – or ER+ luminal progenitor cells. 

These cells will then give rise to functionally distinct mature ER- and ER+ luminal cells. 

The ER- luminal population is alveolar based and the ER+ luminal cell population is 

ductal 84. 
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Diagram 2. Key Methods used to Identify Mammary Stem Cells. A. Transplantation 

Assay. In the recipient mouse, the portion of the fat pad containing rudimentary 

mammary gland is excised, as indicated by the dotted lines. The lymph node (red) is 

often used as an excision landmark. Epithelial fragments or single cells are isolated 

from the donor mouse and injected into the remaining (cleared) fat pad. After 6-20 

weeks, the recipient mouse fat pads are isolated for outgrowth analysis. B. CRE-Lox 

Genetic lineage tracing. Schematic of the CRE-Lox system. The CRE-Lox system 

consists of two main elements. The CRE construct in which a gene for CRE or a 

modified tamoxifen-dependent form (CRE-ERT) is placed under control of a lineage-

specific promoter. The reporter construct from which the expression of a marker protein 

occurs after CRE-mediated excision of a STOP cassette flanked by two LoxP sites. In 

the absence of CRE, the STOP cassette inhibits expression of the marker. 
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1.5 Cell Identity/State Switch/Reprogramming 
The most common reasons for cell fate changes outside of development are for 

regeneration and repair. One of the mechanisms associated with regeneration is 

dedifferentiation which involves a terminally differentiated cell reverting back to a less 

differentiated state from within its own lineage85. In many studies mammary epithelial 

cell reprogramming has been observed. Early transplantation studies revealed that 

mammary epithelial cells retain multipotent potential postnatally 23, 60, 86. Differentiated 

myoepithelial cells, which are unipotent in vivo, are also capable of reverting to 

multipotent stem cells, regenerating a mammary gland 24, 75, 80. Human and mouse 

mammary luminal progenitors were shown to display “plasticity” under non-physiological 

conditions, suggesting that cell fate decisions among this lineage are not irreversible. It 

was shown that transplantation of both ER+ and ER− luminal progenitors into cleared 

mammary fat pads could not regenerate a mammary gland 61, 84, 87, but can be induced 

to display reversibility and reprogramming capacity. Transient co-expression of Slug 

and Sox9 or transient YAP/TAZ activation efficiently convert differentiated luminal cells 

into MaSCs in vitro 88, 89. In addition, another study showed that polyoma middle T 

(PyMT) antigen or ErbB2 signaling activation in differentiated luminal cells can 

reprogram them into bipotency, giving rise to basal cells90. One of the transcriptional 

repressors that controls gene expression programs of cell state transitions between 

stem and progenitor cells and their differentiated progeny is SLUG (snai2) 88, 91-94. A 

lingering question in the field is why can differentiated basal mammary epithelial cells 

exhibit stem cell behavior in culture or under other conditions when this behavior is not 

observed in the endogenous tissue under normal conditions? This behavior is only 

observed endogenously in response to DNA or tissue damage. Why do these cells 

retain this capability? One possible explanation is that normal reprogramming potential 

is repressed in situ under normal conditions but revealed in response to damage, or in 

vitro, and might contribute to breast cancer when this repression is perturbed. 
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1.6 The s-SHIP Marker 
 SHIP (SH2 domain-containing inositol 5′-phosphatase) was first identified as a 

tyrosine phosphorylated signaling protein that forms a complex with the adaptor proteins 

Shc and Grb2 during blood cell signaling 95-97.  The full-length SHIP structure consists of 

an N- terminal SH2 domain, a central inositol-polyphosphate with 5′ phosphatase 

enzymatic activity and an ∼350 amino acid C-terminal region with numerous protein 

interaction motifs, which bind PTB, SH2, and SH3 domains. SHIP functions as a 

negative regulator by converting the plasma membrane PI3K-produced product, 

phosphatidylinositol(3,4,5)P3, to phosphatidylinositol(3,4)P2 98. SHIP was also later found 

to be expressed testes 99.  

Along with full length SHIP and its spliced isoforms, also expressed from this 

locus was a 104 kDa protein lacking the N-terminal SH2 domain 100. This product also 

differed from full length SHIP as its mRNA begins with a 44-nucleotide region not 

previously found in any murine SHIP cDNA. This novel 44-nucleotide region was 

designated the stem-SHIP region (SSR). The 104 kDa protein arises from an internal 

promoter within the ship locus and is not generated by splicing101. Tu et al. proposed 

that there was a distinct promoter within intron 5 of the ship 1 gene. This was based on 

the observation that the SSR included 44 nucleotides from intron 5 at its 5’ end just 

before the ship sequence similarity from introns 6 to 27 98. The protein generated from 

this promoter was named s-SHIP, with the “s” signifying stem cell as this product was 

found to be specifically expressed in embryonic stem cells and hematopoietic stem cells 
100.  Rohrschneider made a transgenic mouse (named Tg11.5kb-GFP) expressing GFP 

behind this s-SHIP promoter to facilitate analysis of its expression in other mouse 

tissues 98. Bai and Rohrschneider used the mouse  in an attempt to identify stem cells in 

the mammary gland 38.  

They found the expression of GFP in cap cells of mammary buds during 

embryonic development, in the cap cells of TEBS during puberty, and within basal 

alveolar bud cells in pregnancy, but not in mature basal cells. GFP+ cells exhibited self-

renewal and regenerative capabilities, giving rise to a functional MG upon 

transplantation. While these studies suggest that cap cells are multipotent stem cells, 
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endogenous studies using lineage tracing confirmed that they are unipotent stem cells, 

giving rise only to the basal cell population and not luminal cells 38. 

 

1.7 Overview of work presented in this dissertation 
 In vivo, mature mammary myoepithelial cells are unipotent, showing no evidence 

of multipotency; but when isolated from their endogenous environment, cultured, or 

transplanted into a recipient mouse, they spontaneously convert to a stem-like state and 

can convert into luminal-like cells 102,103. The mechanism enabling transdifferentiation of 

mature myoeptithelial cells to the luminal lineage has not been resolved. We addressed 

this problem by asking whether myoepithelial cells switch lineages directly into the 

luminal lineage or whether they are required to pass through an intermediate, stem-like 

state. What factors are involved in stabilizing cell state transitions? I found that 

myoepithelial cells preferentially de-differentiate towards a progenitor state before 

changing lineage and that the transcription factor RFX3 plays a critical role in the 

stabilization of the mammary basal cell lineages. 
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Diagram 3. s-SHIP. Diagram described in text. 
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II. TRANSCRIPTION FACTOR RFX3 STABILIZES MAMMARY BASAL CELL 
IDENTITY 

 
Adapted from Tross et al. Transcription Factor RFX3 Stabilizes Mammary Basal Cell 

Identity (Tross et al. 2021) 
 

2.1 Abstract 
The myoepithelial cell compartment of the murine postnatal mammary gland is 

generated from basal cap cells in the terminal end bud and maintained by self-renewal. 

Transdifferentiation to the luminal lineage does not normally occur, but can be induced 

by DNA damage, luminal cell death or transplantation into a recipient mammary fat pad. 

Myoepithelial cells cultivated in vitro can also transdifferentiate towards the luminal 

lineage. Little is known about the molecular mechanisms and gene regulatory networks 

underlying this plasticity. Using a transgenic mouse (Tg11.5kb-GFP) that marks cap 

cells with GFP, we discovered that mature myoepithelial cells placed in culture begin to 

express GFP within ~24 hrs and later express the Keratin 8 (K8) luminal marker. Cell 

tracking showed that most K8+ cells arose from GFP+ cells, suggesting that 

myoepithelial cells de-differentiate towards a progenitor state before changing lineage. 

Differential gene expression analysis, comparing pure GFP+ cap cells with mature 

myoepithelial cells, identified multiple transcription factors that iRegulon predicted might 

regulate the myoepithelial to cap cell transition. Knockout of one of these genes, 

Regulatory Factor 3 (Rfx3), significantly reduced the population of GFP+ cells and 

increased differentiation to the K8+ luminal lineage. Rfx3 knockout also reduced 

mammosphere growth and mammary gland regeneration efficiency in a transplantation 

assay but had no effect on proliferation in vitro. Together, these data support a key role 

for Rfx3 in the stabilization of the mammary basal cell lineages. 

 

2.2 Introduction 
The mammary gland undergoes dynamic changes that contribute to the 

development, structure and function of the organ. In utero, development is initiated by 

bipotent mammary stem cells that give rise to the mammary rudiment, which remains 

quiescent until puberty 64, 75, 104. At the onset of puberty, the estrus cycle drives 

expansion of the rudiment into a branching network of ducts that fill the mammary fat 
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pad 47. Mature ducts consist of an inner layer of polarized luminal cells (which express 

the keratin K8), surrounded by spindle-shaped basal, myoepithelial cells that are 

marked by K14 expression. Outgrowth occurs primarily from terminal end buds at the tip 

of each duct, filled with immature, proliferating luminal body cells enveloped by a single 

basal layer of cap cells, which are a metastable population of myoepithelial progenitors 
82, 105, 106. These large end buds, and the cap cells, disappear when the ducts reach the 

edges of the fat pad 36.  

