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ABSTRACT 

Non-canonical WNT signaling through ROR2 and VANGL2 in mammary gland 
development   

 
by  

Prestina M. Smith 

The breast (mammary gland) is a dynamic organ that undergoes multiple stages of 

expansion during puberty and pregnancy. During pubertal growth, the mammary 

gland undergoes branching morphogenesis to generate a bilayered-branched 

epithelium. Driving branching morphogenesis are extracellular cues that regulate cell 

proliferation and tissue expansion. The WNT superfamily of secreted signaling 

molecules governs many of the developmental processes that occur during mammary 

gland morphogenesis through interactions with specific receptors. While canonical 

WNT receptors have been investigated in the mammary gland, the role of receptors 

that function solely in non-canonical WNT signaling remain elusive. In Chapter 1, I 

review current knowledge of extracellular cues that regulate asymmetric cell division, 

an important aspect of development. Next, I show that non-canonical WNT receptors 

ROR2 and VANGL2 regulate branching and proliferation of the mammary gland. In 

the first study, I characterize Ror2-/- mice and perform serial transplantation 

experiments that reveal hyperbranching and tissue longevity phenotypes. In vivo 

experiments in which WT and Ror2-/- mammary outgrowths are exposed to 

exogenous WNT5A signals reveal that ROR2 is required for restricting the process of 

branching morphogenesis. In a second study, I show that the non-canonical 

WNT/Planar cell polarity protein VANGL2 regulates multiple types of growth in the 
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mammary gland. Mammary reconstitution assays, in which I transplanted fragments 

of WT or VANGL2 mutant tissue into mammary fat pads that have their endogenous 

epithelia removed, revealed that loss of VANGL2 function generates smaller 

mammary outgrowths compared to WT. These mutants also display defects in 

branching. Using lentiviral- mediated knockdown of Vangl2 in cultured primary 

mammary epithelial cells, I stratified the function of VANGL2 by cell-type. Lastly, I 

found that loss of VANGL2 function leads to down regulation of the transcriptional 

repressor Bmi1. Together, the studies provide insight into the mechanisms that drive 

morphogenesis during mammary gland development. 
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CHAPTER 1 

 Extracellular regulation of the mitotic spindle and fate determinants driving 

asymmetric cell division 

Abstract 

Stem cells use mode of cell division, symmetric (SCD) versus asymmetric (ACD), to 

balance expansion with self-renewal and the generation of daughter cells with 

different cell fates. Studies in model organisms have identified intrinsic mechanisms 

that govern this process, which involves partitioning molecular components between 

daughter cells, frequently through the regulation of the mitotic spindle. Research 

performed in vertebrate tissues is revealing both conservation of these intrinsic 

mechanism and crucial roles for extrinsic cues in regulating the frequency of these 

divisions. Morphogens and positional cues, including planar cell polarity proteins and 

guidance molecules, regulate key signaling pathways required to organize cell/ECM 

contacts and spindle pole dynamics. Non-canonical WNT7A/VANGL2 signaling 

governs asymmetric cell division and the acquisition of cell fates through spindle pole 

orientation in satellite stem cells of regenerating muscle fibers. During cortical 

neurogenesis, the same pathway regulates glial cell fate determination by regulating 

spindle size, independent of its orientation. Sonic hedgehog (SHH) stimulates the 

symmetric expansion of cortical stem and cerebellar progenitor cells and contributes 

to cell fate acquisition in collaboration with Notch and Wnt signaling pathways. 

SLIT2 also contributes to stem cell homeostasis by restricting ACD frequency 

through the regulation of spindle orientation. The capacity to influence stem cells 
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makes these secreted factors excellent targets for therapeutic strategies designed to 

enhance cell populations in degenerative disease or restrict cell proliferation in 

different types of cancers. 

 

 

Introduction 

   

Key characteristics of stem/progenitor cells are their long-term capacity to 

expand, self-renew and differentiate, attributes that serve as the foundation for the 

contribution of stem cells to tissue growth during morphogenesis, the maintenance of 

tissue homeostasis over time, and response to injury under critical circumstances. In 

accomplishing these tasks, stem cells undergo different modes of cell division. With 

asymmetric cell divisions (ACDs), stem cells self-renew, reproducing the stem cell 

while also generating a daughter progenitor that will adopt a different cell fate. In 

contrast, symmetric cell divisions (SCDs) result in identical daughters, either two 

stem cells or two differentiating daughter cells.  

The largest range of stem cell responses occurs when population dynamics 

control stem cell behavior and stem cells divide via both SCD and ACD to maintain 

homeostasis or respond to injury depending on intrinsic and extrinsic cues. The 

intrinsic ability of stem cells to drive ACD was initially defined in model organisms 

(Morin et al., 2011). In these systems, however, the intrinsic nature of cell fate 

specification varies among stem/progenitor cell types based on their location and 
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history of cell contacts. For example, in studies in which individual Drosophila 

central nervous system progenitors were isolated and cultured, differences were 

observed in the capacity of cells to self-renew and generate appropriate progeny 

based on their origin in the embryo (Ceron et al., 2006; Luer et al., 2009).  

Mechanisms underlying intrinsic ACD depend on the acquisition of cellular 

asymmetry during interphase, which is subsequently used in mitosis to polarize the 

distribution of proteins that determine cell fate. The mitotic spindle is re-oriented in 

reference to this polarity axis to produce an asymmetric division. The molecular 

requirements for these intrinsic ACDs have been determined and include the Par3 

/Par6/atypical protein kinase C complex that establishes and maintains apico-basal 

polarity and the microtubule-associated nuclear mitotic apparatus protein 

(NuMA)/LGN/Gαi complex that reorients the mitotic spindle along this apico-basal 

axis. Studies have demonstrated the conservation of the basic process of spindle re-

orientation in mammalian tissues; however, there is mounting evidence that the 

increased complexity of higher organisms generates additional regulatory 

requirements. This includes extrinsic mechanisms in the form of secreted cues to 

regulate the mode of stem and progenitor cell division. Here we describe recent 

studies identifying such cues and how they govern the crucial balance between SCD 

and ACD that controls cell expansion versus differentiation during development and 

in response to injury. 

 

WNTs function in Planar Cell Polarity  
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WNTs are secreted proteins that regulate various aspects of development and 

signal through canonical and non-canonical pathways. The canonical pathway, which 

is responsible for the regulation and subcellular localization of the transcription factor 

β-catenin (CTNNB1), is being covered elsewhere in this volume. Here, we describe 

WNT signaling in governing ACD through one of the two non-canonical pathways. 

The second of these non-canonical pathways results in the release of intracellular 

calcium, which is, in turn, associated with the activation of various enzymes such as 

Ca2+/calmodulin-dependent (CamKII) protein kinase and Protein Kinase C (PKC) 

(De et al., 2011). This pathway has not been implicated in ACD. Instead, the non-

canonical WNT pathway regulating ACD is the planar cell polarity (PCP) pathway 

that is activated by non-canonical WNTs (WNT7 or WNT5A). Traditionally, this 

pathway functions to uniformly orient cells in a sheet of epithelium by establishing 

proximal-distal polarity in each cell (Devenport et al., 2014). This is achieved by 

regulation of both cytoplasmic and membrane proteins. Originally characterized in 

Drosophila and later found in mammals, the core PCP genes include Van Gogh 

(Vang), Flamingo (Fmi) (Celsr in mammals), Frizzled (Fzd), Prickled (Pk) and 

Disheveled (Dsh). Van Gogh and Frizzled encode multi-pass transmembrane proteins, 

while Disheveled and Prickled encode cytoplasmic proteins. PCP protein localization 

follows a stereotypic pattern in post-mitotic cells, and is characterized by the 

asymmetric localization of these core PCP proteins. Within each individual epithelial 

cell, VANG and PK partition to the proximal side, while FZD and DSH localize to 
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the cell’s distal region (Figure 1.1A). At the membrane of this cell, a proximal 

complex forms between VANG and FMI, whereas FZD and FMI interact on the 

opposite membrane. Across adjacent cells, junctions form when FMI of each complex 

bind to each other, bringing VANG and FZD into close proximity (Devenport et al., 

2014). The result of this repetitive patterning of PCP components in sheets of 

epithelia is the uniform orientation of global directional cues that can be employed to 

produce locally polarized cell behaviors. One of these polarized behaviors occurs in 

mitotic cells when non-canonical extracellular WNTs regulate the orientation of cell 

division and consequently the fate of daughter cells through the PCP pathway. WNTs 

take advantage of the asymmetric localization of these core PCP proteins to drive 

ACD by two major, inter-related mechanisms 1) cooperation with cell fate 

determinants and 2) regulation of the spindle pole.  

 

Non-canonical WNT/PCP governs the balance between SCD and ACD in muscle 

satellite stem cells  

 

Non-canonical WNTs have the capacity to drive ACD through the PCP 

pathway by regulating spindle orientation. Specifically, studies on satellite cells in 

adult muscle have identified a mechanism by which WNT7A, VANGL2 and FZD 

control ACD versus SCD in satellite stem cells by orienting the plane of cell division. 

Satellite cells are a well characterized, mixed population of stem and progenitor cells 

that are present in the adult tissue and are responsible for muscle repair. They are 
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located between the basal lamina and sarcolemmal membranes of a muscle fiber and 

contained within small membrane depressions (Dumont et al., 2015) (Figure 1.2A,B). 

In order to maintain their number, the cells remain quiescent until activated. Once 

activated, a process that is initiated by either traumatic injury or daily wear and tear, 

muscle satellite stem cells proliferate via ACD or SCD. ACDs allow self-renewal and 

population maintenance, whereas SCDs generate precursor cells that undergo 

multiple rounds of division before terminally differentiating and fusing onto host 

fibers. Repeat injury models reveal a remarkable ability of these cells to balance these 

processes to ensure life-long upkeep of muscle (Dumont et al., 2015). Recent studies 

have focused on understanding how these satellite stem cells divide via ACD to self-

renew, while producing progenitors that maintain the heterogeneity of the satellite 

cell population. During an ACD, satellite stem cells divide in the apical-basal plane, 

with one daughter cell self-renewing in contact with the basal lamina and the other 

daughter becoming a progenitor cell in contact with the sarcolemma. In contrast 

during SCD, which occurs in response to injury, the dividing satellite stem cell 

maintains a connection to the basal lamina; both daughters maintain their stem cell 

identity, resulting in expansion of the stem cell population (Dumont et al., 2015). Le 

Grand and colleagues have recently demonstrated that this symmetric expansion 

occurs via PCP signaling (Le Grand et al., 2009). PCP proteins regulate the plane of 

stem cell division so that both daughters maintain their contact with the basal lamina, 

thereby preserving their niche and supporting SCD. 

The authors investigated SCD in the satellite cell population by isolating 
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genes specifically expressed in satellite stem cells (Le Grand et al., 2009). One 

identified gene was the WNT receptor Fzd7, and subsequent immunohistochemistry 

experiments on fixed muscle tissue showed FZD7 specifically expressed in a 

subpopulation of quiescent satellite cells. To determine whether FZD7 is regulated 

when satellite stem cells are stimulated, the authors injured myofibers in culture using 

cardiotoxin. In response to this damage, Fzd7 was upregulated along with Wnt7a, a 

known ligand, suggesting a role for this signaling pathway in regulating the 

regeneration of muscle fibers in response to injury. This result supported previous 

research demonstrating the expression and activity of WNTs and their FZD receptors 

in the satellite stem cell population during muscle regeneration (Polesskaya et al., 

2003). However, these previously published studies did not address the underlying 

mechanism of WNT signaling in this context.  

Bringing new insight into the role of WNTs in regulating satellite stem cell in 

response to injury, Le Grand and colleagues show that FZD7 forms a complex with 

co-expressed PCP pathway component, VANGL2  (Le Grand et al., 2009). To further 

address the intersection between non-canonical WNT and PCP signaling, the authors 

stimulated the proliferation of quiescent stem cells in culture using WNT7A and 

examined the outcome of the first division by immunostaining. They assayed both 

cell fate by quantifying Myf5 expression and the plane of division by investigating 

whether cell doublets were oriented parallel (SCD) or perpendicular (ACD) to each 

other with respect to the surrounding myofiber. Upon WNT7A stimulation, satellite 

cells divided primarily via SCD, with spindle poles oriented parallel to the basal 
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lamina. These dividing satellite cells also contained increased VANGL2 that was 

localized at opposite poles of each daughter cell (Figure 2C). Loss of Fzd7 or knock-

down of Vangl2 impaired the ability of WNT7A to stimulates SCDs.  

Taken together, this study supports a model in which satellite cells employ a 

classic PCP pathway, WNT7A signaling via FZD7 to VANGL2 that controls the 

orientation of satellite cell division and, as a result, their cell fate within the niche. 

This is achieved by polarizing VANGL2 to the opposite ends of daughter cells as they 

undergo SCD, an organization of VANGL2 that is distinct from the planar asymmetry 

of VANGL2 in sheets of cells. This finding suggests that VANGL2 localizes 

differently, depending on whether a cell is contacted on both sides or, in the case of a 

lone dividing satellite stem cell, along only one side. VANGL2 is distributed to the 

same cellular side in cells aligned in sheet (Figure 1.1A), but to the side of no cell 

contact in cells that share a single border (Figure 1.2C). Opposite polarization of 

VANGL2 in a couplet of satellite stem cells ensures a continuous border with the 

basal lamina and preserves their localization relative to the niche (Figure 1.2C). Thus, 

differential orientation of VANGL2 to distinct cell membranes generates cellular 

contacts required to stabilize cells in orientations that regulate the fundamental 

process of stem cell division. 