At homeostasis the basal and luminal lineages are lineage-restricted and 

maintained separately by self-renewal 60, 75, 77. Each population appears to be stable; 

however, we discovered that DNA damage to the mammary gland triggers 

transdifferentiation of myoepithelial to luminal cells. Ablation of luminal cells in situ by 

diphtheria toxin also activates transdifferentiation, possibly through multiple signaling 

pathways 107, 108.  

Interestingly, this same lineage switch appears to be induced by cultivating 

myoepithelial cells in vitro or by their transplantation into cleared mammary fat pads in a 

recipient mouse. However, almost nothing is known about the underlying mechanisms 

and gene regulatory networks that determine the stability of the lineages or their 

reversion to a stem-like state. To begin to untangle the processes driving myoepithelial 

cell transdifferentiation, we employed a transgenic mouse strain that expresses GFP 

from the promoter of the s-SHIP gene (11.5kb-GFP), which is expressed in embryonic 

and hematopoietic stem cells, and several other progenitor/stem cell lineages 98. It also 

marks cap cells but is silent in mature myoepithelial cells 38.  

After plating purified myoepithelial cells in culture, we detected both GFP+ cells 

and cells expressing the luminal marker K8 arising within 24 – 48 hrs. Single cell 

RNAseq also identified a population of luminal cells after 96 hrs culture. Cell tracking 

revealed that most K8+ cells arise from the GFP+ population, suggesting that 

myoepithelial cells de-differentiate before undergoing transdifferentiation towards the 

luminal lineage.  Bulk RNAseq of purified cap cells (GFP+) and mature myoepithelial 

cells identified several transcription factors that were preferentially expressed in the cap 

cell population, which by iRegulon analysis are predicted to control multiple other genes 

induced in the cap cells.  For one such factor, Rfx3 (regulatory factor 3), its ablation by 
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CRISPR-Cas9 editing in mature myoepithelial cells caused a significant reduction in the 

frequency of GFP+ cell formation, with increased formation of K8+ cells. Rfx3 knockout 

also reduced mammosphere formation and reduced ductal outgrowth after 

transplantation. Rfx3 ablation in pure cap cells also increased the formation of K8+ 

cells.  

We propose that Rfx3 normally stabilizes basal cell identities, so that in its 

absence the myoepithelial and cap cell populations more rapidly convert to the luminal 

lineage, thereby losing the ability to regenerate mammary glands in transplantation 

assays.   
 
2.3 Results 
2.3.1 Myoepithelial cells in culture can transdifferentiate towards cap cell and 
luminal cell lineages 

Lineage-restricted mammary myoepithelial cells in situ can transdifferentiate into 

luminal cells in response to DNA damage or DTA-mediated ablation of the luminal 

population, and are capable of regenerating entire mammary glands after 

transplantation into the fat pads of recipient mice 24, 38, 75, 107, 109.  

To probe mechanisms that might regulate this lineage switching, we isolated 

mammary glands from the 11.5kb-GFP transgenic mouse, which expresses GFP 

specifically in cap cells of terminal end buds but not in mature myoepithelial cells 

(Supplementary Fig S1 A). Myoepithelial cells were then sorted by FACS 

(Supplementary Figure S1 B) and cultured for 96 hrs on laminin-coated cover glasses in 

FAD media supplemented with ROCK inhibitor (Fig 1 A). Cell cultures were fixed every 

24 hrs over 4 d, stained for the luminal marker K8 and imaged to determine whether 

cells expressed GFP and/or K8. GFP+ cells began to appear after 24hrs and increased 

over time.  K8+ cells were detectable within 48 hrs. By 96 hrs in vitro ~20% of cells were 

GFP+, ~10% of cells expressed K8 and ~5% of cells were double positive (Fig 1 B,C,D). 

To determine if this K8+ population represents the true luminal lineage or is a de-

differentiated cell type that happens to express this keratin but not other luminal 

markers, we performed single cell RNAseq (scRNAseq) (Supplementary Fig S1 C). As 

an initial test we purified myoepithelial, luminal and cap cells from Tg11.5kb-GFP 
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mouse mammary glands, then pooled equal numbers of each population and processed 

them for inDrop scRNAseq.  Uniform manifold approximation and projection (UMAP) 

identifies 4 separate clusters, as expected (Supplementary Fig S1 D). We then isolated 

mature myoepithelial cells and grew them in culture for 96 hrs prior to encapsulation 

and scRNAseq.  In this case UMAP revealed a large cluster that expresses the 

myoepithelial marker K14 (and other myoepithelial cell markers (Fig 1 E, Supplementary 

Fig S2 A,B)) and a separate cluster mostly positive for K8 and other luminal markers 

(Fig 1 E, Supplementary Fig S2 C,D), while GFP+ cells partially overlapped with the 

K14+ population (Fig 1 E).  The large myoepithelial cluster is composed of clusters of 

cells that may be in different cell states of conversion (Supplementary Fig S2 G). These 

data suggest that the GFP+ cells do not fully de-differentiate into cap cells, but that 

transdifferentiation into the luminal lineage is relatively robust.  

We considered the possibility that the luminal cells could be contaminants from 

the original FACS sort, but there are several reasons that confirm that this is not the 

case. Firstly, luminal cells proliferate rapidly in culture. If a contaminating luminal cell(s) 

were cultured with the basal cells, the proportion of luminal cells would be much greater 

than the basal cells resulting in a larger UMAP projection cluster. Secondly, the 

experimental luminal cells express moderate levels of K14, which is not the case for 

true luminal cells. Lastly, in freshly sorted luminal cells there are ESR1+ and ESR1- cell 

clusters, and this is not the case with the experimental luminal cells (Supplementary Fig 

S2 C,D).   

We next asked if the GFP+ state is an obligatory intermediate between the 

myoepithelial and luminal identities, or whether different myoepithelial cells 

independently adopt either the luminal state or the GFP+ state. To distinguish these 

hypotheses, we used cell tracking.  Freshly isolated myoepithelial cells from Tg11.5kb-

GFP mice were plated sparsely on gridded coverslips and imaged every 12 hrs for 96 

hrs then fixed and stained for K8 (Fig 1 F,G).  Each cell was then traced backwards in 

time to determine if/when cells became GFP+ and if they progressed or not to become 

K8+. Data were visualized as a Sankey plot (Fig 1 H).  Of 402 cells that were analyzed, 

70% began to express GFP within 72 hrs and of this population ~85% eventually    
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Figure 1. Myoepithelial cells from transgenic mice (TG11.5kb-GFP) express GFP 
prior to expressing luminal marker during transdifferentiation 
A. Diagram of experimental approach used to follow transdifferentiation of myoepithelial 

cells (MC) into luminal marker-expressing K8+ cells. 

B. Representative image of freshly sorted myoepithelial cells at 0 hrs in culture, 

expressing only myoepithelial cell marker K14. Scale bar = 100 µm 

C. Representative images of myoepithelial cells cultivated in FAD medium with ROCK 

inhibitor Y-27632 (RI) over 96 hrs. Scale bar = 100 µm 

D. Quantification of cap cell and luminal cell marker expression during culture of 

myoepithelial cells with Y-27632. A fraction of cells become GFP+, K8+ or express 

both markers, n= 5 biological replicates (each a different shape), 10 

fields/experiment. Error bars = Mean +/- SD. 

E. UMAP projections of myoepithelial cells after 96 hrs culture. Single Cell RNA 

sequencing was used to observe myoepithelial cell gene expression changes into 

GFP+ and K8+ cells over 96 hours.  

F. Diagram of experimental approach to track transdifferentiation of single 

myoepithelial cell (MC) conversion in vitro toward the luminal lineage (K8+). 

G. Representative images of myoepithelial cell transdifferentiation at 96 hrs, and 

differential conversion paths. Images only showing GFP and K8 expression. Arrows 

indicate cells that express GFP prior to expressing luminal marker K8. Arrowheads 

point to cells that express K8 without ever expressing GFP, and the star indicates a 

cell that becomes GFP+ but did not become K8+. Scale bar = 100 µm. 

H. Sankey Plot displaying cell gene expression decisions in vitro over time. Majority of 

cells express the cap cell marker GFP prior to expressing K8 during luminal 

transdifferentiation. 
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expressed K8. In contrast, only 30% of the GFP- cells eventually expressed K8 (Fig 1 

H). It is possible that some of these cells transiently expressed GFP and were missed 

during the periodic imaging. Moreover, we noted that transdifferentiation of this sparse 

culture of myoepithelial cells was much more efficient than occurs when the cells are 

plated more densely, as in Fig 1. The reason for this difference remains obscure, but we 

can conclude, nonetheless, that the principal pathway for transdifferentiation involves an 

initial, partial dedifferentiation towards a progenitor, cap cell state prior to converting to 

the luminal lineage.  