 

Non-canonical WNT/PCP regulates ACD and cell fate acquisition during cortical 

neurogenesis through spindle size 
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The ability of WNT7A to regulate ACD frequency and cell fate through the 

PCP pathway is not limited to the cells of the regenerating muscle. In a process called 

spindle size asymmetry, the same combination of factors also functions during 

corticogenesis to regulate the relative size and shape of the mitotic spindle (Delaunay 

et al., 2014). The cerebral cortex is stratified into layers, with each layer containing a 

characteristic distribution of neuronal cell types (Figure 1.3A). During 

embryogenesis, many precursor cells in the cortex are responsible for generating this 

diverse array of differentiated cells. One of these precursors, called the apical 

precursor, is a major type of radial glial cell that resides along the ventricular surface 

(Figure 1.3B). During cortical neurogenesis, apical precursors undergo ACD to self-

renew while generating a cell-fate restricted neuron. While spindle pole orientation 

during apical precursor ACD may provide one level of regulation (Gauthier-Fisher et 

al., 2009), PCP does not appear to determine the axis of cell division in this context. 

Instead, PCP governs cell fate determination in these ACDs by signaling through 

WNT7A/VANGL2 to regulate the position of the metaphase plate, and consequently 

the relative size of each spindle (Figure 1.3C). The result of this spindle size 

asymmetry is that the daughter cell issued from the larger spindle becomes a neuron, 

whereas the daughter generated from the smaller-spindle maintains its status as an 

apical progenitor cell.  

In the murine cortex, apical precursors undergo the bulk of their ACDs from 

embryonic day (E) E11.5-E16.5 (Delaunay et al., 2014). To track spindles in apical 

precursors at metaphase, Delaunay and colleagues used confocal imaging to acquire 
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high-resolution images of spindle poles. Examining different stages of cortical 

neurogenesis, they found that spindle size asymmetry was initially minimal, peaked at 

mid-corticogenesis and decreased at the close of this developmental period, a time 

course in which the peak of ACD is correlated with the highest level of spindle size 

asymmetry. To investigate the mechanism underlying this asymmetry, the authors 

examined apical precursors, isolated from E14.5 embryos and grown in conditioned 

media containing either WNT7A or control WNT3A. Apical precursors that were 

treated with WNT7A, but not those treated with WNT3A, showed a reduced 

frequency of spindle size asymmetry. To understand how WNT7A regulates this 

behavior, the authors knocked down Vangl2 using RNAi in cultured apical precursors 

and observed an increase in spindle size asymmetry frequency that was rescued by 

Vangl2 overexpression. These results suggest that spindle size asymmetry is 

associated with ACD and that non-canonical WNT signaling through PCP proteins 

maintains symmetrical spindles in dividing apical precursors.  

In order to understand how WNT7A/VANGL2 signaling maintains spindle 

pole symmetry, the authors investigated the role of ezrin, radixin, and moesin (ERM) 

proteins that are associated with actin microtubules (Delaunay et al., 2014). ERM 

proteins act as scaffolding proteins during cell division, and when phosphorylated can 

tether actin filaments to the cell membrane (Clucas et al., 2014). Using an antibody 

specific to the phosphorylated versions of ERM proteins (P-ERM), a high level of P-

ERM was observed during metaphase in a ring-like structure on the inner face of the 

plasma membrane of apical precursors. Focusing on moesin, the authors knocked 
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down this ERM using RNAi, dissolving P-ERM immunostaining, while significantly 

increasing the frequency of spindle size asymmetry. Loss of Vangl2 also decreased P-

ERM immunostaining, whereas treatment with WNT7A increased P-ERM 

immunostaining. Taken together, the data demonstrate a role for WNT7/VANGL2/P-

MOESIN in preserving spindle pole symmetry, possibly by anchoring astral 

microtubules to the cell cortex. 

Next, Delaunay and colleagues addressed the consequences of Vangl2 down-

regulation on division mode using an ex vivo, clonal analysis on brain slices to track 

both spindle size and cell fate over time. Embryonic (E14) cortices were 

electroporated with plasmids encoding GFP along with either Vangl2 or Vangl2Lp/Lp. 

The latter construct, Vangl2Lp/Lp, encodes a mutant protein lacking VANGL2 function 

due to a point mutation that causes mistargeting of the protein (Kibar et al.,	2001). 

Individual daughter cells were tracked and their fate determined on the basis of their 

behavior and location. Expression of Vangl2 reduced the frequency of ACDs, 

resulting in a higher proportion of SCDs yielding two neurons.  In contrast, 

expression of Vangl2Lp/Lp increased the proportion of cells undergoing ACD, favoring 

divisions that yielded an apical precursor cell and a neuron. To further explore the 

events occurring during these ACDs, the daughter closest to the ventricle was denoted 

the lower cell, whereas the basally located cell was denoted the upper cell. Under the 

condition of Vangl2Lp/Lp overexpression, the majority of lower cells became APs, 

whereas upper cells became neurons. This is reverse of the results under WT 

conditions. Significant to the analysis of spindle size asymmetry, this change in 
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identity under the mutant condition was associated with a concomitant change in the 

size and shape of the spindle; the smaller spindle consistently correlated with the 

generation of an apical precursor cell. In contrast, neurons arose from the larger 

spindle, suggesting that cell fate outcomes are regulated by spindle pole size.  

There is a well-studied link between the mode of division and the plane of 

division. Indeed, the previously described paper by Le Grande and colleagues 

demonstrated such a role for WNT7A/FZD7/VANGL2 in specifying spindle pole 

orientation during the division of muscle satellite stem cells, a process that directed 

cell fate determination by tethering either both or only one daughter cell to the basal 

lamina. In this vein, Delauney and colleagues also examined the consequences of 

Vangl2 down-regulation on the plane of division of individual apical precursors 

during cortical neurogenesis (Delaunay et al., 2014). Early studies on this topic 

indicated that during corticogenesis, divisions of cortical progenitors perpendicular to 

the ventricular surface usually result in SCDs, whereas horizontally shifted division 

planes lead to asymmetric outcomes and neurogenic differentiation (Chenn et al., 

1995;Ang et al., 2003). Since then, however, it has become clear that a key 

determinant of spindle orientation is whether it results in a cleavage plane that bisects 

the dividing cell in ways that influence inheritance of the apical membrane that 

attaches the daughter to the ventricular surface (Kosodo et al., 2008;Konno et al., 

2008;Noctor et al., 2008). Thus symmetric divisions that result in both daughters 

inheriting apical attachments to the ventricular surface are self-renewing, whereas 

asymmetric divisions, even just slightly asymmetric, in which only a single daughter 
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inherits the small apical attachment, results in differentiative divisions with one 

daughter adopting neuronal cell fate.  

With this in mind, Delauney examined division plane orientation of apical 

precursors at E11.5 and E14.5 in wild type (WT), Vangl2 knock-down and Vangl2Lp/Lp 

mice (Delaunay et al., 2014). In all genotypes, the majority of cell divisions occurred 

with the spindle aligned parallel to the ventricular surface and the division plane 

within 15 degrees of vertical, although loss of Vangl2 slightly randomized the 

divisions. This result indicated that spindle size asymmetry, which is regulated by 

WNT7A/VANGL2 signaling, regulates cell fate acquisition independent of division 

plane, although it is important to note that the apical attachment of cells was not 

directly monitored. Nevertheless, this was a surprising result, and was further 

investigated by examining the relationship between spindle pole orientation/division 

plane and spindle size asymmetry using a dominant negative form of LGN.  LGN 

regulates spindle positioning during asymmetric cell divisions. Loss of LGN 

randomizes the plane of division (Konno et al., 2008), a result that was also observed 

by Delaunay and colleagues, who further showed that this randomization did not alter 

spindle size asymmetry (Delaunay et al., 2014). Taken together these results show 

that spindle size asymmetry is independent of division plane because loss of Vangl2 

does not substantially affect the latter while dramatically impacting the former, 

whereas the opposite is true for LGN.  

 Taken together, current studies on non-canonical WNT signaling demonstrate 

distinct roles in influencing cell fate determination by regulating ACD.  In the 
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muscle, WNT7A/FZD7/VANGL2 signals to orient the plane of satellite stem cell 

division, fostering SCD at the expense of ACD. In contrast, during cortical 

neurogenesis, WNT7/VANGL2/MOESIN, regulates spindle size asymmetry and 

governs cell fate determination independent of cell division plane or spindle 

orientation. These examples reveal tissue specific deployment of signals affecting 

differential outcomes. From current knowledge, it seems likely that upstream 

activators such as different ECM components, as well as downstream effectors, such 

as various cytoskeletal proteins, may be the key to generating specific signaling 

outcomes. Additional examples of how this core non-canonical signaling pathway 

functions during stem cell division will be required to fully understand how 

WNT7/VANGL2 governs tissue morphogenesis and homeostasis. 

 

Hedgehog signals regulating cell fate via oriented cell division 

 

WNTs are not the only family of extracellular cues presiding over stem cell 

division and cell fate acquisition during development. The Hedgehog signaling 

pathway also functions to control developmental programs in this manner (Alman et 

al., 2015). The pathway is composed of secreted ligands, receptors and transcription 

factors, and exists in an “on or off” state (Figure 1.1B). In mammals, when the 

pathway is off, the inhibitory receptor, Patched (PTCH) prevents the signaling 

receptor, Smoothened (SMO) from reaching the plasma membrane; instead inactive 

SMO is held inside the cytoplasm within a vesicle. This results in the transcription 
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factor GLI being processed into its repressive form by the FUSED/SUFU/KIF 

complex. GLI then travels to the nucleus to act as a transcriptional repressor of 

hedgehog target genes. When the pathway is in the “on”, state, one of the Hedgehog 

ligands bind the PTCH receptor, which then gets degraded, and releases SMO from 

vesicles, allowing it to carry out signaling at the plasma membrane. SMO signaling 

halts the processing of GLI, leaving it in its active form. Uncleaved GLI then 

translocates to the nucleus where it promotes the expression Hedgehog target genes 

(Figure 1.1C). Hedgehog, well known for establishing embryonic patterning, has 

recently been shown to enhance proliferation in the developing cortex and cerebellum 

by stimulating nonterminal SCD of stem and progenitor cells. In performing this 

function, mounting evidence shows that SHH influences the subcellular localization 

of cell fate determinants by acting together with collaborating pathways such as those 

mediated by NOTCH (NOTC) and WNT. The ability to sequester intracellular 

proteins, for example cell fate determinants to a single daughter cell, may require the 

precise deployment of these ligands via targeted, rather than global, delivery 

mechanisms that restrict the interaction between the extracellular cue and their cell 

surface receptor. This, in turn, has the potential to localize the influence of these 

signals to distinct regions of the receiving cell’s cytoplasm. 

 

Sonic Hedgehog signaling independent of ACD through Notch regulates cell fate by 

promoting neuronal SCD in radial glial cells during cortical neurogenesis 
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Hedgehog signaling, specifically sonic hedgehog (SHH), promotes cortical 

neurogenesis by stimulating SCD in radial glial cells (Dave et al., 2011). It has been 

long understood that SHH is important for cortical development (Palma et al., 2004). 

As described above, radial glial cells serve as neural precursors, in addition to their 

role as migratory scaffolds, and can either undergo one of two different modes of 

SCD or ACD. To expand their pool, radial glial cells divide via SCD to generate two 

radial glial cells. Radial glial cells, however, can also undergo a differentiative, 

neurogenic SCD that results in two neurons. In contrast during ACD, radial glial cells 

produce one neuron and one radial glial cell (Figure 1.4A). Therefore, by regulating 

both the type of SCD (proliferative versus neurogenic) and the mode of division 

(SCD versus ACD), these cells have the capacity to regulate the number of multiple 

cell types in the ventricular zone. In recent studies, Dave and colleagues investigated 

the role of SHH signaling in this process by examining the consequences of Ptch 

deletion (Ptch1lox/lox mice), and thus activation of SHH signaling, using a clonal pair 

cell assay. This assay monitors the division of single radial glial cells using 

immunocytochemistry to track the production of either radial glial cells (GLAST-

positive) or post-mitotic neurons (TuJ-1-positive). An SCD yields two GLAST-

positive cells (proliferative SCD) or two TuJ-1-positive cells (neurogenic SCD), 

whereas an ACD results in one GLAST and one TuJ-1 positive cell. The authors 

observed that cortical cells from Ptc1lox/lox animals, in which SHH signaling is de-

repressed due to the absence of this negative regulator, divided primarily via SCD, 

generating either two radial glial cells or two neurons (Figure 1.4b). In contrast, WT 
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control cells divided mainly by neurogenic SCD that promoted differentiation. In both 

cases, the frequency of ACD was low and remained unchanged in WT control and 

Ptc1lox/lox cells. Thus, SHH signaling stimulates proliferative SCD of radial glial 

neurons at the expense of neurogenic SCD.  

To further understand the link between extracellular HH signaling in 

regulating division mode, the authors examined Notch signaling. This pathway has 

been previously implicated in regulating the balance between SCD/ACD in neural 

stem and progenitor cells, with activation of NOTC1 and NOTC3 found to promote 

radial glia cell identity (Gaiano et al., 2000). Indeed, Dave and colleagues showed 

that activation of SHH signaling, via Ptch1 deletion, resulted in an upregulation of 

Notch effector proteins HES1 and BLBP, a result that connects extracellular 

Hedgehog with the cytoplasmic components of Notch signaling during SCD. The 

authors further explored the interaction between Notch and Hedgehog signaling 

during cortical neogenesis by deleting Rbpj, which encodes a DNA binding protein 

that acts with cleaved Notch intracellular domain to regulate the transcription of 

Notch target genes. Performing the clonal pair assay, the authors found that loss of 

Rbpj in a SHH-signaling environment significantly increased the number of cells 

undergoing neurogenic SCD, compared to the proliferative SCD that occurs in 

response to SHH when Notch signaling is intact. These results suggest that SHH and 

NOTCH signaling pathways cooperate to enhance symmetric proliferative divisions 

of neocortical stem cells.  
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Global sonic hedgehog promotes SCD in the developing cerebellum; targeted sonic 

hedgehog promotes ACD 

 

In addition to promoting SCD in the cortex, recent studies demonstrate that 

SHH also stimulates this mode of division to expand the population of granule neuron 

progenitors (GNPs) in the cerebellum. There are multiple proliferative zones in the 

embryonic and early postnatal brain; one is the ventricular zone (discussed in the 

previous section) and another is the external granule layer (EGL) of the cerebellum. 