2.3.2 RNAseq identifies multiple genes that are differentially expressed between 
cap cells and mature myoepithelial cells 

Myoepithelial cells and GFP+ cap cells were isolated from 5 weeks old female 

Tg11.5kb-GFP mice and subjected to RNAseq. Principle component analysis confirmed 

that like-samples had the least variance and clustered together, clearly segregating the 

two cell types (Supplementary Fig S3 A). We validated the RNAseq data by qRT-PCR 

of chosen mRNAs that were either less expressed or more highly expressed in cap cells 

as determined from the RNAseq (Supplementary Fig S3 B). We were also able to 

validate differentially expressed genes in the single cell RNA seq data, a few shown in 

Supplementary Fig S2 E and Supplementary Fig S2 F.  

A volcano plot identified multiple genes that were up or down regulated in the 

GFP+ cap cells versus myoepithelial cells (Fig 2 A). Using a p-value of £ 0.05 and a fold 

change of ≥ 2, 63 genes were significantly upregulated in cap cells and 106 were 

downregulated, as compared to mature myoepithelial cells. Unsupervised hierarchical 

clustering also identified a cap cell gene signature corresponding to GO terms 

associated with organ, tissue and embryonic development, which is consistent with the 

status of cap cells as progenitors (Fig 2 B, C). TheTg11.5kb-GFP transgenic line drives 

GFP from an alternate promoter for the SHIP-1 (INPP5D) gene, which expresses a 

shorter variant of SHIP-1 called s-SHIP 98. Although most of the transcribed s-SHIP 

sequence is identical to that of full-length SHIP-1, there is a unique 42 nt sequence in 

the 5’ UTR that differentiates it from the canonical SHIP-1 mRNA sequence. We 

expected that GFP+ cells would also express this s-SHIP sequence. Indeed, analysis of 

the RNAseq data identified about 300 (+/- 200 fkpm; n=6) reads of the unique s-SHIP 
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sequence in purified GFP+ cells and zero reads in the mature myoepithelial cells (Fig 2 

D). 
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Figure 2. Differential gene expression in myoepithelial cells vs. cap cells 
A. Volcano plot displaying differential gene expression with the top 20 most highly 

expressed genes for each sample in red. Genes filtered with a p-value <0.005. 

B. Heatmap displaying ~50 of the top genes differentially expressed between 

myoepithelial cells and cap cells. Genes filtered with a p-value < .05 and fold change 

> 2. 

C. GO ontology graph of biological functions of genes most highly expressed in cap 

cells. Genes filtered with a p-value of < 0.05 and fold change > 2. 

D. Dot plot displaying read count values from RNA sequencing data which show that s-

SHIP is differentially expressed between GFP+ cap cells and myoepithelial cells. 

Each dot is a biological replicate. n=5. Error bars = Mean +/- SD. 
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2.3.3 Transcription factors predicted to regulate the GFP+ cap cell signature 
To determine what transcription factors are regulating the expression of the 

genes highly expressed in GFP+ cap cells we performed Gene Regulatory Network 

Analysis using iRegulon, which is a computational method developed to reverse-

engineer a transcriptional network underlying a co-expressed gene set using cis-

regulatory sequence analysis 110. This program bases its predictions on databases of 

~10,000 TF motifs and 1000 Chip-Seq data sets. The analysis identified 15 transcription 

factors predicted to regulate the majority of genes most highly expressed in GFP+ cap 

cells (Fig 3 A). We determined from the RNAseq data that of these transcription factors 

RFX3, MTF1, PDX1, and GATA2 are consistently upregulated in cap cells (Fig 3 B). 

RFX3 expression was also observed in the myoepithelial cell cluster in the single cell 

RNA seq data (Supplementary Fig S2 H). 

2.3.4 RFX3 stabilizes basal cell identities 

RFX3 is a key factor in ciliogenesis 111. Primary cilia have been reported to 

regulate branching morphogenesis during mammary gland development 112. It was also 

shown that cilia are enriched in mammospheres and cilia defects decreased the ability 

to form mammospheres. Loss of IFT88, a target of RFX3, reduces mammosphere 

growth 113.  

To determine whether RFX3 is an important regulator of the conversion of 

myoepithelial cells into GFP+ cap cells, we used Cas9-mediated gene editing with 2 

gRNAs to target and splice out the RFX3 DNA binding domain in purified mature 

myoepithelial cells from the Tg11.5kb-GFP mice. A non-targeting gRNA (NT1) was used 

as the negative control. A high efficiency of knockout was confirmed on uncloned 

cultures of the infected cells, as compared to cells transduced with the NT1 gRNA, by 

immunoblot and immunofluorescence (Fig 3 C,D,E). RT-PCR of RFX3 and of two 

known targets of RFX3, IFT88 and DYNC2U, were also significantly diminished by the 

knockout (Fig 3 F). The knockout cells were also grown in culture for 96 hrs then 

stained for K8. The number of GFP+ cells in the RFX3- culture was significantly lower 

than in the NT1 culture, while K8+ cell numbers were increased (Fig 4 A,B,C). 

Moreover, when we performed time-lapse imaging and traced isolated myoepithelial 
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cells back to when they were initially plated, fewer of the RFX3- cells became GFP+ 

(30% versus 60% for the  
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Figure 3. Gene Regulatory Network Analysis identifies Regulatory Factor X3 
(RFX3) as a potential upstream regulator of cap cell gene expression 
A. iRegulon Web showing the top 15 transcription factors (green) predicted to regulate 

the differentially expressed genes (DEGs) (pink) most highly expressed cap cells. 

RFX3 was a transcription factor of interest (black dashed circle). 

B. Heat map of differentially expressed transcription factors predicted to regulate genes 

most highly expressed in cap cells. 

C. Western blot confirming RFX3 KO in commaD Beta cells. anti-RAN is used as the 

loading control. 

D. Immunocytochemistry confirming RFX3 knockout (KO) in primary cap cells. NT1 is 

the non-targeting 1 control lentivector and RFX3sg1/2 are the single guide 

lentivectors 1 and 2 used to excise the RFX3 DNA binding domain. Scale bar = 

100µm 

E. Quantification of Western blot. RFX3 band intensity relative to NT1. P-value = .0041, 

statistics calculated using unpaired t-test. Error bars = Mean +/- SD. 

I. qRT-PCR confirms RFX3 loss results in a decrease in target gene (IFT88 and 

DYNC2LI) expression. P-value = .0005, .0045, <.0001, statistics calculated using 

unpaired t-test. Error bars = Mean +/- SD. 
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NT1 control cells), and – surprisingly - more GFP- cells transdifferentiated into the K8+ 

luminal lineage (Fig 4 D). These data suggest a reduced frequency of de-differentiation 

towards the cap cell lineage and/or increased transdifferentiation into K8+ luminal cells. 

We also observed that there was a delay in the onset of GFP expression, and more 

cells reverted to a non-GFP+ state (Fig 4 E).  

To further investigate mechanism, we repeated the experiment using RFX3 knockout in 

purified GFP+ cap cells. As shown in Fig 4 F,G,H the loss of RFX3 reduced the GFP+ 

population and increased the fraction of K8+ cells. This result suggests that RFX3 

normally functions to stabilize cap cell identity and prevent transdifferentiation into the 

luminal lineage. Because luminal cells are not competent to regenerate mammary 

glands, a prediction of this model is that deletion of RFX3 would reduce the capacity of 

basal cells (cap or myoepithelial cells) to form mammospheres, or to regenerate 

mammary glands in vivo after transplantation into the cleared fat pads of recipient mice.  

Indeed, we observed a significant reduction in mammosphere growth of 

myoepithelial cells grown in 3D culture (Fig 5 C,D). Importantly, this effect was not the 

result of a decreased ability of RFX3 knockout cells to proliferate, as we could detect no 

significant difference in BrdU incorporation into these cells versus an NT1 control that 

expresses a non-targeting gRNA (Fig 5 A,B).  

We next tested the efficiency of mammary gland regeneration in a transplantation 

assay. Five, ten or twenty thousand unsorted mammary epithelial cells were 

transplanted into the cleared fat pads of isogenic recipient mice. After 8 weeks the mice 

were euthanized and the glands were removed, fixed, and stained with Carmine Alum. 

Analysis of these whole mounts showed that mammary gland outgrowth was 

substantially reduced for transplanted RFX3-negative cells compared to the NT1 control 

(Fig 5 E,F,G). We infer that the RFX3 transcription factor functions to stabilize the 

identities of basal cell populations, which is necessary for efficient ductal regeneration. 

 

2.4 Discussion 
It has become clear in recent years that the concept of distinct, stable cell states 

that change in a uni-directional manner during development is incorrect, and that most 

cells in most animal tissues are in metastable states that – often in response to stress – 
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can revert to earlier states or change lineages. For example, following injury, 

differentiated airway epithelial cells and intestinal epithelial Dll1+ secretory progenitors 

can become functional stem cells 114, 115. Injury to the heart in zebrafish results in 

dedifferentiation and proliferation of cardiomyocytes 116. Differentiated cells can also be 

forced to revert to a stem cell state by the over-expression of various transcription 

factors, most famously for mesenchymal fibroblasts, which in the context of the 

Yamanaka factors are reprogrammed into pluripotent stem cells. Mature pancreatic 

acinar cells can be converted directly into beta cells by expression of Ngn3, Pdx1 and 

Mafa transcription factors 117; and mammary luminal cells can be driven to a multipotent 

stem-like cells by expression of Sox9 and Slug 88.  