Granule neurons are a large class of neurons with a unique pattern of differentiation, 

occurring in two migratory phases that are divided by a proliferative phase. During 

the first phase, GNPs arise from the rhombic lip located next to the ventricular zone 

and migrate to the surface of the cerebellum, forming the EG L(Miale et al., 1961). In 

this layer, GNPs are highly proliferative. The second phase of migration begins when 

the GNPs become post-mitotic and migrate from the EGL inwards on Bergmann glial 

fibers through the Purkinje cell layer to form mature granule neurons of the internal 

granule layer (IGL)(Komuro et al., 2001). Studies have shown that a variety of factors 

affect the thickness of the EGL, including SHH, which increases EGL thickness by 

fostering GNP proliferation (Wechsler-Reya et al., 1999). GNPs, like muscle satellite 

and other types of stem cells, divide in two orientations with respect to the pial or 

outer surface of the cerebellum: parallel or perpendicular. Yet, it is unclear whether 

factors like SHH, which stimulate GNP proliferation, also regulate spindle pole 

orientation and cell fate determination. 
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Increasingly clear, however, is the fact that networks of local signals, both 

soluble and membrane-bound niche factors, regulate these stem cell divisions. It is no 

surprise, then, that SHH and WNT/β-catenin signaling pathways have emerged as two 

such intertwined pathways governing spindle pole orientation and cell fate 

determination (Haldipur et al., 2015). In their recent paper, Haldipur and colleagues 

used immunohistochemistry with antibodies against phosphohistone-3 to examine the 

division plane of mitotic GNPs, from which spindle orientation can be determined. 

The authors found that between postnatal days 0 and 4, half of GNPs divided with 

spindle poles parallel and half with spindle poles perpendicular to the pial surface. 

The number of cell division with spindles perpendicular to the pial surface rose 

gradually between postnatal days 5–14 (Figure 1.5a). Next, the authors investigated 

the effect of SHH on division orientation by treating pups with cyclopamine, a drug 

that inhibits SHH signaling, or an agonist of smoothened (SAG), which stimulates the 

pathway. The EGL of cyclopamine treated animals was thinner compared to control 

and a significantly higher percentage of cells divided with spindles perpendicular to 

the pial surface, corresponding to an increase in cells expressing the differentiation 

marker NeuroD1. In contrast, SAG treated animals displayed a concordant increase in 

the percentage of parallel spindles and a reduced number of NeuroD1-positive cells. 

Thus, SHH appears to favor symmetric GNP divisions in which both cells are aligned 

along the outer pial surface and retain their progenitor status. This is the same SHH 

effect observed in the cortex (Dave et al., 2011), and similar to the effect of non-

canonical WNT7A signaling on muscle satellite stem cells in which aligned cell 
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divisions maintained stem cell contact to the outer tissue surface, resulting in 

population expansion via SCD. 

In order to elucidate a possible mechanism for the influence of SHH on GNP 

oriented division, the authors first probed for β-catenin in anaphase cells of the EGL 

(Haldipur et al., 2015). They observed an asymmetric cellular distribution of β-

catenin, but no correlation between this asymmetric distribution and the plane of cell 

division. A recent study in murine embryonic stem cells, however, has showed that an 

asymmetric distribution of β-catenin can be produced by contact of the cell with a 

point source of WNT3A (Habib et al., 2013). To investigate whether GNPs are 

similarly influenced by focal contact with WNT3A or SHH, the authors seeded GNPs 

at low density on coverslips that were printed with stripes of either SHH or WNT3A 

and immunostained for β-catenin. Paired cells, in which one cell was in contact with 

the stripe and the other was outside the striped region, were examined for the 

intracellular distribution of β-catenin. Similar to the previous results (Habib et al., 

2013), the authors found that β-catenin preferentially and asymmetrically localized to 

the cell that was in contact with WNT3A stripe. In contrast, when both cell nuclei 

were in contact with the stripe, β-catenin was symmetrically distributed in both 

daughters. SHH stripes produced similar, but not as dramatic, results. Taken together, 

these experiments indicate that SHH, locally and asymmetrically presented, may 

intersect with WNT signaling and have the capacity to regulate the subcellular 

localization of β-catenin and generate ACDs. However, as observed in the developing 

cortex, global stimulation by SHH enhances expansion of GNPs via SCD.  
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1.3.3 Sonic Hedgehog signaling determines granule neuron progenitor fate by 

maintaining the balance between SCD and ACD in the cerebellum 

 

The studies by Haldipur and colleagues demonstrated the importance of SHH 

in favoring GNP expansion via SCD and showed how reduced or focal delivery of 

SHH shifted the division balance toward differentiation. However, these experiments 

did not track the acquisition of cell fate by individual GNPs as they proliferate in 

response to SHH. This investigation was recently tackled by Yang and colleagues 

using mice that express dual reporters: progenitor specific (Math1-GFP) and neuronal 

specific (Dcx-DsRed) (Yang et al., 2015). In this model, daughter cells that fluoresce 

the same color were the product of an SCD as evidenced by the production of two 

cells expressing the same fate determinant, whereas daughter cells of different colors 

were generated via ACD and have different cell fates (Figure 1.5). In order to explore 

the role of SHH signaling on GNP fate acquisition, the authors first established a 

baseline by quantifying the WT frequency of SCD/ACD. The authors visualized 

GNPs, both in dissociated culture and in freshly dissected whole-mounted cerebella 

using time-lapsed imaging. This analysis defined three different cell fate outcomes 

produced by two division modes. There were two types of SCD; one produced two 

progenitor cells (both cells positive for Math1-GFP) and was therefore considered 

non-terminal. The second type of SCD was considered terminal because it produced 

two intermediate cells (both positive for both Math1-GFP and Dcx-DsRed) that 
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subsequently differentiate into granule cells. In addition, ACD was observed, 

producing one terminal intermediate cell (Math1-GFP/Dcx-DsRed positive) and one 

non-terminal progenitor (only Math1-GFP positive) (Figure 1.5). At P4, 

corresponding to an early stage of neurogenesis, the vast majority of divisions were 

SCD and expansive, producing two progenitor cells. However at a later stage (P10), 

the balance shifted to terminal SCD, producing two intermediate cells that 

differentiated into granule cells. A minority (<5%) of cells underwent ACD, renewing 

the progenitor cell while also forming an intermediate cell that will differentiate into a 

granule cell. Taken together, these data show that GNPs divide primarily by SCD and 

differentiation to granule cells occurs through an intermediate cell that expresses both 

progenitor and neuronal markers. 

The authors used two methods to stimulate SHH signaling in the dual reporter 

mice (Math1-GFP;Dcx-DsRed) (Yang et al., 2015). They either activated SHH 

signaling in culture using recombinant SHH (C25II) or they crossed the reporter mice 

to a Ptch1-/- line in which SHH signaling is enhanced. In response to SHH activation, 

the number of Math-GFP progenitors increased in proportion to the other cell types 

(intermediate and differentiated cells) over the time course of neurogenesis, 

suggesting an increase in progenitor SCD that delays cerebellar neurogenesis. 

Blockade of the SHH pathway, by either adding cyclopamine to GNP cultures or 

injecting it into Math1-GFP;Dcx-DsRed;Ptch+/- mice, reversed the expansive 

division mode, increasing both ACD and the terminal type of SCD that produces 

granule cells, at the expense of expansive, non-terminal SCDs that produce progenitor 
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cells. Analysis of division planes by phosphohistone-3 immunostaining in WT versus 

Ptch1+/- mice revealed a decrease in parallel divisions (i.e. with spindle poles 

perpendicular to the pial surface). This result is consistent with the increase in SCD 

observed by these authors, and by Halipur and colleagues who stimulated SHH 

signaling using SAG treatment.  Together, the data demonstrate that SHH enhances 

proliferation by regulating both division mode (ACD/SCD) and type 

(nonterminal/terminal).  

These examples of SHH activity in the cortex and cerebellum show how 

widespread SHH stimulation expands stem and progenitor populations by favoring 

SCD. However, the mechanism by which SHH controls the ratio of cells undergoing 

SCD versus ACD, and how it contributes to cell fate acquisition is still mysterious. 

Conceivably, division mode and type may be regulated by the concentration and 

localization of SHH in the proliferative zone of the neocortex and in the EGL of the 

cerebellum (Wallace et al., 1999;Komada et al., 2008;Martinez et al., 2013). During 

secretion, SHH is modified by palmitoylation as well as by a cholesterol 

modification, which occurs during an autoprocessing cleavage event. These 

modifications ensure that the extracellular movement of SHH is highly regulated as it 

is trafficked to the plasma membrane, stabilized on the cell surface, transferred to 

carrier lipoproteins and released from the cell in large soluble lipoprotein complexes 

or spread by filopodia-like extensions (Briscoe et al., 2013). This raises the possibility 

that Hedgehog, rather than globally bathing GNPs, is delivered in a highly regulated 

manner that governs division mode and type. In this model, regulated release would 
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be developmentally controlled to provide for ample SHH distribution during GNP 

expansion via SCD at early time periods. In contrast, highly localized delivery at later 

stages of development would specify differentiation. These events may occur in 

collaboration with WNT and NOTCH signaling to further refine the ways stem and 

progenitor cells divide and acquire cell fates by regulating the subcellular localization 

of fate determinants.  	

 

1.4 Axon guidance molecules driving ACD through the spindle  

 

Neural development is complex and numerous secreted factors are likely to 

regulate the proliferation and cell fate acquisition of neurons as well as their 

migration to new environments. One type of signaling involves cues that were 

originally identified as axon guidance molecules, directing neurons and their growth 

cones to proper targets in the embryo. These guidance cues govern migration by 

regulating cytoskeletal dynamics, but more recently they have a newly respected role 

in regulating cell proliferation, including ACD, not only during neural development 

(Borrell et al., 2012), but also in epithelial organs such as the breast (Ballard et al., 

2015).  

SLITs are secreted ligands that bind to ROBO receptors to regulate multiple 

developmental programs. There are three SLIT ligands (Slits1-3) and four ROBO 

receptors (Robo 1-4). Activation of the SLIT/ROBO pathway leads to a cascade of 

signaling events that range from axon guidance to cell proliferation (Ballard et al., 
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2012). Recently, SLIT/ROBO signaling has been implicated in the maintenance of 

mammary stem cells. The mammary gland is a dynamic organ that undergoes many 

rounds of growth and expansion with each estrus cycle and pregnancy (Macias et al., 

2012). At the onset of puberty, the mammary gland grows from a rudimentary ductal 

structure to a fully arborized tree over a span of six weeks. Fueling this growth are the 

highly proliferative cells in the terminal end buds that generate ductal cells as they 

push through the fat pad, directing growth towards the unfilled space (Figure 1.6a). 

Once the terminal end buds reach the outer edge of the fat pad, they dissolve leaving 

behind a bilayered ductal structure containing a heterogeneous luminal population 

and a basal layer, which contains stem cells. To fuel proliferative cycles, the 

mammary gland maintains a reserve of stem cells into adulthood. The inside of a 

terminal end bud serves as the hub for stem and progenitor cells during development 

and is made of inner body cells and an outer layer of cap cells (Figure 1.6b). It is in 

the terminal end buds where the vast majority of ACD occurs (Ballard et al., 2015). 

Mammary stem cells utilize ACD to both self-renew and differentiate into the various 

cell types that compose the mammary duct. Stem cell self-renewal is fundamental to 

the function of the mammary gland and recent evidence shows that SLIT/ROBO 

signaling plays a role in regulating this process.  

In a study by Ballard and colleagues, SLIT2/ROBO1 signaling was shown to 

regulate the expression of Inscuteable (INSC), which in turn governs the balance 

between ACD and SCD (Ballard et al., 2015).  INSC is a central component of the 

spindle orientation complex and is initially recruited by the PAR complex and 
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engages with LGN. Acting as a molecular baton, INSC hands off LGN to NuMA, 

resulting in the asymmetric co-localization of LGN and NuMA at the apical pole 

(Mapelli et al., 2012). This LGN/NuMA complex facilitates spindle pole tethering, 

thereby contributing to the unequal distribution of cell fate determinants. The authors 

first showed that loss of Robo1 increases Insc levels, with no change in the expression 

of LGN or NuMA. SLIT/ROBO signaling regulates Insc expression by governing the 

subcellular localization of the transcription factor Snail (SNAI1) through the 

PI3kinase/AKT/GSK-3β pathway. Loss of Robo1 sends SNAI1 to the nucleus where 

it directly enhances Insc transcription.  

Ballard and colleagues used two assays to demonstrate how excess INSC, 

generated by either loss of Robo1 (Robo1-/-) or transgenic overexpression of Insc 

(InscKI/KI), decreases the frequency of ACDs in mammary end buds (Ballard et al., 

2015). In the first assay, the stem cell containing, basal population of mammary cells 

was isolated by fluorescence activated cell sorting (FACS), labeled with a membrane 

permeable dye, PKH26, and plated at single cell density in Matrigel. PKH26 binds to 

cell membranes and is distributed to daughter cells upon division. ACDs generate a 

quiescent daughter stem cell, which maintains its fluorescence, and a progenitor cell 

that continues to divide and dilute the dye, resulting in a colony with a single, labeled 

cell. In contrast, SCDs dilute the dye with each division, resulting in unlabeled 

colonies. Excess INSC resulted in more unlabeled colonies, indicating fewer ACDs. 

In the second assay, immunohistochemistry was used to visualize the co-localization 

of NuMA and LGN in crescent-like structures asymmetrically located over one 
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spindle pole in mammary end bud cells. Excess INSC resulted in fewer of these 

crescent-like structures, again suggesting that fewer ACDs occurred in Robo1-/- or 

InscKI/KI tissue.  