On the other hand, mature mammary myoepithelial cells, which in vivo normally 

form a discrete, self-renewing population with no evidence of multipotency, can 

spontaneously convert to a stem-like state after isolation from the mammary gland and 

grown in culture, or transplanted into a recipient fat pad 60, 75. This conversion suggests 

that the micro-environment plays an important role in stabilizing the differentiated state 

of mature myoepithelial cells, a hypothesis consistent with recent demonstrations that 

DNA damage to the mammary gland or the ablation of luminal cells by diphtheria toxin 

in vivo results in transdifferentiation of myoepithelial cells to the luminal lineage.  

However, the mechanism for this conversion remains unclear. Do myoepithelial 

cells directly switch lineage, or do they pass through an intermediate, stem-like state? 

And what gene regulatory network controls lineage stability versus instability? 

To address these questions, we examined the transdifferentiation of mature mammary 

myoepithelial cells towards the luminal lineage when they are isolated from the 

mammary gland and grown in culture. Single cell RNAseq showed that over a period of 

96 hrs, a fraction of the myoepithelial cells take on a luminal identity in vitro, and cell 

tracking showed that the majority of such cells pass through an intermediate state in 

which they express a marker of cap cells, which are myoepithelial cell progenitors. 

Differential gene expression analysis and regulatory network analysis using iRegulon 

identified several transcription factors that potentially control expression of multiple 

genes that are upregulated in cap cells. One of these, RFX3, proved to be necessary for 
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the stability of basal (cap and myoepithelial) cell identities. Knockout of RFX3 strongly 

reduced the number of cells that expressed the cap cell GFP marker.  

Moreover, while loss of RFX3 had no impact on proliferation of myoepithelial 

cells in vitro, it significantly reduced mammosphere growth and reduced mammary 

ductal outgrowth in a transplantation assay.  These data suggest that RFX3 is not 

required for cap cell identity, or for conversion of myoepithelial cells to the luminal 

lineage, but instead plays a role in stabilizing cell identity.   

We speculate that state stabilization is an important process in development, and 

that multiple transcription factors, regulated by signaling from the micro-environment, 

might operate in different contexts and tissues to ensure phenotypic stability. We also 

speculate that the mechanism behind the decreased phenotypic instability is due to a 

loss of Sonichedgehog signaling, which is critical for normal mammary development. A 

loss of RFX3 results in a decrease in Sonichedgehog target genes preventing normal 

signaling and myoepithelial cell phenotypic stability. 
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Figure 4. Loss of RFX3 promotes luminal transdifferentiation and reduces GFP+ 
cap cell abundance. 

A. Representative images of RFX3 knockout (RFX3sg1/2) versus a negative control 

(non-targeting gRNA) in myoepithelial cells cultured in vitro for 96 hrs. Scale bar 

= 100µm 

B. Quantification showing a decrease in the number of myoepithelial cells that 

become GFP+ (NT1: n= 14, 2 experiments, RFX3sg1/2: n=13, 2 experiments) 

when RFX3 is lost. P-value = .0005, statistics calculated using mixed model 

ANOVA. Error bars = Mean +/- SD. 

C. Quantification graph showing an increase in the fraction of luminal cells (K8+) 

(NT1:n= 13, 2 experiments, RFX3sg1/2:n=14, 2 experiments) that arise. 

Individual data points show values for technical replicates; different colors identify 

biological replicates. Statistics calculated using mixed model ANOVA. Error bars 

= Mean +/- SD. 

D. Sankey Plots of NT1 and RFX3 knockout (RFX3sg1/2) transdifferentiation 

behavior in vitro after 96 hrs. Loss of RFX3 results in a majority of myoepithelial 

cells converting towards a luminal cell fate, bypassing a GFP+ phase.  

E. Kymograph showing times of conversion of myoepithelial cells into GFP+ cells 

and when/if GFP expression turned off. n= 50 cells 

F. Representative images of RFX3 knockout (RFX3sg1/2) or the non-targeting 

control in FACS-purified GFP+ cap cells cultured in vitro for 96 hrs. Scale bar = 

100µm 

G. Quantification showing a decrease in the number of myoepithelial cells that 

become GFP+ (NT1: n= 16, 2 experiments, RFX3sg1/2: n=14, 2 experiments) 

when RFX3 is lost. Individual data points show values for technical replicates; 

different colors identify biological replicates.  Statistics calculated using mixed 

model ANOVA. Error bars = Mean +/- SD. 

H. Quantification graph showing an increase in the number of luminal cells (NT1: n= 

16, 2 experiments, RFX3sg1/2: n=15, 2 experiments) that arise. P-value < 

0.0001, statistics calculated using mixed model ANOVA. Error bars = Mean +/- 

SD. 
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Figure 5. RFX3 stabilizes basal cell identities  
A. Representative images of myoepithelial cells transduced with either NT1 or RFX3 

knockout lentivirus (RFX3sg1/2), pulse-labeled for 2 hrs with BrdU and stained 

for DNA (DRAQ5) and BrdU incorporation. Scale bar = 100µm.  

B. Quantification of fraction of BrdU+ myoepithelial cells. P-value= n.s., calculated 

using unpaired t-test. Error bars = Mean +/- SD. 

C. Representative images of myoepithelial cells transduced with either NT1 or RFX3 

knockout lentivirus (RFX3sg1/2) and grown as mammospheres. Cherry+ 

mammospheres confirm transduction. Scale bar = 98µm 

D. Quantification of mammosphere size. P-value = < 0.0001, calculated using 

unpaired t-test. Error bars = Mean +/- SD. 

E. Representative images of outgrowths regenerated from transplantation of 20K 

NT1- or 20K RFX3sg1/2–transduced myoepithelial cells. Scale bar = 3 mm. 

F. Circle graphs displaying the percentage of outgrowth that resulted (outgrowth/fat 

pad area) from the number of cells transplanted. Stem cell frequency was 

calculated and generated a likelihood ratio (LR) of P-value = 0.00144. 

G. Quantification of transplantation assay outgrowth. P-values were calculated using 

unpaired t-test. P-value = n.s. (5K cells) 0.0018 (10K cells), 0.0082 (20K cells). 

Error bars = Mean +/- SD. 

H. Model for the role of RFX3 in stabilizing mammary basal cell identities. 

In situ, cap cells, the myoepithelial progenitors (GFP+), give rise only to mature 

myoepithelial cells (MC) which maintain their lineage through self-renewal. In 

vitro, wildtype myoepithelial cells de-differentiate predominantly towards a 

progenitor state (GFP+) before changing lineage into K8+ luminal cells (K8).  A 

subset of myoepithelial cells can apparently bypass the GFP+ state and 

transdifferentiate directly into K8+ cells. RFX3 KO myoepithelial cells have a 

reduced frequency of conversion into a GFP+ state (thin arrow) and increased 

transdifferentiation directly into a luminal cell lineage (thick arrow). 
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Supplemental Figure 1. Identification, isolation and single-cell RNA sequencing of 
GFP+ cap cells and myoepithelial cells 

A. Whole mount of mammary glands from transgenic mice (TG11.5kb-GFP)

showing GFP+ terminal end buds. Scale bar = 1 mm

B. Gating strategy for isolation of myoepithelial cells (GFP-) from TG11.5kb-GFP

transgenic mice.

C. Diagram of experimental approach to prepare cells for single-cell RNA

sequencing.

D. UMAP projections of control sample displaying the 3 sorted and distinctly

clustered cell populations with K14 (myoepithelial cells), K8  (luminal cells), Esr1

(Esr1+ luminal cells) and GFP (cap cell) gene expression levels.
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Supplemental Figure 2. Single-cell RNA sequencing differential gene expression 
analysis 

A. UMAPs of myoepithelial cell specific markers, K5 and K14 in fresh control

sample

B. UMAPs of myoepithelial cell specific markers, K5 and K14 in 96 hr cultivated

sample

C. UMAPs of luminal cell specific markers, Ptn, Prlr, K8, K18 and Esr1 in fresh

control sample

D. UMAPs of luminal cell specific markers, Ptn, Prlr, K8, K18 and Esr1  in 96 hr

cultivated sample

E. UMAPs of 4 genes highly expressed in cap cells (based on bulk RNA seq

differential gene expression data) in fresh control sample

F. UMAPs of genes highly expressed in cap cells (based on bulk RNA seq

differential gene expression data) in 96 hr cultivated sample

G. UMAP of 96 hr cultivated myoepithelial cells showing the different sub clusters

within the myoepithelial cluster.

H. UMAP of RFX3 expression within the 96 hr cultivated myoepithelial cell sample
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Supplemental Figure 3. Bulk RNA sequencing validation 

A. Principle Component Analysis of GFP+ cap (ship) and myoepithelial (myo) cells 

show distinct clustering (data has been batch corrected). Shapes indicate 

different experiments. ship, n=5, myo, n=4. 

B. Validation of RNA seq differential gene expression by qRTPCR. Comparison of 

the Log2 (Fold Change) (mean) of RNA Seq and qRT-PCR data expression of 

myoepithelial cells vs. cap cells, which are consistent with one another, n=3  
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2.5 Materials and Methods 
 

Table 1. Key Resources Table 

 

Reagent type (species) or resource Designation Reagent type (species) or resource Identifiers Additional information
Strain C57BL/6J Strain Cat#000664B6, B6J, B6/J

Strain
s-SHIP-GFP transgenic (Tg11.5kb-GFP)

Strain
Fred Hutchinson Cancer Research Center, Seattle, 

Washington

Antibody Chicken polyclonal anti-Cytokeratin 14 (1:500) Antibody Cat#906001; RRID: AB_2565055

Antibody Rat monoclonal anti-Cytokeratin 8 (1:500) Antibody Cat#TROMA-I; RRID: AB_531826

Antibody Goat polyclonal anti-Chicken Alexa Fluor 488 (1:1000) Antibody Cat#A-11039; RRID: AB_2534096

Antibody Goat polyclonal anti-Chicken Alexa Fluor 647 (1:1000) Antibody Cat#A-21449; RRID: AB_2535866

Antibody Goat polyclonal anti-Rabbit Alexa Fluor 488 (1:1000) Antibody Cat#A-11034; RRID: AB_2576217

Antibody Goat polyclonal anti-Rabbit Alexa Fluor 594  (1:1000) Antibody Cat#A-11037; RRID: AB_2534095

Antibody Donkey polyclonal anti-Goat Alexa Fluor 594  (1:1000) Antibody Cat#A32758; RRID: AB_2762828

Antibody Donkey polyclonal anti-Goat Alexa Fluor 647 (1:1000) Antibody Cat#A-21447; RRID: AB_2535864

Antibody Donkey polyclonal anti-Mouse Alexa Fluor 594  (1:1000)Antibody Cat#A-21203; RRID: AB_141633

Antibody Donkey polyclonal anti-Mouse Alexa Fluor 647  (1:1000)Antibody Cat#A-31571; RRID: AB_162542

Antibody Donkey polyclonal anti-Rat Alexa Fluor 594  (1:1000) Antibody Cat#A-21209; RRID: AB_2535795

Antibody Goat polyclonal anti-Rat Alexa Fluor 647  (1:1000) Antibody Cat#A-21247; RRID: AB_141778

Antibody PE rat anti-mouse CD31 (1:200) Antibody Cat#554656AB;RRID:AB_394819

Antibody PE rat anti-mouse TER-119 (1:200) Antibody Cat#12-5921-82; RRID: AB_466042

Antibody PE rat anti-mouse CD45 (1:200) Antibody Cat#103105; RRD: AB_312970 

Antibody PB rat anti-mouse CD24 (1:400) Antibody Cat#101819; RRID: AB_572010 

Antibody APC rat anti-mouse CD326 (1:600) Antibody Cat#50-152-15; RRID: 175791

Antibody PerCP-Cy5 rat anti-human/mouse CD49f (1:200) Antibody Cat#50-166-772; RRID: AB_313618

Antibody rabbit anti-RFX3 (1:500) Antibody Cat#NBP1-86301

Antibody rabbit anti-Ran13 (1:1000) Antibody

Other Hoechst 33342  (1:1000) Other Cat#H3570

Other anti-BrdU  (1:1000) Abcam Cat#Ab6326

Recombinant DNA reagent (Mus musculus ) Rfx3 KO 1 This paper ATCATGCAGACTTCAGAGA

Recombinant DNA reagent (Mus musculus ) Rfx3 KO 2 This paper GCAAGTGCCAGTGCAGCAGC

Recombinant DNA reagent (Mus musculus ) plentiCRISPRv2 puro Addgene Cat#98290;RRID:Addgene_98290

Recombinant DNA reagent (Mus musculus) pLentiCRISPR-mCherry Addgene Cat#75161;RRID:Addgene_75161

Recombinant DNA reagent (Mus musculus) control nontargeting (NT)sgRNA This paper GCGAGGTATTCGGCTCCGCG

Software GraphPad Prism GraphPad Software RRID: SCR_002798 https://graphpad-prism.software.informer.com/5.0/; 
Software Fiji Fiji RRID: SCR_002285

Software NIS Elements Nikon RRID: SCR_014329 https://www.nikoninstruments.com/Products/Software; 

Software Ingenuity Pathway Analysis Qiagen RRID: SCR_002798 http://www.ingenuity.com/products/pathways_analysis.html
Software CLC Workbench Qiagen RRID:SCR_011853 https://digitalinsights.qiagen.com/

Software SankeyMATIC GitHub https://sankeymatic.com

Software R The R Project https://www.r-project.org

Sequence-based reagent GAPDHF This paper 5’-TCTCCACACCTATGGTGCAA-3’

Sequence-based reagent GAPDHR This paper 5’-TGCCGTGAGTGGAGTCATA-3’

Sequence-based reagent GLYCAMF This paper 5’-GTGCCACCATGAAATTCTTC-3’

Sequence-based reagent GLYCAMR This paper 5’- TCTTCATGACTTCGTGATAC-3’

Sequence-based reagent CLUSTERINF This paper 5’- GCATACCTGCATGAAGTTCTAT-3’

Sequence-based reagent CLUSTERINR This paper 5’- GTAGAAGGGTGAGCTCTGGTTT-3

Sequence-based reagent COLLAGEN11A1F This paper 5’- GACTACTCAGATGGCATG-3’

Sequence-based reagent COLLAGEN11A1R This paper 5’- ACTTCCTGGTTTCTCCTT-3’

Sequence-based reagent ETSVARIANTFACTOR5F This paper 5’- GCAGTTTGTCCCAGATTTTCA-3

Sequence-based reagent ETS VARIANTFACTOR5R This paper 5’ GCAGCTC CCGTTTGATCTT-3’

Sequence-based reagent RFX3F This paper 5’-GGACAGCCGCTTTCAGAGAA-3’

Sequence-based reagent RFX3R This paper  5’-TCTCTACAGCCCAGCAAGGA-3’

Sequence-based reagent IFT88F This paper 5’-TGGCCAACGACCTGGAGATTAACA-3

Sequence-based reagent IFT88R This paper 5’-ATAGCTGCTGGCTTGGGCAAATTC-3’,

Sequence-based reagent DYNC2LI1F This paper 5’-GGTGAGCCGGAATACAGAGAA-3’

Sequence-based reagent DYNC2LI1R This paper 5’-TGTTTGGTAGGATCTGGGACA-3’.

Chemical compund, drug Laminin Milipore Sigma Cat#L2020; CAS: 114956-81-9

Chemical compund, drug BrdU Millipore Sigma Cat#B5002; Beilstein Registry#: 30395

Chemical compund, drug ROCK Inhibitor (Y-27632) Sigma-Aldrich Cat#Y0503-1MG

Deposited Data Raw and analyzed RNA sequencing data This paper GEO: pending
Cell Lines Eph4, mouse Dr. Jürgen Knoblich N/A Institute of Molecular Biotechnology, Vienna, Austria

Cell Lines HEK293T, human ATTC RRID: CVCL_0063

Cell Lines CommaD, mouse Dr. Javier F. Medina N/A Baylor college of Medicine, Houston, TX

Key Resources Table
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2.5.1 Mice 

C57BL/6J (JAX stock # 000664) female mice were purchased from Jackson Laboratory 

(Bar Harbor, ME). The s-SHIP–GFP transgenic (Tg11.5kb–GFP) mice were provided by 

Dr. Larry Rohrschneider from Fred Hutchinson Cancer Research Center, Seattle, 

Washington. Mice were housed in the Vanderbilt mouse facility with a standard 12hrs 

light/12hrs dark cycle and provided with normal laboratory chow and water. The mice 

were monitored daily by the Vanderbilt Division of Animal Care (DAC). s-SHIP-GFP 

primer sequences used for genotyping were as described previously (Bai and 

Rohrschneider, 2010). All mouse experiments were performed with approval from the 

Vanderbilt Institutional Animal Care and Use Committee (IACUC).  

 
2.5.2 Cell Lines and Cell Culture 
Mouse mammary EpH4 cells were provided by Dr. Juergen Knoblich (Institute of 

Molecular Biotechnology, Vienna, Austria). HEK293T (ATCC CRL-3216) cells were 

obtained from ATCC. CommaDb cells were provided by Dr. Medina (Baylor college of 

Medicine, Houston, TX). Cell lines were cultured in Dulbecco’s modified Eagle medium 

(Life Technologies), supplemented with 10% Fetal Bovine Serum (R&D Systems, 

Minneapolis, MN) and 1X penicillin/streptomycin (Life Technologies) and maintained in 

culture at 37°C with 5% CO2. WPI, psPAX2 and pMD2.G were provided by Didier Tron. 