The consequences of excess INSC expression on the mammary gland was 

investigated by serial passaging and limiting dilution assays that measure the 

robustness and number of mammary stem cells (Ballard et al., 2015). Mammary stem 

cells were enriched using FACS to isolate basal cells. For serial passaging, cells were 

plated at single cell density in Matrigel and passaged every seven days. Cells 

expressing elevated levels of Insc generated larger colonies that passage longer 

compared to WT cells. For limiting dilution assays, a serially reduced number of 

enriched basal cells were transplanted into pre-cleared mammary fat pads. After 8 

weeks, the frequency and size of mammary outgrowths were measured, allowing an 

estimation of mammary stem cell number. Cells containing excess Insc, harvested 

from both Robo1-/- and InscKI/KI mammary tissue, contained 3-fold more mammary 

stem cells compared to WT tissue. Together, these experiments demonstrate that 

SLIT/ROBO/SNAI1 signaling through INSC promotes ACD, with the loss of Robo1 

shifting the balance toward SCD due to excess INSC, which may interfere with 

correct spindle pole positioning (Figure 1.6C). 

With this example, a number of themes come into focus in vertebrate tissue. 

Increasingly, evidence suggests that extracellular cues send signals to the mitotic 

spindle to regulate its orientation and size. These changes in the mitotic spindle 

govern the asymmetric distribution of cell fate determinants. Focal, rather than global, 
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extrinsic signaling may be required to regulate spindle orientation and generate 

disproportionate signaling in daughter cells. For example, in the satellite stem cell 

niche, rotation of the spindle places one daughter in contact with the sarcolemma and 

the other in contact with the basal lamina of the muscle fiber.  One explanation is that 

each location provides a distinct niche characterized by a different set of extracellular 

factors. Not all stem cell niches, however, are as geometrically constrained and allow 

for such discrete daughter cell interactions. This means that elaborate, and still largely 

unknown, mechanisms are likely required to regulate the extracellular distributions of 

extrinsic factors. Like WNT and Hedgehog proteins, the extracellular availability of 

SLIT is regulated by a number of extracellular matrix components, for example, 

heparin sulfate proteoglycans (Ballard et al., 2012). Such control has the capacity to 

create discrete niches and govern the delivery and differential activation of these 

ligands in temporally and spatially restricted manners. An improved understanding of 

the extracellular environments governing the availability of signaling molecules that 

function in controlling stem cell division will further our knowledge of stem cell 

population dynamics in vertebrate tissues. 

 

1.5 Conclusion: Implications of extracellular cues in medicine 

 

In this chapter we reviewed current research that describes the extracellular cues – 

WNT, SHH and SLIT – and how they regulate cell division mode in the muscle, brain 

and breast. Due to their critical role in regulating stem cell renewal and homeostasis, 
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these extracellular cues and morphogens may be specific therapeutic targets for the 

development of treatments for diseases characterized by aberrant cell division mode. 

For example, WNT7A promotes expansion of the stem cell pool and therefore should 

be explored for developing novel therapies to combat degenerative diseases. In 

contrast, the loss of Slit2 drives tumor proliferation, making SLIT2 pathway 

components potential therapeutic targets for translational efforts to fight cancer.  

 

1.5.1 WNT7A as a useful agent in Duchenne Muscular Dystrophy 

 

The studies performed by Le Grand, Delauney and colleagues demonstrate the role of 

WNT7A signaling in regulating ACD through the PCP pathway. Specifically, Le 

Grand showed that WNT7A drives the expansion of satellite stem cells in skeletal 

muscle, thereby demonstrating its property as a growth factor. There is now emerging 

evidence for WNT7A in treating Duchenne Muscular Dystrophy (DMD), a genetic 

childhood disorder that results in progressive muscle weakness leading to death by 

age 30. In a recent study by Maltzahn and colleagues, WNT7A was used as a 

treatment agent in a mouse model of DMD (von Maltzahn et al., 2012). Animals 

treated with WNT7A increased their satellite stem cell number, which subsequently 

resulted in increased muscle strength and reduced damage in response to injury. 

These positive results make WNT7A a prime candidate for DMD therapeutics.  

 

1.5.2 SLIT2 as a therapeutic breast cancer agent 
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Another molecule with promising therapeutic uses is SLIT2 in the treatment of breast 

cancer. In the study done by Ballard and colleagues, SLIT2 signaling through 

ROBO1 maintained the balance between ACD and SCD. Loss of SLIT2 signaling 

resulted in both an increase in SCD (Ballard et al., 2015), and the formation of 

hyperplastic lesions in normal breast tissue (Marlow et al., 2008). Taken together, 

these data suggest that loss of Slit2, which occurs in 40% percent of basal breast 

tumors (Cancer Genome Atlas, 2012), may lead to increased proliferation due to the 

symmetric expansion of cancer stem/progenitor cells. To this end, a recent review by 

Gu and colleagues outlines multiple studies that use SLIT2 in cultured breast cancer 

cells or mouse tumor models to prevent the proliferation and metastasis of breast 

tumors (Gu et al., 2015).  

 

1.5.3 SHH as a target in medulloblastoma 

 

SHH, like SLIT, has signaling properties that can be exploited in cancer 

treatment. Over-activation of SHH signaling in the cerebellum leads to expansion of 

progenitor cells and cancers such as medulloblastoma (Yang et al., 2015;Kieran et al., 

2014); therefore drugs inhibiting SHH signaling have garnered a great deal of 

attention and may represent promising therapeutic agents. Medulloblastoma is a 

pediatric cancer that affects the cerebellum and presents as four distinct subtypes. 

SHH overexpression is a marker for one subtype characterized by an intermediate 
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prognosis. Recent efforts in drug design have been aimed at developing inhibitors that 

block SHH signaling in this subtype. Robinson and colleagues show that treatment of 

patients with the SHH inhibitor, Vismodegib, prevented cancer recurrence in a phase 

II clinical trial (Robinson et al., 2015). These results demonstrate that silencing the 

SHH pathway may halt cancer progression.  

In conclusion, SHH, WNT and SLIT are extracellular cues that have 

important developmental roles in multiple tissues and represent promising targets in 

drug discovery. Furthermore, these molecules are examples of how understanding the 

function of proteins during development leads to progress in combating disease.  
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Figure 1.1 
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Figure 1.1. PCP and SHH Signaling pathways.  a. Core planar cell polarity proteins 

asymmetrically distributed in two epithelial cells. Epithelial cells in contact with each 

other partition one group of proteins (FZD, DSH shown in blue) to the proximal side 

of the cell and another group (VANG, PK shown in orange) to the distal. FMI (shown 

in pink) forms a complex with FZD at the proximal surface of the membrane and 

VANG on the distal. Across cell junctions, FMI from one cell binds to FMI on the 

adjacent cell, which connects each cell within a sheet of epithelium. DSH and PK 

maintain asymmetry in a cell by functioning as inhibitors of each other. In the 

absence of SHH, the pathway is in an “off” state in which PTCH (purple), inhibits 

SMO (green) at the cell membrane. SMO is then held captive on the membrane of 

vesicles (not depicted). This activates a complex of FUSED, SUFU, KIF7 and 

microtubules to process GLI into its transcriptional repressive form. The result is the 

repression of Hedgehog target genes. c. In the “on” state, Sonic Hedgehog (pink) 

binds to PTCH, which relieves the repression on SMO. After SMO activation, GLI is 

left unprocessed and is able to enter the nucleus to stimulate Hedgehog target gene 

expression. 
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Figure 1.2 
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Figure 1.2. WNT/PCP signals during SCD in satellite stem cells.  a. Cartoon of a 

limb comprising skeletal muscle and bone. b. Skeletal muscle composed of seven 

fascicles, each of which contain muscle fibers (eight depicted here). Within each 

muscle fiber are multiple myofibrils. The satellite stem cells (red) reside in between 

the encapsulating basal lamina and the sarcolemma (not shown) of each muscle fiber. 

c. Satellite stem cells undergo both SCD and ACD. The left arrow indicates the 

outcome an SCD where both daughter cells are in contact with the sarcolemma 

anchored by VANGL2 (green). The right arrow indicates an ACD in which only one 

daughter cell remains in contact with the sarcolemma and remains a satellite stem cell 

(red) and the other contacts the basal lamina, becoming a progenitor cell (blue). The 

enlarged inset depicts WNT5A (yellow) bound to FZD7 (blue) during an SCD, 

triggering the accumulation of VANGL2 on opposite poles of the daughter cells. 
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Figure 1.3 

 

Figure 1.3. Spindle size asymmetry and PCP in the cortex.  a. Cartoon of a section 

through a neonatal cortex. The ventricular zone (VZ) is in blue, the subventricular 

zone (SVZ) is in green and the mature cortical layer is in yellow. b. Enlarged view of 

the boxed area in (A) showing that each layer is composed of different cell types. 

Residing in the VZ are the apical precursors (red) and glial cells (green). The apical 

precursors remain quiescent or undergo cell division while the glial cells serve as a 

migratory scaffold for neurons moving up to the mature cortical layer. The SVZ 

contains precursor cells (red). The cortical plate (CP) houses mature neurons. c. In the 

VZ, the level of VANGL2 expression determines ACD versus SCD. At embryonic 

day 10.5, high VANGL2 in dividing apical precursors leads to spindles with equal 

size resulting in an SCD. This generates two apical precursor cells. By embryonic day 

14.5, VANGL2 expression decreases, leading to spindle size asymmetry and an 

increase in ACDs. This produces a precursor and a neuron.  
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Figure 1.4 

 

 

Figure 1.4. SHH and cell division in the VZ of a neocortex. a. In a wild type brain, 

radial glial cells (red) divide via proliferative SCD (left) to generate two radial glial 

cells, neurogenic SCD (middle) to create two neurons (blue) or ACD (right) to 

produce a radial glial cell and a neuron. b. Upon SHH activation in a Ptch-/- mutant, 

radial glial cells increase the frequency of proliferative SCD. The frequency of each 

division type is also indicated.  
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Figure 1.5 

 

 

Figure 1.5. Model for regulation of cell division and fate specification by SHH in 

the cerebellum. In the cerebellum GNPs can divide so that their spindles are parallel 

to the pial surface (left of dashed line) or perpendicular to the pial surface (right). 

During a parallel division, both daughter cells are exposed to the same level of SHH 

(blue circles). In the presence of SHH, both daughter cells retain their GNP fate 

resulting in a non-terminal SCD (green cells). In SHH’s absence, both daughter cells 

undergo a fate change, causing terminal SCD (yellow cells). During a perpendicular 

division, SHH is exposed locally to one daughter cell and not the other, resulting in 

an ACD that produces daughter cells with different cell fates (yellow versus green). 
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Figure 1.6 

 

 

 

Figure 1.6. SLIT2/ROBO1 signaling in the mammary gland. a. Cartoon of 

developing mammary gland. Mammary ducts (black) grow post-natally from the 

nipple into the fat pad (tan) and at 5.5 weeks reach the lymph node (pink circle). 

Capping each duct is a terminal end bud, which serves as a site of cell proliferation. b. 

Longitudinal section through a terminal end bud and subtending duct. Each duct is bi-

layered with an outer layer of basal cells and an inner layer of luminal cells. The 

terminal end bud is a spherical structure with an outer layer of cap cells and inner 

layers of luminal body cells. c. SLIT2/ROBO1 signaling in the cap cells of the 

terminal end bud regulates cell division. In a WT terminal end bud, cap cells undergo 

ACD and are renewed (blue) while generating a progenitor cell (green). This is due to 

the expression of INSC (green circles) that accumulates on one side of the dividing 

cell. Loss of Robo11 results in a switch in division mode from ACD to SCD. 
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CHAPTER 21 

 Diverse regulation of mammary epithelial growth and branching 

morphogenesis through non-canonical WNT signaling 

ABSTRACT: 

The mammary gland consists of an adipose tissue that, in a process called branching 

morphogenesis, is invaded by a ductal epithelial network comprising basal and 

luminal epithelial cells. Stem and progenitor cells drive mammary growth and their 

proliferation is regulated by multiple extracellular cues. One of the key regulatory 

pathways for these cells is the β-catenin dependent, canonical WNT signaling 

pathway; however, the role of non-canonical WNT signaling within the mammary 

stem/progenitor system remains elusive. Here, we focused on the non-canonical WNT 

receptors ROR2 and RYK and their activation by WNT5A, one of the hallmark non-

canonical WNT ligands, during mammary epithelial growth and branching 

morphogenesis. We found that WNT5A inhibits mammary branching morphogenesis 

in vitro and in vivo through the receptor tyrosine kinase ROR2. Unexpectedly, 

WNT5A was able to enhance mammary epithelial growth, which is in contrast to its 

next closest relative WNT5B that potently inhibits mammary stem/progenitor 

proliferation. We found that RYK, but not ROR2, is necessary for WNT5A-mediated 

promotion of mammary growth. These findings provide important insight into the 

biology of non-canonical WNT signaling in adult stem/progenitor cell regulation.  
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INTRODUCTION 

The mammary gland is composed of a highly dynamic epithelial structure that 

undergoes multiple rounds of remodeling during puberty, pregnancy, lactation and 

involution (1). At puberty, the mammary gland forms a branching ductal network, 

which connects the nipple to the milk-producing lobuloalveolar structures that arise 

during pregnancy (2). Development and growth of the mammary gland depends on 

the function of adult mammary stem cells (MaSCs) (1). These MaSCs are capable of 

reconstituting a complete mammary epithelial ductal structure when implanted as a 

single cell into a cleared fat pad in vivo (3-5). The morphogenetic changes of the 

breast epithelium are closely coordinated within the context of its microenvironment, 

which consists of a variety of stromal cells such as adipocytes, macrophages and 

fibroblasts (6, 7). MaSCs respond to extracellular signals such as WNT ligands 

provided by stromal cells of the microenvironment. For example, hyperactivation of 

the canonical WNT/β-catenin signaling pathway in the mammary gland expands the 

MaSC population by 6-fold (4), and WNT ligands are necessary for self-renewal 

properties of MaSCs (8). Constitutive overexpression of the gene encoding the 

canonical Wnt1 ligand in this organ ultimately gives rise to tumors, suggesting a 

direct link between MaSC accumulation and tumor susceptibility (9, 10).  

The role of the non-canonical WNT signaling pathway in the regulation of 

mammary gland development and breast cancer function is obscure. WNT5A and 

WNT5B represent two non-canonical WNT ligands expressed in the mammary gland 

(11-14). Within the mammary epithelium, expression of both Wnt5a and Wnt5b is 
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restricted to the more differentiated luminal epithelial cell lineage (14). Several 

receptors have been implicated in mediating the function of WNT5A and WNT5B. 

These include the non-canonical receptors, ROR1 and ROR2, which are expressed in 

both the basal and luminal compartments (14, 15), whereas the expression of the 

receptor RYK remains less well defined. While several studies have reported 

inhibitory roles for non-canonical WNT ligands, WNT5A during branching 

morphogenesis (16) and WNT5B in mammary stem and progenitor outgrowth (16, 

17), the receptors mediating these inhibitory functions remain poorly characterized.  

Even though the actions of WNT5A and WNT5B have been associated with 

events occurring during breast cancer initiation and progression, the role of non-

canonical WNT signaling in breast cancer remains elusive. While there is evidence 

suggesting that secretion of WNT5A by stromal cells may inhibit the actions of tumor 

initiating cells in breast cancer (18), other studies show that WNT5A/B may promote 

epithelial to mesenchymal transition (EMT) and metastatic progression in breast and 

other cancers through a non-canonical Frizzled2 pathway (19). Overall, the role of 

non-canonical WNT signaling in breast cancer appears to be particularly context 

dependent, and the diverse effects of non-canonical WNT ligands on cell and 

developmental pathways remain largely unexplored. 

Here, we focused on the role of WNT5A and WNT5B as two of the main 

mediators of non-canonical WNT signaling in the mammary gland. In particular, we 

sought to understand how non-canonical WNT signaling is involved in the regulation 

of MaSC function and branching morphogenesis. Our results show that despite their 
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high degree of similarity, WNT5A and WNT5B may work in a distinct manner 

involving different receptor molecules. These findings further shed light on our 

understanding of the intricacies of the WNT signaling pathway and provide crucial 

insights to better understand their role in diseases such as breast cancer. 

RESULTS 

WNT5A and WNT5B Differentially Regulate Mammary Growth and Progenitor 

Cell Proliferation 

We previously observed that WNT5B is capable of inhibiting mammary epithelial 

stem and progenitor cell growth capacity in vitro and in vivo using lentiviral mediated 

overexpression in transplanted MaSCs (17). WNT5A and WNT5B show the high 

degree of amino acid sequence similarity of 83% (Fig. S2.1A), which initially 

suggested that these two WNT ligands may function in a redundant manner. To test 

whether these two non-canonical WNT ligands are indeed functionally redundant in 

the context of MaSC/progenitor regulation, we first utilized the clonal mammosphere 

assay as a proliferative analysis tool in which single mammary epithelial cells 

(MECs) are embedded into a 3-dimensional Matrigel-based culture. Using this assay, 

we then compared the effects of exogenous recombinant WNT5A and WNT5B to 

vehicle treated mammosphere formation. Interestingly, we observed a pronounced 

increase in the number, as well as the size, of mammospheres treated with WNT5A 

compared to vehicle treated MECs (Fig. 2.1A-E). In contrast, WNT5B demonstrated 

a strong inhibitory effect on mammosphere formation, which is consistent with our 

previous findings (17). These distinct effects of WNT5A and WNT5B were dose 
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dependent in the range from 0.1-1 mg/ml (Fig. 2S.1B). Subsequent qPCR analysis 

revealed that in contrast to WNT5A, WNT5B-treated cells downregulate expression 

of genes associated with proliferation and luminal differentiation (Fig. 2.1F). This 

suggests that WNT5B blocks mammosphere formation by inducing cell cycle arrest, 

presumably at an earlier basal MaSC state. Also, despite the high degree of amino 

acid sequence homology shared by WNT5A and WNT5B (Fig. 2S1A), these 

hallmark non-canonical WNT ligands may work in a distinct fashion in the regulation 

of MEC biology.  

Differential Expression of Non-canonical WNT Receptors in Mammary 

Epithelial Subpopulations 

To investigate which non-canonical WNT receptors are involved in mediating 

WNT5A and WNT5B signaling in breast epithelium, we used qPCR expression 

analysis on isolated basal and luminal MECs. To this end, we utilized FACS to 

separate basal, luminal progenitor and mature luminal cells harvested from 8-week 

old FvB/N mice (Fig. 2S2A-C) and performed qPCR analysis with primers targeting 

Ror1, Ror2 and Ryk. We also confirmed isolation of mammary subpopulations using 

epithelial lineage marker expression (Fig. 2S2D). We found all three receptors 

expressed in the mammary gland (Fig. 2S2E). While Ror1 and Ryk show expression 

in all epithelial cell populations, Ror2 showed a differential expression pattern with 

high abundance in basal cells, low abundance in mature luminal cells and 

undetectable expression in luminal progenitor cells. We also confirmed the basal-

specific expression of ROR2 in situ (Fig. 2S2F) by immunostaining in wildtype (WT) 
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tissue, observing strong staining in the basal compartment (15).  Taken together, our 

results suggest that ROR2 could be mediating a cross-talk between basal and luminal 

cells by functioning as a receptor on basal cells for luminal-derived WNT5A and 

WNT5B.  

Ror2-Deficient Mammary Glands Show Increased Branching Morphogenesis 

The basal-prominent expression pattern of ROR2 prompted us to study its role in the 

regulation of mammary gland development in more detail. Ror2-deficient (Ror2-/-) 

mice have severe developmental defects leading to death of the animal at age E18.5 

(20). To analyze the post-natal development of the mammary gland, we generated 

Ror2-/- glands in vivo by using standard protocols to rescue the anlage from E16.5 

embryos and transplanted them into pre-cleared fat pads of immunocompromised 

mice (21). To ensure that only epithelial tissue was propagated, we allowed the 

anlage transplant to develop 12 weeks before performing serial transplants with tissue 

fragments taken from the previous outgrowth. Whole-mounted generation 1 (G1) 

Ror2-/- outgrowths were morphologically similar to littermate WT outgrowths 

generated in the contralateral fat pad (Fig. 2S2G). By generation 4, however, Ror2-/- 

outgrowths appeared hyperbranched compared to WT glands (Fig. 2A).  We 

performed branching analysis on four independently derived lines of WT and Ror2-/- 

tissue (Fig. 2.2B, 2S2H, I). We found no significant differences in primary branch 

number between Ror2-/- and WT tissue, even with successive transplantation (G1-

G5), indicating that terminal end bud bifurcation is unaffected by the lack of Ror2. In 

contrast, there was a significant increase in secondary and tertiary branching in Ror2-
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/- tissue that had been serially transplanted for 3-5 generations, indicating a 

progressive mis-regulation in mechanisms that constrain side-branch formation (Fig. 

2.2B). Cross sections through WT generation 4 tissue revealed a normal bi-layered 

epithelial architecture (Fig. 2.2C) with luminal cells lining up in register to create a 

smooth apical surface. In contrast, luminal epithelial cells are slightly out of register 

in the Ror2-/- generation 4 tissue, but there is no significant difference in apical 

MUC1 immunostaining, suggesting that Ror2-/- luminal cells are properly polarized 

(Fig. 2.2C, D). However, E-cadherin immunostaining in Ror2-/- tissue is reduced at 

the adherens junctions, which reside just below the tight junctions that demarcate the 

apical surfaces of luminal cells (Fig. 2.2C, E). Instead of the organized belt of E-

cadherin staining observed in WT tissue, staining in Ror2-/- tissue extends along the 

lateral and basal membranes. We also examined the localization of the Na/K/Cl 

cotransporter, NKCC1, which marks the basolateral surface (22), and found an 

overall decrease in staining in Ror2-/- tissue (Fig. 2.2C, F). Taken together, the data 

suggest that luminal epithelial cells maintain their proper orientation with regard to 

the lumen in Ror2-/- tissue, but contacts between cells appear compromised. Previous 

studies showed that WT tissue fragments can be serially transplanted up to five times, 

before no further outgrowths are obtained (23). In our studies, all three WT lines 

senesced at G5 (Fig. 2.2G, H). In contrast, two of four Ror2-/- transplanted lines 

displayed increased transplantability with one senescing at G9 and the second at G11 

suggesting that loss of Ror2 regulates either the number of MaSC/progenitor cells or 

their self-renewal.  
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WNT5A Inhibits Mammary Epithelial Branching through ROR2  

Next, we focused on the interaction of ROR2 with non-canonical WNT ligands in the 

context of mammary branching morphogenesis. Both WNT5A and WNT5B have 

previously been shown to inhibit mammary branching morphogenesis in vivo (16, 

17). To test whether ROR2 is involved in this process, we utilized our Ror2-/- 

transplantation model in combination with Elvax slow-release pellets to locally 

deliver WNT ligands into the tissue adjacent to the epithelial outgrowths. To quantify 

the effect of WNT5A and WNT5B on branching morphogenesis in vivo, we measured 

the distance between branch points in close proximity to the transplanted pellets. We 

observed significantly increased distance between branches near the WNT5A pellets, 

an indication of reduced branching compared to BSA-containing control pellets. In 

contrast, WNT5B had no measurable effect on mammary side branching under these 

conditions, which further underlines that WNT5A and WNT5B may possess different 

functional properties. Importantly, in the absence of Ror2, the inhibitory effects of 

WNT5A on side branching were completely abolished (Fig. 2.3A-B), indicating that 

ROR2 functions as the primary receptor mediating this regulatory role of WNT5A 

during mammary branching morphogenesis. We further corroborated these findings 

using an established ex vivo surrogate assay for mammary branching morphogenesis 

(Fig. 2.3C). After 7 days of WNT5A treatment, WT mammary epithelial organoids 

showed significantly fewer branches compared to mock treated samples (Fig. 2.3D, 

E). In contrast, Ror2-/- organoids treated with WNT5A showed no change in 
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branching after 7 days (Fig. 2.3F, G), demonstrating that WNT5A inhibits mammary 

branching morphogenesis through ROR2.   

WNT5A Promotes Mammosphere Formation through RYK 

We initially observed distinct effects of WNT5A and WNT5B on mammosphere 

formation, which may be driven primarily by different basal stem and progenitor cell 

functions rather than the process of branching morphogenesis. We therefore explored 

the role of ROR2 as it relates to its basal epithelial expression pattern, and our results 

suggest that the loss or Ror2 promotes the longevity of stem cells and their potential 

to serially undergo mammary morphogenesis in vivo  (Fig. 2.1,2.2). To this end, we 

isolated MECs from WT and Ror2-/- outgrowths harvested from contralaterally 

transplanted animals, and subjected these to the mammosphere formation assay in the 

presence or absence of WNT5A and WNT5B. In control samples, Ror2-/- MECs 

formed twice as many mammospheres as WT (Fig. 2.4A,C; WT = 53 ± 2.646 vs. 

ROR2-/- = 110.7 ± 11.86; p = 0.009), which is consistent with our findings indicating 

ROR2 in regulating stem cell activity. In treated samples, we found that WNT5A 

promoted and WNT5B reduced the number and size of mammospheres independently 

of ROR2 (Fig. 2.4A-D), indicating that a different non-canonical receptor is 

governing the effects of WNT5A and WNT5B on mammosphere formation.  

We next focused on the receptor tyrosine kinase RYK, which has been 

implicated as a receptor for WNT5A (27). To interfere with RYK function in the 

presence or absence of WNT ligand, we utilized a blocking antibody approach that 

has been previously used to inhibit RYK function during neuron specification (28). 
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While WNT5B inhibited mammosphere formation independently of RYK blockade, 

we found that the increase in number and size of mammospheres treated with 

WNT5A could be abolished by the presence of anti-RYK blocking antibody (Fig. 

2.4E-F), demonstrating that WNT5A may increase MaSC capacity and proliferation 

by activating RYK-dependent, non-canonical WNT signaling. Importantly, control 

experiments under the same conditions, but treated with non-specific IgG instead of 

anti-RYK treatment, did not alter mammosphere capacity (data not shown). 

Interestingly, we noticed that in the presence of RYK-blocking antibody, WNT5A 

changed its function from promoting to inhibiting mammosphere growth as measured 

by sphere size, while the number of spheres remained comparable to control (Fig. 

2.4E-F). This could suggest that in the absence of RYK, WNT5A engages different 

WNT co-receptors, leading to inhibition of progenitor cell proliferation or promoting 

cell differentiation. Together, these findings show that WNT5A may activate the 

receptor tyrosine kinases ROR2 and RYK presumably on different stem or progenitor 

populations that contribute to distinct morphogenetic processes during mammary 

branching and MaSC outgrowth (Fig. 2.3, 2.4). To further corroborate this notion, we 

analyzed the expression pattern for ROR2 and RYK on a single cell level using a 

single cell RNAseq dataset generated in a currently ongoing study (Nguyen et al, in 

preparation), which revealed that ROR2 and RYK are indeed expressed in a mutually 

exclusive manner in the vast majority of MECs (Fig. 2.5A, B). 