LentiCRISPRv2 puro was a gift from Brett Stringer (Addgene plasmid # 98290; 

http://n2t.net/addgene:98290;RRID:Addgene_98290). pLentiCRISPR-mCherry was a 

gift from Beat Bornhauser. (Addgene plasmid 

#75161;http://n2t.net/addgene:75161;RRID:Addgene_75161). Guide RNAs for RFX3 

DNA binding-domain knock out (Key Resources Table) were cloned into 

plentiCRISPRv2 puro or pLentiCRISPR-mCherry. sgRNAs were ligated into lentivectors 

at the BsmBI restriction site as described in the Zhang lab protocol 118, 119. 
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2.5.3 Lentiviral Production 
Lentivirus was produced by transfecting 80% confluent 15 cm dishes of HEK293T cells. 

Lentiviral plasmid, protein plasmid (pMD2.G) and packaging plasmid (psPAX2) were 

transfected into HEK293T cells at a 1.5:1:1 ratio using calcium phosphate precipitation. 

Virus-conditioned medium was collected from cells 48 hrs post transfection, stored at 

−80 °C, and titered using HEK293Tcells. 

 

2.5.4 Primary Cell Isolation 
To isolate mammary epithelial cells the third and fourth pairs of mammary glands were 

removed from 4 to 6-week-old s-SHIP–GFP transgenic (Tg11.5kb–GFP) mice, minced 

with scissors and digested in digestion medium (DMEM/F12, 2 mg ml−1collagenase I 

(Roche), 5 mg ml−1 insulin (Sigma), 100 U ml−1 penicillin/streptomycin) for 1 hr at 37 °C. 

Epithelial organoids were collected by centrifugation at 1500 rpm for 5 min. The cell 

pellet was washed for 1 min in 5 ml of DMEM/F12 containing DNase I and centrifuged 

at 1500 rpm for 5 min. The pellet was resuspended in 5 ml DMEM/F12 10% fetal bovine 

serum followed by 15 sec of centrifugation at 1500 rpm five times. Cells were 

resuspended in 1 ml of fresh trypsin/EDTA (Invitrogen) and incubated at 37 °C for 15 

min, dissociated into a single-cell suspension and passed through a cell strainer (BD) to 

obtain a single-cell suspension of mammary gland cells. Primary cells were transduced 

with lentivector (RFX3 KO lentivectors or NT1) by incubating for 1-4 hours at 37 °C.  

 
2.5.5 BrdU Incorporation Assay 
72 hours post-transduction with lentivector (RFX3 KO or NT1), myoepithelial cells were 

pulse-labeled for 2 hrs with BrdU (Millipore Sigma, Cat # L2020). Cells were then 

stained with anti-BrdU (Abcam, Cat# Ab6326) according to the antibody protocol. 

 
2.5.6 Flow cytometry, antibodies, and cell sorting 
Single mammary epithelial cells were blocked in 5% goat serum for 5 min on ice, 

stained with antibodies for 30 min on ice, washed, and resuspended in 1X PBS, 2mM 

EDTA, 2%FBS. Antibodies used were PE rat anti-mouse CD31 (1:200; BD 

Biosciences), PE rat anti-mouse TER-119 (1:200; Invitrogen), PE rat anti-mouse CD45 
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(1:200; BioLegend), PB rat anti-mouse CD24 (1:400; BioLegend), APC rat anti-mouse 

CD326 (Epcam) (1:600; Ebioscience), and PerCP-Cy5 rat anti-human/mouse CD49f 

(1:200; BioLegend). The single live cells were gated and sorted on 5-laser FACS Arialll 

flow cytometers. 

 

2.5.7 Myoepithelial Cell Conversion Assays 
Freshly sorted mature myoepithelial cells were plated on 16-well chambered 

coverglasses (Grace Biol-Labs Cat. # 112358) in FAD media supplemented with 10 μm 

ROCK Inhibitor (Y-27632) (Sigma-Aldrich Cat.# Y0503-1MG) and cultivated for 96 hrs. 

Media was changed every day and cells were fixed, stained and analyzed at 96 hrs.  

 

2.5.8 Cell Fate Mapping 
Myoepithelial cells were sparsely plated onto gridded coverslips (ibidi catalogue 

#80826-G500) in FAD media and live imaged on a Nikon A1R inverted confocal 

microscope (Nikon Instruments Inc.) every 12 hrs for 96 hrs using 20X/0.75 NA. At 96 

hrs cells were fixed and stained for K8 and nuclei. Cells were annotated at 24 hrs and 

tracked up to hr 96. Cells that were tracked over the 96 hrs were scored for becoming 

GFP+ and whether the cells were expressing luminal marker (K8) at hr 96. Sankey plots 

were generated using SankeyMATIC by Steve Bogart 

(https://github.com/nowthis/sankeymatic/blob/main/README.md). Kymographs were 

generated by analyzing images from 12 hrs to 96 hrs and marking the timepoint at 

which GFP expression is visible and the timepoint when GFP expression turns off, if 

within the 96 hrs. 

 
2.5.9 Mammosphere Assays 
Myoepithelial cells were embedded in growth-factor-reduced Matrigel (BD) on16-well 

chambered coverglasses (Grace Biol-Labs Cat. # 112358) and cultured in 

mammosphere medium supplemented with 10 μm Y-27632 and cultivated for 10 days. 

Medium was changed every day and cells were fixed, stained and analyzed on day 10. 
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2.5.10 Tissue Processing, Staining and Analysis 
For immunocytochemistry, cells were fixed in 4% paraformaldehyde at room 

temperature for 15 min. Cells were permeabilized with 0.2% Triton X-100. For 

immunohistochemical analyses mammary tissue samples were cryo-embedded in 

O.C.T. (Fisher Scientific, Hampton, NH) and cryo-sectioned on a Leica C1950 cryostat 

generating 50 μm sections of mammary tissue. Tissue sections were fixed for 15 min in 

4% paraformaldehyde or for 5 min in -20°C Acetone. Both cells and tissues were 

blocked in 1x Western Blocking Reagent (Roche). The primary antibodies used in this 

study included: chicken α-cytokeratin 14, rabbit α-S100A4 (BioLegend, San Diego, CA), 

rat α-cytokeratin 8 (Developmental Studies Hybridoma Bank, Iowa City, Iowa), rabbit α-

rfx3 (Novus Biologicals, Centennial, CO). Secondary antibodies used in this study 

included: Alexa Fluor 405, 488, 594 and 647 conjugates of anti-chicken, -mouse, -rat, -

rabbit and -goat (ThermoFisher Scientific, Waltham, MA). Hoechst 33342 

(ThermoFisher Scientific, Waltham, MA) was used to stain DNA. Slides were mounted 

in Fluoromount G and sealed with nail varnish. Laser scanning confocal Images were 

acquired on a Nikon A1R inverted confocal microscope (Nikon Instruments Inc.). 

20X/0.75 numerical aperture (NA) and 40X/1.30 NA Plan Apochromat objectives were 

use. Type B Immersion oil (Cargille Laboratories, Cedar Grove, NJ) was used. Image 

post-acquisition processing was done using Nikon NIS-Elements imaging software and 

Fiji (ImageJ) software. The images in the manuscript are maximum intensity projections 

of z-stacks and merged images are composites of individual color channels.  

 

2.5.11 RNA Sequencing 
Total RNA (50-200ng) isolation was performed using either TRIzol (Life Technologies) 

or the RNeasy Mini Kit (Qiagen, Hilden, Germany). 5 samples of myoepithelial cells and 

5 samples of s-SHIP GFP+ cap cells were submitted and subjected to quality analysis 

using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). All Samples had an 

average RNA integrity number (RIN) value ∼8. Libraries for whole transcriptome 

analysis were generated following Illumina’s TruSeq RNA v2 sample preparation 

protocol. Libraries were sequenced on an Illumina HiSeq 3000 at the Vanderbilt 

Technologies for Advanced Genomics (VANTAGE). 150 million reads at 75 basepairs 
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were obtained for each of the samples. Data processing, analysis and plotting were 

performed using R software, CLC Genomics Workbench and Ingenuity Pathway 

Analysis (Qiagen, Hilden, Germany). Heatmaps were generated using R graphics on 

RNAseq gene lists filtered with a p-value < .05 and fold change >2. Volcano plots were 

generated using CLC workbench with genes filtered with a p-value of <0.005. The GO 

ontology graph was generated using Ingenuity Pathway Analysis and genes were 

filtered with a p-value of <.05 and fold change >2. Reads for s-Ship were quantified 

manually by analyzing the read alignment data to the 42 nucleotide unique sequence 

present in this variant. 