DISCUSSION 
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While canonical WNT signaling has been extensively studied in the context of 

mammary gland biology, MaSC regulation and cancer, the non-canonical WNT 

pathway remains elusive. To learn more about the role of non-canonical WNT 

signaling in mammary development, we focused here on the hallmark non-canonical 

ligands WNT5A and WNT5B because they are prominently expressed in the 

mammary gland. By investigating the alternate WNT receptors, ROR2 and RYK 

receptor tyrosine kinases, our studies provide new insight into non-canonical WNT 

signaling pathways during mammary development. Whereas previous studies have 

shown that loss of either Wnt5a or Ror2 results in a hyperbranching phenotype (15), 

we demonstrate a ligand/receptor relationship by showing that ROR2 is required for 

the inhibitory action of WNT5A on branch formation. Despite being highly 

homologous, WNT5B has no such effect. We further distinguished the activities of 

these two WNTs in mammosphere assays by demonstrating that WNT5A enhances 

mammosphere formation through the RYK receptor. This stimulatory activity is 

surprising in light of studies on human tumors showed tumor suppressive activity of 

WNT5A, with loss of Wnt5a expression correlated with more aggressive tumor 

subtypes, earlier relapse and significantly shorter overall patient survival (29, 30). 

WNT5A was shown to induce the formation of a RYK/TGFbR1 complex in 

MCF10A cells, and activate SMAD2 in mammary epithelial cells harvested from 

preneoplastic MMTV-ErbB2/Wnt5a+/- mice (30). However, in studies on non-

immortalized cells, we and others (31) find that WNT5A promotes mammosphere 

formation, a positive effect on stem/progenitors consistent with WNT5A’s ability to 
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support the self-renewal of mouse spermatogonial stem cells by inhibiting apoptosis 

(32). In two studies, pharmacological inhibition of the Jun N-terminal kinase 

abrogated the WNT5A-mediated outcome (31, 32), and in the studies on 

mammospheres the effect was also reversed by knocking down Ror2 (31). In contrast, 

our studies show that WNT5A enhances the formation of mammospheres through the 

RYK receptor, independent of ROR2, perhaps reflecting the difference between 

knocking down versus knocking out a receptor. Our studies also demonstrate that 

WNT5B blocks mammosphere formation, possibly by inhibiting cell cycle 

progression because markers for cell cycle entry; Mcm-2 and Ki67 are significantly 

down-regulated in response to WNT5B. Theses results are consistent with our 

previous studies demonstrating an inhibitory affect associated with WNT5B treatment 

on MaSC proliferation in vitro and in vivo (17). While we have not yet identified the 

receptor mediating this effect, we have ruled out ROR2. Taken together, our data 

show that non-canonical WNT5A and WNT5B have distinct functions despite a high 

degree of sequence homology. Our study reveals that WNT5A signals through two 

different receptors: ROR2 to inhibit branching morphogenesis and RYK to promote 

mammary MaSC/progenitor proliferation. ROR2 also has a separate function in 

enhancing MaSC/progenitor self-renewal, but the ligand mediating this effect is 

unknown.  

Multiple potential non-canonical WNT receptors are expressed in the 

mammary gland. Similar to a previous study (16), our results show that Ror2 is 

predominantly expressed in the basal population with little or no expression in 
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luminal progenitors and low expression in mature luminal cells. In contrast, the 

expression of Ryk and Ror1 is more evenly distributed across populations. Since the 

basal compartment contains a subpopulation of MaSCs (1), we further explored the 

function of ROR2 in this compartment by examining the phenotype of Ror2-/- glands. 

Our immunostaining data revealed strong basal expression of ROR2 in myoepithelial 

cells along the duct (15). We further explored ROR2 function by examining its 

knock-out phenotype using the technique of transplantation to circumvent the 

perinatal lethality of the mutation. Loss of either Wnt5a or Ror2 has been associated 

with a hyperbranching phenotype in the mammary gland, but the molecular 

mechanism behind this phenotype remains elusive. While Ror2-/- mammary glands 

exhibited no defects in primary branch formation, excessive secondary and tertiary 

branching was observed after three successive rounds of transplantation. In contrast, 

others have demonstrated an initial branching defect in mammary outgrowths 

generated from Ror2 knockdown cells (15), suggesting there may be activation of 

compensatory signaling pathways caused by the germline deletion of this tyrosine 

kinase receptor, which complicates the detection of branching defects in Ror2-/- 

tissue. By implanting Elvax pellets in vivo into WT and Ror2-/- glands, we 

demonstrate that WNT5A, but not WNT5B, has the capacity to reduce branch 

formation in a Ror2-dependent manner. Histological analysis revealed disorganized 

epithelial architecture that is consistent with a low level of ROR2 expression in 

mature luminal cells and may be due to defects in the actin cytoskeleton, which is 

disrupted in the absence of ROR2 (15). Using an in vitro branching assay, our studies 
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further revealed that WNT5A negatively regulates branch formation through the 

ROR2 axis, supporting a crucial developmental role for WNT5A/ROR2 signaling in 

restricting mammary branching morphogenesis. 

Despite their high degree of sequence similarity, WNT5A showed 

substantially distinct functional properties, compared to WNT5B, resulting in 

enhanced MaSC/progenitor-mediated mammosphere formation in a RYK-dependent 

manner. By using an anti-RYK, function-blocking antibody we determined that the 

RYK pathway is responsible for the WNT5A-mediated increase in mammosphere 

formation. It is tempting to speculate that high local levels of WNT5A may be 

important during the formation of terminal end buds invading into the mammary fat 

pad, when enhanced proliferation is required and premature formation of side 

branches has to be suppressed. The distinct effects of WNT5A inhibiting branching 

morphogenesis through ROR2, and activation of MaSC/progenitor proliferation 

through RYK, also indicate that there are distinct stem and progenitor cell 

populations associated with these aspects of mammary gland development.  

Taken together, our studies provide important insight into the biology of non-

canonical WNT signaling in adult stem cell regulation and development. We 

discovered that WNT5A and WNT5B may have biologically distinct functions during 

mammary development. While WNT5B blocks MaSC growth and has no measurable 

impact on branching morphogenesis, WNT5A enhances MaSC outgrowth and 

negatively regulates mammary branching. These effects are mediated through diverse 

engagement of RYK and ROR2, which highlights the complexity and context 
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dependency of WNT signaling in general. Future research will determine how these 

interactions go awry in diseases such as breast cancer 

EXPERIMENTAL PROCEDURES 

Mice 

FVB/N mice were purchased from Charles River Laboratories (Wilmington, MA). 

KO mice were generated and genotyped as described: Ror2-/-(20). Mice were 

maintained in a pathogen-free facility. All mouse procedures were approved by the 

University of California, San Francisco (UCSF) or Santa Cruz (UCSC), Institutional 

Animal Care and Use Committees (IACUC).  

Recombinant Proteins and Antibodies 

Recombinant mouse WNT5A and WNT5B were purchased from R&D Systems. Ryk 

antibody was purchased from Abgent (AP7677a). Cryosections were immuno-stained 

with rabbit anti MUC-1 (Abcam, GR77880-2), mouse anti E-cadherin (BD 

Biosciences, 70177), goat anti-NKCC1 (Santa Cruz Biotechnology), mouse anti-

ROR2 (Developmental Studies Hybridoma Bank, Nt 2535-2835) and Hoechst 

(Anaspec, 85239).  

Mammosphere Formation and Branching Assay 

Mammosphere assays were carried out as described previously (4, 5). Briefly, a 

single cell suspension of MECs was prepared as detailed above and 2,000 cells were 

diluted in 100 µl of 50% mammosphere medium and 50% Matrigel, which was then 

plated out in 12-well plates. MEC growth medium consisted of DMEM/F12 medium 

containing 10 µg/ml insulin, 5 µg/ml transferrin, 30 µg/ml Bovine Pituitary Extract 
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(13028-014; Gibco/Invitrogen), 30 ng/ml HGF (2207-HG; R&D Systems), 50 ng/ml 

FGF10 (345-FG; R&D Systems), 10 µM Roc inhibitor (688000; Calbiochem), and 

was added to the cells after the MEC-containing Matrigel layer had solidified. 

Samples were done in triplicates and were analyzed after 7 days by counting the 

number of spheres per well. 

  For mammary branching analysis, 1 × 106 single cells from primary mouse 

mammary preparations were allowed to form aggregates in 500 ul of primary MEC 

growth medium by incubation overnight at 37 °C with 5% CO2 in a 24-well ultra-low 

attachment tissue culture plate. The next day, aggregates were harvested, washed and 

plated out in 50 µl of matrigel in a 24-well plate at about 200 aggregates per well. We 

then added FGF2 media (DMEM/F12, 1% v/v insulin, transferrin, selenium [Sigma] 

and 1% v/v penicillin/streptomycin, or FGF2/branching medium (minimal medium + 

2.5 nM FGF2 [Sigma F0291]) with or without WNT ligand as recently described for 

the induction of branching morphogenesis (33). At least 50 aggregates/well were 

scored and branches were quantified with branching counted as three ducts or more, 

as established previously in organoid culture models. At least three independent 

samples per condition were averaged for each experiment. 

  For qPCR expression analysis, the Matrigel layer was dissociated using 

dispase and spheres from triplicates were pooled and subjected to RNA isolation 

using a Qiagen minikit (74104). cDNA synthesis was performed using the Invitrogen 

SuperScript III system (18080-051), and quantitative reverse transcription-PCR was 

done via the Sybrgreen (Applied Biosystems, 4309155) method and an Eppendorf 
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Realplex Mastercycler. Primer sequences are listed in the table below. Primers were 

purchased from SABiosciences. Relative quantification of gene expression was 

calculated according the Pfaffl method (34). Target gene expression was normalized 

to GAPDH reference gene expression.  

Mammary Gland Transplantation 

Mammary anlage were rescued from Ror2-/- embryos, and transplanted into pre-

cleared fat pads of Foxn1nu mice (21). Contralateral outgrowths were harvested 12 

weeks post-transplant and subjected to whole mount carmine staining. For serial 

studies, epithelial fragments were harvested and transplanted into a new host. 

In Vivo Branch Quantification 

Primary branches were defined as ducts extending from the site of transplantation and 

terminating in an end bud. Secondary and tertiary branches were defined as 

bifurcating from primary ducts or secondary branches, respectively. Branch number 

was quantified by tracing the primary ductal structure and counting the number of 

primary bifurcated (C) and secondary/tertiary branches in Fiji (35). 

Elvax Slow-release Pellet Preparation and Surgical Implantation. Elvax pellets 

containing 250 ng of WNT5A or WNT5B and 1 mg of BSA, or 1 mg of BSA 

(control), were contralaterally implanted at the forefront of the growing ductal tree in 

athymic mice transplanted with WT or Ror2-/- epithelia and harvested after 10 days 

(36, 37).  

Immunohistochemistry (IHC)  

IHC was performed as previously described with: anti-E-cad (R&D), anti-MUC1, 
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anti-NKCC1 or anti-Ror2. Images were collected on a Leica SP5 confocal 

microscope (38). Brightfield imaging was performed on a Biorevo BZ-9000 Digital 

Microscope (Keyence). 

Statistical Analysis 

All statistical analyses (Student’s t-test) were conducted on Graphpad Prism; p-values 

of less than 0.05 were considered significant.  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



		
	

		
	
	

62	
	

Figure 2.1 
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Fig. 2.1. Differential effects of WNT5A and WNT5B on mammosphere 

outgrowth. Primary wildtype MECs (2,000 cells per well) were used as single cells 

in the mammosphere assay and treated with vehicle control or medium containing 

either WNT5A or WNT5B recombinant protein. Representative images show 

mammosphere formation after 7 days. Compared to control conditions (A), WNT5A-

treatment promotes mammosphere formation  (B), while WNT5B-treatment inhibits 

mammosphere formation (C). For each condition, quantification of sphere number 

(D) and size (E) was carried out. The effects of WNT5A and WNT5B on cell fate and 

proliferation were measured by qPCR using cDNA from MECs cultured in a low 

adhesion plate (200,000 cells per well) and treated with control medium (grey, left) or 

medium containing either WNT5A (blue, middle) or WNT5B (red, right) 

recombinant protein (F). Error bars show standard deviation (n=3); data 

representative of three independent experiments. WNT5A-treated cells show an 

expression profile that was similar to control treated cells, while WNT5B-treated cells 

showed a significant decrease in the expression of proliferation markers (Mcm2, 

Ki67) and a trending decrease in luminal differentiation markers (K8, Gata3). Error 

bars show average with standard deviation (D) or median measurement with 

interquartile range (E, F). Stars represent * p≤0.05, Student’s t-test; as indicated (D, 

E) or relative to control (F). 
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Figure 2.2  
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Fig. 2.2. Ror2-deficient mammary glands show increased secondary and tertiary 

branching morphogenesis in vivo.  

Anlage were rescued from E16.5 embryos and transplanted into precleared fat pads of 

athymic nude mice. After 12 weeks epithelial tissue fragments were used to propagate 

the line. Whole-mounts of generation 4 tissue (G4) reveal a hyperbranched phenotype 

(A) that was quantified by tracing the primary and secondary/tertiary branches (B) 

(n=4). Immunohistochemistry in cross-sections of G4 Ror2-/- and WT tissue, using 

E-Cadherin (red) MUC-1 (green), NKCC1 (green) antibodies, and Hoechst (blue) for 

nuclei, reveal disorganization in the Ror2-/- tissue (n=3)(C). Quantification of MUC-

1 (D), E-Cadherin (E) and NKCC1 immunostaining (F) in WT and Ror2-/- luminal 

cells (n=3).  Serially transplantation of tissue fragments show that WT tissue (n=3) 

senesces at G5, whereas Ror2-/- tissue displays enhanced transplantability (n=2). n= 

number of independently derived lines, with 5 contralaterally transplanted mice 

analyzed/line. (G). Whole-mount of generation 9 Ror2-/- outgrowth shows epithelial 

tissue filling the fat pad (H). Scale bars for A and H represent 1.5 mm. Scale bars for 

C represent 10 µm. *p<0.05 Student’s t-test. Error bars represent ± standard error.  
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Figure 2.3  
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Fig. 2.3. WNT5A inhibits mammary branching morphogenesis through ROR2.  

WT and Ror2-/- fragments were contralaterally transplanted into pre-cleared 

mammary fat pads. Elvax slow release pellets containing either BSA, WNT5A, or 

WNT5B were implanted bilaterally 3 weeks post-transplant. 1.5 weeks after the 

Elvax implantation the tissue was harvested and carmine stained for whole-mount 

analysis (A). The distance between branch points was quantified by tracing the ductal 

structure in proximity of the pellet and measuring the length between branch points 

(n=3 lines/ 5 contralaterally transplanted mice/line) (B). Ex vivo branching 

morphogenesis of re-aggregated primary MECs in the presence of FGF2 was carried 

out over 7 days and the number of branches per organoid was determined. Example 

images for organoids with 0-6+ branches are shown (C). WT MECs show significant 

reduction of organoid branching in the presence of WNT5A compared to control 

conditions (D-E) (n=3). Organoids derived from Ror2-deficient MECs show no 

decrease in the number of branches per organoid when treated with WNT5A (F-G) 

(n=3). *p<0.05 Student’s t-test. Error bars represent ± standard error. Scale bars 

represent 1.5 mm (A). 
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Figure 2.4  
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Fig. 2.4. The role of ROR2 and RYK in WNT5A and WNT5B mediated 

regulation of mammosphere formation. MECs from contralateral WT (A, B) or 

Ror2-/- outgrowths (C, D) (2000 cells per well) were used as single cells in 

mammosphere assays and treated with control medium or medium containing either 

WNT5A or WNT5B recombinant protein (n=3). The experiment was also performed 

in the presence of anti-RYK blocking antibody using WT cells (E, F) (n=3). After 7 

days in WNT containing culture medium, sphere number (A, C, E) and size (B, D, F) 

were determined for the WT, Ror2-/- and anti-RYK treated spheres. Error bar show 

standard deviation (A, C, E) or median measurement with interquartile range (B, D, 

F). * p≤0.05, Student’s t-test.  
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Figure 2.5  

 

Fig. 2.5. Single cell analysis and functional model summarizing the role of Wnt5a 

in mammary development. Scatter plot of single cell correlation analysis of ROR2 

and RYK expression in mouse MECs shows very low correlation and almost 

mutually exclusive expression (A), demonstrating that ROR2 and RYK are expressed 

in different populations of cells. Schematic illustrating the differential expression 

patterns of non-canonical WNT receptors in MEC populations and the signaling 

capacities of WNT5A acting either through ROR2 to block branching morphogenesis 

or through RYK to promote stem/progenitor proliferation (B).  
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Figure 2.S1 
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Fig. 2.S1. Wnt5a and Wnt5b sequence and functional characteristics. WNT5A 

and WNT4B share a high degree of sequence homology, but have distinct functions. 

Amino acid sequence alignment reveals a high degree (85%) of sequence identity 

between WNT5A and WNT5B (A). A dose response assessment using 0.1, 0.25, 0.5 

and 1.0 µg/ml recombinant WNT5A/WNT5B protein in the medium of 

mammosphere assays shows that WNT5A enhances mammosphere size, whereas 

WNT5B does not. Error bars show average with ± standard deviation; *p<0.05, 

Student’s t-test (B). 
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Figure 2.S2 
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Fig. 2.S2. Expression of non-canonical WNT receptors in mammary epithelial 

populations. Mammary populations were isolated using FACS, resulting in the 

mammary (Linlow), basal (CD49fhi, EpCAMlow), luminal progenitor (CD49flow, 

EpCAMhigh,CD49bhi) and mature luminal cell (CD49flow, EpCAMhigh, CD49blow) 

populations (A-C). Sort purity was analyzed by performing RT-qPCR for K5, K8 and 

ELF5 for the populations (from left to right): Lin- (blue), Basal (red), Luminal 

progenitors (green) and Mature Luminal (purple)  (D). On these MEC populations, a 

subsequent RT-qPCR was performed for the putative WNT5A and WNT5B receptors 

Ror1, Ror2, and Ryk (n=3). Error bars show ± standard deviation of independently 

isolated, sorted and RT-qPCR analyzed cell population (E). Cross-sections through a 

cryo-sectioned mammary duct stained with an antibody against ROR2 and the nuclear 

dye Hoechst (F). Whole-mounts of generation 1 tissue (G1) display normal branching 

patterns (G). Branching analysis was performed on WT and Ror2-/- outgrowths at 12 

weeks post-transplantation.  Shown here is a stitched image of a Ror2-/- whole mount 

collected on a wide-field microscope (Keyence) at 5X resolution with the primary 

ductal structure outlined in blue (H). Secondary and tertiary branches were marked by 

green and blue boxes, respectively (I), and then branch points were counted. 
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CHAPTER 3 

 The planar cell polarity protein VANGL2 regulates mammary gland 

morphogenesis 

ABSTRACT 

The VANGL family proteins function in planar cell polarity (PCP) to 

uniformly orient cells in a sheet of epithelium and have recently been implicated in 

breast cancer. In addition, VANGL2 is required for development of branched organs 

such as the kidney and lung. The mammary gland (breast) is a branched organ 

composed of bi-layered ducts; however, the mechanisms that control mammary 

development are not well understood. Given that VANGL2 is required for 

development of other organs that undergo branching morphogenesis and VANGL1/2 

expression is associated with poor prognosis in breast cancer, we investigated the 

VANGL family proteins in the mammary gland. To study VANGL1 and VANGL2 in 

the mammary gland, we examined VANGL1 and VANGL2 mutant (Vang1CKOΔ/Δ 

and Vangl2Lp/Lp, respectively) mammary outgrowths and found that Vang1CKOΔ/Δ 

glands display normal branching while Vangl2Lp/Lp outgrowths exhibit multiple 

phenotypes. First, Vangl2Lp/Lp mammary outgrowths were stunted compared to wild 

type. Second, we found Vangl2Lp/Lp outgrowths had larger ducts, compared to WT. 

Lastly, we found that Vangl2Lp/Lp outgrowths formed premature acini. To determine 

how VANGL2 signals in the mammary gland, we evaluated expression of candidate 

genes in mutant outgrowths compared to WT. Our qRT-PCR results showed that 

expression of the polycomb group gene Bmi1 is significantly reduced in Vangl2Lp/Lp 
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tissue. Taken together, our results suggest that VANGL2 is necessary for normal 

mammary development and signals through BMI1. Our studies discern the 

mechanisms that function to establish the architecture of the mammary gland while 

elucidating a novel role for PCP proteins in tissue morphogenesis. 

INTRODUCTION 

The mammary gland is a branched organ with ducts that grow outward from 

the nipple into a surrounding fat pad. Each bi-layered duct is composed of contractile 

myoepithelial cells and secretory luminal cells. Mammary identity is established early 

in the developing embryo. By E11.5, FGF and WNT signals drive cell fate 

specification in order to produce the first mammary epithelium (Macias and Hinck, 

2012). This group of cells further expands around E15.5 to form a mammary bud. At 

birth, the mammary gland exists as a rudimentary tree with few branches and a 

hollow lumen. The mammary gland then remains quiescent until puberty when it 

undergoes massive growth by branching. During branching morphogenesis, terminal 

end buds (TEBs) fuel growth through coordinated migration and bi-furcation. These 

multilayered structures are the main sites for cell proliferation. TEBs continue 

branching and migration until they reach the other edges of the fat pad where they 

dissolve. Proliferation and branching in the mammary gland rely on the precise 

deployment of extra cellular signals. One of the major drivers of mammary gland 

morphogenesis is the family of developmental cues called WNTs (Alexander et al., 

2012).  

WNT signaling can be divided into canonical and non-canonical pathways. 
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Canonical WNT signaling has been implicated in multiple aspects of mammary gland 

development (van Amerongen et al., 2012; Zeng and Nusse, 2010); however, details 

regarding non-canonical WNT signaling in the mammary gland remain elusive. The 

non-canonical WNT/Planar cell polarity (PCP) signaling axis propagates directional 

information across sheets of epithelium and has not yet been identified in the 

mammary gland. At the core of PCP signaling are the VANGL family of 

transmembrane proteins VANGL1 and VANGL2 (Devenport, 2014). In addition to 

establishing planar polarity through non-canonical WNT/PCP signaling, one of the 

VANGL family proteins,VANGL2, is required for proper branching of the kidney 

and lung, but the exact mechanism of this is unknown (Yates et al., 2010a; Yates et 

al., 2010b). WNT5A, a non-canonical WNT, regulates VANGL2 in the limb bud and 

is required for normal mammary development (Gao et al., 2011; Roarty and Serra, 

2007). More recent studies have implicated VANGL1 and VANGL2 in breast cancer 

(Hatakeyama et al., 2014). A high level of Vangl1 expression is associated with poor 

prognosis and relapse in breast cancer patients (Anastas et al., 2012).  Similarly, 

upregulation of Vangl2 was identified in the more aggressive basal type tumors and 

associated with poor prognosis(Puvirajesinghe et al., 2016). While alterations of 

VANGL1 and VANGL2 in breast cancer have been investigated, their function in 

normal breast development is still unknown.  

Here we report that loss of VANGL2 signaling at the cell surface stunts 

development in the mammary gland while loss of VANGL1 does not affect branching 

morphogenesis or mammary growth. In addition, we demonstrate that VANGL2 has 
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distinct functions in both the basal and luminal cell layers. In the basal population 

VANGL2 promotes growth. In contrast, VANGL2 regulates branching and inhibits 

growth in the luminal cell layer. Finally, we show that loss of VANGL2 lowers 

expression of the polycomb group repressor Bmi1, suggesting VANGL2 is regulating 

development through BMI1. Our studies provide insight into the mechanisms that 

control growth and development in the mammary gland and show a novel mechanism 

for PCP signaling in influencing transcriptional repressors.  

RESULTS 

Vangl1 and Vangl2 are expressed in multiple cell populations in the mammary 

gland. 

To establish the role of PCP proteins VANGL1 and VANGL2 in the 

mammary gland, we initially examined their mRNA levels using qRT-PCR on 

distinct cell populations. Cells isolated from mammary glands harvested from adult 

wild-type mice were FACS purified into 4 populations: basal, mature luminal, 

luminal progenitor and alveolar progenitor. RNA isolated from each cell type was 

subjected to qRT-PCR using primers specific to Vangl1 and Vangl2. Results from 

these experiments show Vangl1 and Vangl2 expressed in all mammary cell 

populations (Fig. 3.1A). Previous studies have linked the function of VANGL1 and 

VANGL2 to their subcellular localization, and their role in PCP is characterized by 

their membrane localization at the cell surface and within recycling endosomes 

(Devenport et al., 2011). In order to better understand these proteins in the mammary 

gland, we investigated the subcellular localization of the VANGL proteins by 
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immunohistochemical analysis on cryosections of mammary glands from 8-week 

virgin mice using antibodies generated against VANGL1, VANGL2, junction marker 

E-cadherin (CDH1) and basal lineage marker K14. In both basal and luminal cells 

expressing VANGL2, the protein was found at the membrane and in a punctate 

pattern within the cytoplasm (Fig. 3.1B). VANGL1 was also found at these locations 

in basal and luminal cells (Fig. 3.1C). Taken together, these results show both 

VANGL1 and VANGL2 are expressed in mammary epithelial cells and suggest a role 

for the proteins in the mammary gland.  

Loss of VANGL1 does not affect mammary growth or branching while loss of 

VANGL2 stunts mammary outgrowth. 

VANGL1 and VANGL2 are transmembrane proteins that rely on cell surface 

expression to carry out PCP signaling (Kibar et al., 2001a; Kibar et al., 2001b; Vladar 

et al., 2012). In order to investigate the role of VANGL1 and VANGL2 in the 

mammary gland, we examined the loss-of-function phenotypes of these proteins 

through mutations that disrupt trafficking to the cell surface. The previously described 

Vangl1CKO mice (Vladar et al., 2012) were generated by using the HRPT-Cre allele 

to delete the transmembrane domains of Vangl1 in the germline. The homozygous 

deleted mice (Vang1CKOΔ/Δ) produce a VANGL1 protein that is improperly 

trafficked to the membrane, disrupting the function of VANGL1 in PCP. To 

investigate the overall structure of Vangl1CKOΔ/Δ mammary glands, we carmine 

stained whole mounted glands from 8-week virgin mice and observed a fully 

expanded mammary epithelial tree, characterized by ducts reaching the outer edges of 
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the fat pad in a growth pattern similar to WT (Fig. 3.2A). We performed branching 

analysis to assay TEB bifurcation (primary branching) and secondary/tertiary 

branching and discovered no significant difference between WT and Vangl1CKOΔ/Δ 

tissue (Fig. 3.2B-D). We further investigated VANGL1’s role in mammary 

morphogenesis by examining cell morphology in Vangl1CKOΔ/Δ glands. To confirm 

mislocalization of VANGL1 we immunostained with anti-VANGL1 and observed an 

increase in puncta localized in the cytoplasm of Vangl1CKOΔ/Δ tissue.  This 

observation was consistent with a previously described trafficking defect (Vladar et 

al, 2012). Additionally, we immunostained with anti-CDH1 and observed a normal 

staining pattern in both WT and Vangl1CKOΔ/Δ tissue, with E-cadherin localized to 

cell junctions (Fig. 3.2E). Together, these data suggest that loss of VANGL1 at the 

plasma membrane alters neither the cellular morphology nor the branching pattern of 

the mammary gland.  