 

2.5.12 Single Cell RNA Sequencing 
After 96 hrs cultivation, converted myoepitheial cells were dissociated using TrypLE and 

cell viability was determined using Trypan Blue. The control sample (fresh s-SHIP GFP+ 

cap cells, myoepithelial cells and luminal cells) and cultivated cells were encapsulated 

and barcoded using the inDrop platform (1CellBio) with an in vitro transcription library 

preparation protocol (Klein et al., 2015). As per Klein et al., the CEL-Seq workflow is 

summarized: 1) RT, 2) ExoI, 3) SPRI purification (SPRIP), 4) SSS, 5) SPRIP, 6) T7in 

vitro transcription linear Amplification, 7) SPRIP, 8) RNA Fragmentation, 9) SPRIP, 10) 

primer ligation, 11) RT, 12) library enrichment PCR. The number of cells encapsulated 

was calculated by the density of cells arriving at the device multiplied by the duration of 

encapsulation. After library preparation, the samples were sequenced using Nextseq 

500 (Illumina) using a 150bp paired-end sequencing kit.  After sequencing, reads were 

filtered, sorted by their barcode of origin and aligned to the reference transcriptome 

using the inDrops pipeline (https://github.com/indrops/indrops). Mapped reads were 

quantified into UMI-filtered counts per gene, and barcodes that correspond to cells were 

retrieved based on previously established methods (Klein et al., 2015). 

 
2.5.13 Real-time qPCR 
cDNA was reverse transcribed using the SuperScript III First-Strand Synthesis System 

(Invitrogen). qPCR was performed with triplicate replicates on a BioRad CFX96 

Thermocycler and analyzed using the ΔΔCt method. Expression levels were calculated 
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relative to GAPDH. Primer sequences used were: GAPDHF 5’-

TCTCCACACCTATGGTGCAA-3’, GAPDHR 5’-TGCCGTGAGTGGAGTCATA-3’, 

GLYCAMF 5’-GTGCCACCATGAAATTCTTC-3’, GLYCAMR 5’- 

TCTTCATGACTTCGTGATAC-3’, CLUSTERINF 5’- GCATACCTGCATGAAGTTCTAT-

3’, CLUSTERINR 5’- GTAGAAGGGTGAGCTCTGGTTT-3’, COLLAGEN11A1F 5’- 

GACTACTCAGATGGCATG-3’, COLLAGEN11A1R 5’- ACTTCCTGGTTTCTCCTT-3’, 

ETSVARIANTFACTOR5F 5’- GCAGTTTGTCCCAGATTTTCA-3’, ETS 

VARIANTFACTOR5R 5’ GCAGCTC CCGTTTGATCTT-3’,RFX3F 5’-

GGACAGCCGCTTTCAGAGAA-3’, RFX3R 5’-TCTCTACAGCCCAGCAAGGA-

3’,IFT88F 5’-TGGCCAACGACCTGGAGATTAACA-3’,IFT88R 5’-

ATAGCTGCTGGCTTGGGCAAATTC-3’, 

DYNC2LI1F 5’-GGTGAGCCGGAATACAGAGAA-3’, DYNC2LI1R 5’-

TGTTTGGTAGGATCTGGGACA-3’. 

 

2.5.14 Gene Regulatory Network Analysis 
iRegulon (Janky et.al., 2014) was used to predict transcription factor regulation. RNA 

seq data was filtered for genes highly expressed in GFP+ cap cells with a p-value < .05. 

Prediction data was generated by surveying transcription factor binding motifs present 

20 kb around transcription start site (TSS) [TSS−10 kb,TSS+10 kb]. Gene regulatory 

networks were generated within Cytoscape. 

 

2.5.15 Transplantation/ Limited Dilution Assays 
Myoepithelial cells were FACS sorted and transduced with either non-targeting or 

RFX3-targeting lentivirus. 24 hrs later cells were dissociated in trypLE Select (Gibco) for 

8 minutes. Dilutions of 5, 000, 10,000, or 20,000 cells were resuspended in 10 ul of 

injection medium (10 μm Y-27632 (Sigma-Aldrich Cat.# Y0503-1MG), 20% Matrigel 

(Corning), DMEM/F12, 40 ng/mL EGF, 20 ng/mL (R&D Systems), FGF2 (R&D 

Systems) and injected into the cleared fat pads of 3-week-old female C57Bl6 mice 

(Jackson Laboratories) using a 26 gauge needle and Hamilton syringe. Mice were 

sacrificed 8 weeks post transplantation and whole mounts analyzed. Outgrowths were 

detected by carmine alum whole-mount. Pictures were acquired with an Olympus 
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SZX16. A positive outgrowth was described as 10% or greater percentage of 

outgrowth/fatpad. 

 

2.5.16 Western Blots 
Cells were washed with 1x PBS and lysed in 1 ml of lysis buffer containing 20 mM 

HEPES; pH 7.4, 50 mM NaCl, 2 mM EDTA, and 0.1% Triton X-100, supplemented with 

cOmpleteTMmini EDTA-free protease inhibitor cocktails (Roche) and PhosStop (Roche). 

Cell lysates were briefly centrifuged at 16,000 x g and the soluble fraction was boiled 

with SDS sample buffer for 5 min. Antibodies used for Western blotting include: rabbit 

anti-RFX3 (Novus Biologicals, Centennial, CO) and rabbit anti-Ran13 (Macara Lab; 120. 

 
2.5.17 Statistics 
All cell counts were performed using Hoechst staining and a fluorescent antigen marker 

in NIS-Elements imaging software or Fiji (ImageJ) software. All measurements for 

mammosphere diameter, transplant outgrowth area and western blot analysis were 

done using ImageJ. All statistical analyses were performed using unpaired Student’s t-

test or two-way ANOVA test. Stem cell frequencies were calculated using Extreme 

Limiting Dilution Analysis (ELDA) 121. 

 
2.6 Data and Code Availability 
This study generated Rfx3 sgRNAs (KO 1: ATCATGCAGACTTCAGAGA, KO 2: 

GCAAGTGCCAGTGCAGCAGC) within the pLentiCRISPR-mCherry (Addgene plasmid 

#75161;http://n2t.net/addgene:75161;RRID:Addgene_75161) backbone that target the 

Mus musculus Rfx3 (Gene ID: 19726) DNA-binding domain. The RNA sequencing 

datasets generated in this study will be deposited to the GEO repository on the NCBI 

website.  
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III. CONCLUSIONS 
 

We studied the transdifferentiation of myoepithelial cells to luminal cells to 

understand mammary epithelial cell plasticity and the factors that regulate lineage 

conversion. We found that during conversion the principal pathway for 

transdifferentiation involves an initial, partial dedifferentiation towards a progenitor, 

cap cell state prior to converting to the luminal lineage. We also found that the 

transcription factor Regulatory Factor X 3 (RFX3) is consistently upregulated in cap 

cells and has a critical role in stabilizing the basal cell state. When RFX3 is knocked 

out of myoepithelial cells there is a reduced frequency of de-differentiation towards 

the cap cell lineage and/or increased transdifferentiation into K8+ luminal cells. 

There was a delay in the onset of GFP expression, and more cells reverted to a non-

GFP+ state. We also observed a significant reduction in mammosphere growth of 

myoepithelial cells grown in 3D culture and substantially reduced mammary gland 

outgrowth for transplanted RFX3- cells compared to the NT1 control. We conclude 

that the RFX3 transcription factor functions to stabilize the identities of basal cell 

populations, which is necessary for efficient ductal regeneration.  

The above findings support the idea that mature mammary epithelial cells and 

other cell types can exist in metastable states that allow them to revert to earlier cell 

states and change lineages. Microenvironment, stress and cell damage have been 

shown to induce cell state changes. This behavior has been observed in other 

animal tissues. Upon injury intestinal epithelial Dll1+ secretory progenitors can revert 

into functional stem cells. This is also observed in lung where differentiated airway 

epithelial cells can dedifferentiate into stem cells 114, 115.  

In our study we identify a transcription factor, RFX3, that stabilizes basal cell 

behavior. Basal cell behavior includes the potential to revert to a less differentiated 

state in certain contexts. Several studies have shown that over-expression of certain 

transcription factors can force reversion in differentiated cells into stem cells. Most 

famously, Yamanaka showed that over-expression of Oct3/4, Sox2, Klf4 and c-Myc 

in human and mouse somatic cells induced pluripotency 117. 
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Differential signaling from micro-environments may regulate the transcription 

factors that determine more or less stringent cell state stabilization. Lineage tracing 

reveals that myoepithelial cells and the less differentiated cap cells never give rise to 

luminal cells in vivo, in the unperturbed tissue 75, 108. This may be due to repressive 

signals from the luminal cell population in situ. Le Guelte’s studies support this idea 

as she shows that when luminal and cap cells are co-cultured, cap cell multipotency 

is suppressed 107, 108.  Le Guelte also showed that TGFβ is important in cap cell 

behavior as it promotes transdifferentiation to the luminal lineage. 

In my study of the mechanism behind mammary epithelial cell plasticity, I 

speculate that Sonic hedgehog signaling may play an important role in regulating 

transcription factors that mediate phenotypic stability. RFX3 is a master regulator of 

ciliogenesis and cilia are critical for Sonic hedgehog signaling 122. A loss of RFX3 

results in a decrease in ciliogenesis factors and cilia; this leads to perturbed Sonic 

hedgehog signaling and mammary basal cell instability 122.  

This study leads to many questions about cell state stability in other contexts and 

tissues. Most instances of multipotency and cell plasticity are observed 

embryonically, under cell stress and in diseased states. Looking more closely at a 

cell’s potential during normal development, could give further insight into the onset of 

diseased states. While adult stem cells do not exist in the mammary gland we have 

found that stem cell potential is maintained in post-embryonic development and can 

be unleashed in certain contexts like DNA damage 109. 
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IV. FUTURE DIRECTIONS AND CONSIDERATIONS 
 

To further elucidate the role of Regulatory Factor X 3 (RFX3) in stabilizing 

basal cell identity there are additional studies and themes to consider concerning 

cell plasticity in the mammary gland and mammary epithelial cells. 

Cell plasticity is defined as the ability of cells to change their phenotypes 

without genetic mutations, in response to environmental cues 123. Cell plasticity is 

observed in many animal tissues including intestine and lung. Following injury, 

intestinal epithelial Dll1+ secretory progenitors can revert into functional stem 

cells. In the lung differentiated airway epithelial cells dedifferentiate into stem 

cells following damage or tissue loss 114, 115. Mammary gland myoepithelial cells 

display plasticity in their ability to  convert to luminal cells during cultivation. 

 In early development all cells of the early embryo have the same 

development potential, but as development progresses epigenetic modifications 

restrict the genomic landscape. As a future direction, It would be interesting to 

look at the epigenetic differences between freshly isolated myoepithelial cells, 

cultivated myoepithelial cells and RFX3- myoepithelial cells. I hypothesize that in 

freshly isolated myoepithelial cells, RFX3 target genes would be poised, with 

repressive modifications inhibiting gene expression, but during myoepithelial cell 

cultivation, there would be a switch from repressive to permissive modifications 

during dedifferentiation and then a re-accumulation of repressive modifications 

as cells differentiate into luminal cells.  

Gene expression during physiological cell fate changes is controlled by 

spatiotemporal regulation of enhancers and target promoters 124. Cis-regulatory 

elements within the promoter, whether proximal or distal, can be bound by a 

single – or several transcriptional proteins forming a complex 125. Studies using 

DNA Fluorescence In Situ Hybridization (FISH) or Chromosome Capture (3C)-

based approaches were first used to identify these complex interactions 126. FISH 

and 3C have also been used to identify enhancer ‘hubs’ or ‘cliques’ which are 

areas enriched for interacting transcriptional machinery components and 

transcription factors. Hubs are very dynamic during development in cell 
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differentiation and dedifferentiation 127. Though RFX3 is a single transcription 

factor predicted to regulate the cap cell gene signature and found to stabilize 

basal cell identity, most transcription factors do not independently regulate gene 

expression, and it is possible that RFX3 may be acting in a complex with other 

factors 128. RFX3 could be acting with other members of the RFX transcription 

factor family, or other factors, even those whose expression RFX3 may control. 

To determine whether this is the case, I would isolate cap cells and myoepithelial 

cells and do a Co-Immunoprecipitation (Co-IP) and pull-down assay. Using RFX3 

antibodies, this would reveal any additional proteins that form a complex with 

RFX3 and regulate cap cell gene expression and basal cell behavior. An 

additional control experiment that would strengthen my work would be to use an 

additional set of RFX3 KO single guide RNAs. My current guides target the n 

terminus and c terminus of the DNA-binding domain, but using a single guide or 

a set of guides targeting other exons and show a similar phenotype would 

strengthen my claims. 

 Communication between enhancers and promoters can happen over long 

distances, skipping several intervening genes 123. With the knowledge that RFX3 

loss results in a decrease in GFP+ cells and a default towards the luminal 

lineage, overexpression of RFX3 may result in stabilization of the basal cell 

identity, rescuing the phenotype. Overexpression studies come with some 

barriers; the expression levels necessary for rescue and whether expression 

would produce the same, opposite or different results would be difficult to 

determine. But to show the ability of RFX3 to rescue the lineage switch 

phenotype would further corroborate the importance of RFX3 in stabilizing the 

basal cell identity. 

 Ablating RFX3 from myoepithelial cells also results in a loss of stabilization of 

the basal cell identity which results in an otherwise multipotent cell defaulting into 

a differentiated luminal cell. It is as if during the conversion, because we have 

removed RFX3 the cell forgets the molecular mechanism that determines the cell 

fate decision, and the cell has an identity crisis. A term that has generated much 

controversy, ‘cell lineage infidelity’ is when a differentiated cell forgets or loses its 
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original identity and either reverts to a less differentiated multipotent cell state or 

transdifferentiates into a different cell type 129. This is the phenotype that we 

observe in cultivated myoepithelial cells. We observe an increase in the 

proportion of luminal cells in culture in response to loss of RFX3. Is there also an 

increase in luminal cells in mammosphere and transplantation assays? A future 

experiment that may answer this question would include imaging 

mammospheres after fixing and staining and comparing the K8 fluorescent 

intensities between RFX3+ and RFX3- images. Fixing and cryosectioning tissue 

from transplantation assays would allow us to see if outgrowths have normal 

ductal architecture or if there is an abundance of luminal cells in the RFX3- 

tissue. In addition to determining the composition if RFX3- tissue, one of the 

observations made in transplantation assays was that after several weeks of 

growth RFX3+ outgrowths filled the fat pad, while RFX3- had retarded growth, but 

had active terminal end buds. If RFX3- outgrowths were left to grow for a 

extended time, would they ultimately fill the fatpad similarly to RFX3+ tissue? 

The cell marker, s-SHIP, was originally found to be specifically expressed in 

hematopoietic and embryonic stem cells 100. Though s-SHIP does not mark stem 

cells in the mammary gland, it does transiently mark a population of basal stem 

cells in the terminal ductal tips of the prostate in Tg11.5kb-GFP mice. To 

determine whether RFX3 functions to stabilize the basal cell identity in other 

contexts and if we observe cell lineage infidelity, it would be revealing to isolate 

prostate basal cells and knockout RFX3 to determine whether this effects 

prostate basal cell behavior. 

 I speculate that Sonichedgehog (Shh) signaling may have an important 

role in basal cell plasticity. Looking more closely at how Shh may be mediating 

changes in cell state and whether it has a direct or indirect relationship with 

RFX3 would elucidate the mechanism behind cell plasticity in the mammary 

gland. To bridge the gap between Shh and basal cell stabilization I would first do 

RTqPCR to determine whether Shh pathway genes have decreased expression 

when RFX3 is knocked out. Secondly, I would use the Shh inhibitor, cyclopamine 

to see if the phenotype was similar to that of an RFX3 knock out. 
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Considerations 
Generalists vs. Specialists in Mammary Gland 

 The phenomenon of specialization involves a gradient that at one end or 

extreme, represents organisms that have similar fitness across a variety of 

environments. The other extreme includes organisms with high fitness in one 

environment, and lower fitness in other environments 130. To think of this idea on 

a cellular level, one could consider a stem cell as a generalist – having fitness to 

become several cell types and a differentiated cell as a specialist having a very 

defined unique roll and limited abilities. Within the mammary gland, a cap cell 

(myoepithelial progenitor) and a body cell (luminal progenitor) would fall on the 

gradient, not as a generalist, but closer to that end of the spectrum than a 

specialist which would include myoepithelial and luminal cells. Mammary 

epithelial cells that would surpass the generalist-like cap and body cells, and fall 

on the spectrum closer to the generalist extreme would only be observed during 

embryonic development when multipotent cells are present driving mammary 

gland development. Outside of embryonic development, generalist-like cells may 

be observed during DNA damage, tissue ablation, oncogenesis or cultivation.  

 

Stochasticity in Cell Fate Decisions 

 Cell fate decisions are tightly regulated in order to produce highly 

reproducible results. Developmental programs often incorporate stochastic 

mechanisms to diversify cell types 131. Stochasticity refers to the randomization of 

choices within a population of cells or tissue. During cultivation of normal 

myoepithelial cells, different mechanisms are observed in the cell conversion 

path. We observe both dedifferentiation then redifferentiation and 

transdifferentiation. Is it possible that stochasticity plays a role in this conversion 

path decision?  I was not alarmed when I observed that myoepithelial cells could 

take different conversion paths into luminal cells. There are several examples of 

ways that cells change or adapt to accomplish a goal. In some cases cells can 

choose one of multiple mechanisms to complete a biological process. Tostevin et 
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al., found that there are four different mechanisms that a cell can adapt when 

switching cell polarity 132. To maintain tissue homeostasis a normally 

differentiated call can dedifferentiate into a multipotent stem cell 114, 115. In 

mammary epithelial cells, the observation that myoepithelial cells have the 

capacity to not only change their cell fate, but via different mechanisms 

underscores the innate intelligence of each cell that drives the orchestrated 

biological processes of an organism. 
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