Next, we investigated loss of VANGL2 in the mammary gland by examining 

the well characterized Looptail (Vangl2Lp/Lp) mice, which harbor a missense mutation 

in the Vangl2 gene that interrupts VANGL2 trafficking to the cell surface 

(Wansleeben et al., 2010). This mutation results in severe PCP defects in multiple 

organs leading to embryonic lethality (Iliescu et al., 2011)). To study the mammary 

gland, which develops post-natally, we followed standard protocols to generate 

Vangl2Lp/Lp mammary outgrowths via anlage rescue. This entailed harvesting E16.5 

mammary anlage from Vangl2Lp/Lp embryos and transplanting them into adult hosts 

that had been pre-cleared of endogenous mammary epithelium. Whole mount analysis 
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of tissue harvested 7-weeks post-transplantation showed that tissue transplanted from 

Vangl2Lp/Lp embryos generated fewer outgrowths compared to WT (Fig 3.2F). To 

quantify, we defined no outgrowth as fat pads having less than 10% of their area 

filled with epithelium. Our analysis found that, 32% (7/22) of fat pads transplanted 

with Vangl2Lp/Lp anlage had outgrowths compared to 60% (18/30) of WT (Fig 3.2G, 

G0). To address whether this phenotype was due to transplantation of embryonic 

tissue, we performed a secondary transplant by harvesting a tissue fragment from 

mature outgrowths and transplanting it into a new host fat pad. We again observed 

deficient transplantability of Vangl2Lp/Lp tissue. In this study, 45% (20/45) of fat pads 

containing Vangl2Lp/Lp transplants generated an outgrowth compared to 95% (42/45) 

of those transplanted with WT (Fig 3.2G, G1). These results suggest that loss of cell 

surface localized VANGL2 severely reduces the outgrowth potential of tissue 

harvested from both the embryo and the adult.   

Given that stem cells that reside in the basal layer drive both outgrowths in the 

mammary gland and our results show expression of Vangl2 in basal cells, we 

investigated the role of VANGL2 in stem cell activity. To this end, we assayed tissue 

self-renewal through serial transplantation experiments. WT tissue can be serially 

passaged up to 5 times in vivo before no further outgrowth occurs. Mutations in 

senescence pathways can enhance passagability and promote tissue longevity 

(Harburg et al., 2014). We found that both WT and Vangl2Lp/Lp outgrowths senesce at 

generation 4 and 5, respectively suggesting that VANGL2 does not alter tissue 

passagability. However, consistent with our previous data, there were 20% fewer 



		
	

		
	
	

86	
	

positive outgrowths with each passage of the Vangl2Lp/Lp tissue compared to WT (Fig. 

3.2H). Reduction in growth potential in the Vangl2Lp/Lp serial transplants suggests a 

defect in stem cells; however, the lack of longevity suggests that self-renewal is 

unaffected. The serial transplantation assay only measures stem cell activity in the 

adult mammary gland however there are embryonic stem cells that could be affected 

by loss of VANGL2 signaling at the cell surface. 

Vangl2Lp/Lp embryos contain either stunted anlage or anlage containing 

supernumerary embryonic sprouts  

The large percentage of failed anlage rescues suggests that development of the 

mammary anlage may be compromised in Vangl2Lp/Lp animals. To investigate, we 

examined Vangl2Lp/Lp mammary rudiments in intact animals. By E16.5 the mammary 

gland is specified and has undergone sprouting (Macias et al., 2012). Using 

fluorescent whole mount immunostaining with anti-K14, we visualized the overall 

structure of E16.5 WT and Vangl2Lp/Lp mammary anlage. Three-dimensional 

reconstruction revealed 100% of WT anlage sprouting three branches whereas 50% of 

Vangl2Lp/Lp anlage had no branches, generating instead large bud-like structures (Fig. 

3.3A,B). This suggests that the lack of VANGL2 on the cell surface compromises the 

ability of the embryonic mammary bud to break symmetry and sprout branches. 

Next, we examined the 50% of Vangl2Lp/Lp anlage that developed past the 

tissue bud stage and formed branched structures. We found that only 40% of these 

Vangl2Lp/Lp anlage form a typical rudimentary tree with 3 distinguishable sprouts that 

are similar to the 3-pronged structure of WT anlage. The remaining 60% of 
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Vangl2Lp/Lp anlage contain 4 or more sprouts (Fig. 3.3C,D). Whole mount 

immunohistochemistry with basal (anti-K14) and luminal (anti-K8) cell markers 

revealed that both WT and Vangl2Lp/Lp anlage are composed of K8 and K14 positive 

cells, suggesting bilayer formation was unaffected by loss of VANGL2 function (Fig. 

3.3E). Together, our data suggest there are two embryonic defects in Vangl2Lp/Lp 

embryos. The first is a failure of the embryonic cellular ball to initiate branching. This 

lack of prenatal branching likely resulted in our 50% lower efficiency of anlage 

rescue from Vangl2Lp/Lp animals. The second defect is supernumerary branches, 

suggesting an increase in bud bifurcation in the Vangl2Lp/Lp embryonic cellular balls 

capable of breaking symmetry and initiating branching.  

 

Vangl2Lp/Lp outgrowths display excess EB Structures and acini 

Previous studies have shown the importance of WNT5A and VANGL2 

expression in PCP signaling in developing structures (Gao et al., 2012). To further 

investigate the role of VANGL2 in the adult gland, we quantified protein levels 

across the gland. To this end, we harvested mammary glands from WT 8-week old 

virgin mice, cut the tissue into the proximal (near nipple), central and distal (TEB-

containing) regions and used protein isolated from each region for western blotting 

using antibodies against VANGL2, K18 (luminal cells) and GAPDH (loading 

control). We found that levels of VANGL2 increased in tissue from the nipple to the 

TEBS, with a 5-fold VANGL2 increase in the central and a 15-fold increase in the 

distal, compared to the proximal, regions (Fig. 3.4A,B). To examine VANGL2 in 



		
	

		
	
	

88	
	

distal TEBs, we micro-dissected them from 8-week mice and immunostained with 

anti-VANGL2 antibodies. We observed VANGL2 staining in a punctate pattern in the 

cytoplasm and at the membrane body cells (Fig. 3.4C). 

Given that TEBs are the site of growth and proliferation in the mammary 

gland and VANGL2 is highly expressed in this region, we performed additional 

transplantation experiments to evaluate the post-natal consequences of VANGL2 loss 

of function in the 20 mammary outgrowths that were able to fill the mammary fat 

pad. We observed that these Vangl2Lp/Lp outgrowths could be categorized into three 

distinct phenotypes (n=20 WT/LP pairs of mammary outgrowths) that are not 

mutually exclusive. That is to say, a single mammary gland could display more that 

one of these phenotypes in discrete regions. We found that 45% (9/20) of Vangl2Lp/Lp 

outgrowths contained larger, and 6-fold more, end buds (Fig. 3.4D,E). These buds are 

cone-shaped and cap the ends of thin stalk-like ducts (Fig. 3.4F). Together, these 

findings suggest that VANGL2 is expressed in a gradient across the gland and loss of 

this graded expression influences TEB formation.  

The second phenotype observed in 8/20 Vangl2Lp/Lp outgrowths was the 

formation of premature acini (Fig. 3.4G). During diestrous the mammary gland is 

primed for pregnancy, receiving hormonal signals to proliferate and undergo in 

anticipation of pregnancy (Khokha and Werb, 2011). A result of this proliferative 

increase is the formation acini. Our transplantation assays are performed such that 

WT fragments are contralaterally transplanted in to the same mouse as Vangl2Lp/Lp 

tissue; therefore, both tissues are exposed to the same hormone levels. We found that 
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Vangl2Lp/Lp outgrowths were contained twice as many acini per duct, compared to WT 

(Fig. 3.3H-J). To evaluate the morphology of these structures, we cryo-sectioned WT 

and Vangl2Lp/Lp tissue and immunostained with anti-CDH1, revealing a single layer of 

luminal cells surrounding a hollow lumen.  In contrast, multiple layers of 

disorganized luminal cells frequently occluded Vangl2Lp/Lp acini (Fig. 3.3I). 

Altogether these results suggest a role for VANGL2 during pubescent growth and 

adult tissue maintenance.  

Down-regulation of VANGL2 and PK2 leads to defects in ductal size regulation 

A third phenotype in 6/20 successful Vangl2Lp/Lp outgrowths was 

characterized by the presence of wider, distended ducts. 30% of Vangl2Lp/Lp 

outgrowths contained ducts with an area up to 3 times greater than WT (Fig 3.5 A,B).  

These findings suggest VANGL2 regulates ductal size during mammary gland 

development. PCP signaling is also required for kidney tubulogenesis and functions 

in narrowing of kidney tubules (Karner et al., 2009; Miller et al., 2011). In order to 

investigate if VANGL2 signals through the core PCP pathway, we probed 

downstream mediators.  

During PCP signaling, PK2 binds to VANGL2 and mediates downstream 

signaling (Nagaoka et al., 2014). To investigate PK2, we initially assayed its 

expression by immunostaining cryo-sectioned glands obtained from 8-week virgin 

mice with anti-PK2 antibodies. We observed PK2 present in the cytoplasm as well as 

at the membrane of mammary epithelial cells in a pattern that was consistent with 

VANGL2 expression (Fig. 3.5C). Next, we sought to investigate the role of PK2 in 
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mammary development by analyzing Pk2 mutant mammary glands. Pk2 mutant mice 

have an embryonic lethal phenotype, resulting in termination around E3.5  (Tao et al., 

2012) before the mammary rudiment is formed. This prevented our ability to perform 

mammary anlage rescues. To study Pk2 in the mammary gland, we harvested glands 

from adult virgin WT and Pk2+/- mice and performed whole mount analysis. Similar 

to WT, we found that Pk2+/- glands filled 100% of the fat pad (Fig. 3.5D). Despite 

this normal outgrowth, Pk+/- glands displayed distended ducts similar to Vangl2Lp/Lp  

outgrowths. Quantification of the size of these ducts along their length reveal that the 

average area of a Pk2+/- duct was significantly greater than WT and comparable to 

the Vangl2Lp/Lp ducts (Fig. 3.5E). In addition, while WT ducts expand evenly from tip 

to nipple, both Vangl2Lp/Lp and Pk2+/- ducts are marked by constrictions along the 

length of their ducts, giving the ducts a pinched appearance (Fig. 3.5F). Taken 

together these results suggest that the core VANGL2/PK2 PCP signaling regulates the 

narrowing of ducts, perhaps through tube elongation. 

 

Loss of VANGL2 signaling reduces Bmi1 expression  

To further understand VANGL2 signaling in the mammary gland, we probed 

Vangl2Lp/Lp cells for signaling of other pathways that have known interactions with 

VANGL2. VANGL2 interacts with both the canonical WNT signaling pathway and 

the SHH pathway. In WNT signaling,VANGL2 antagnoizes canonical WNT 

signaling (Park and Moon, 2002). To probe WNT signaling we measured expression 

of Axin2 by qRT-PCR and found no change in Axin2 expression (Fig 3.6A). Previous 
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studies have shown VANGL2 as a regulator of SHH (Zhang and Levin, 2009). We 

evaluated SHH signaling by measuring the expression of downstream effectors Bmi1 

and Ptch2 in the absence of VANGL2 signaling using qRT-PCR with primers 

targeting Bmi1 on RNA extracted from Vangl2Lp/Lp outgrowths. We found no change 

in Ptch2 and downregulation of Bmi1 in Vangl2Lp/Lp outgrowths compared to WT 

(Fig. 3.6B,C). Taken together, these results suggest that VANGL2 signaling occurs 

through BMI1 in the mammary gland and has a function outside of SHH signaling. 

Depletion of VANGL2 in basal versus luminal cell populations alters growth 

Expression of VANGL2 in both the luminal and basal subpopulations, and the 

range of phenotypes displayed in the Vangl2Lp/Lp outgrowths, suggested that 

VANGL2 could be functioning independently in the basal and luminal compartments 

to carry out different aspects of mammary gland development. To test this hypothesis, 

we used differential trypsinization to separate the basal and luminal subpopulations 

and utilized lentiviral-mediated knock-down to reduce expression of Vangl2 in either 

the basal, luminal or both subpopulations (Fig. 3.7A,B). By mixing knock-down (KD) 

and WT subpopulations of cells, we generated organoids that were mosaic in the 

levels of VANGL2 such that either the basal or luminal layers were VANGL2-

deficient. As a control, we also generated full WT and full knock-down organoids in 

which both cell layers were either WT or knock-down, respectively (Fig 3.7C top). 

WT organoids formed round structures with approximately 3 protrusions, whereas 

KD organoids were half the size with no protrusions. Knocking down Vangl2 in the 

luminal layer produced organoids similar in overall appearance to WT but were 3-



		
	

		
	
	

92	
	

fold larger and had 2-fold more cell protrusions consistent with the increase in size. In 

contrast, knock-down of Vangl2 in the basal layer yielded organoids that resembled 

the full knock-down organoids with half the number protrusions and half the size of 

WT (Fig 3.7C,D,E). These results suggest that VANGL2 promotes growth in basal 

cells and inhibits growth in the luminal cell population.  

In order to provide further detailed examination, the mosaic organoids were 

immunostained with the lineage markers K14 and K8. In a 3-dimensional rendering 

of the organoids, WT organoids contained a smooth surface with K14 positive basal 

cells covering K8 positive luminal cells. In organoids with Vangl2 knocked down in 

the luminal layer, K8 positive cell protrusions could be visualized (Fig. 3.7F top). 

Optical sections through these organoids show that while WT has a clear lumen, 

Vangl2 KD in luminal cells generated organoids with a filled lumen. These data show 

that loss of VANGL2 in the luminal population leads to increased growth, which 

echoes the EB and acinar phenotypes in the Vangl2Lp/Lp full outgrowths.  

DISCUSSION 

Here we describe the role of the VANGL family proteins in mammary gland 

development. Recent findings describe VANGL proteins functioning together in a 

heteromeric protein complex (Belotti et al., 2012). We find that both VANGL1 and 

VANGL2 are expressed in the mammary gland at the mRNA level and are even 

present in the same cell populations in immunostaining experiments, however their 

loss-of-function phenotypes are vastly different. While loss of VANGL2 at the cell 

surface completely disrupts mammary morphology, glands with loss of cell surface 
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VANGL1 appear normal. Belotti and colleagues show that the Looptail version of 

VANGL2 (Vangl2Lp) can heterodimerize with VANGL1 and this interaction could 

prevent trafficking of VANGL1 to the cell surface in Vangl2Lp/Lp mice. This suggests 

that phenotypes displayed in the Vangl2Lp/Lp tissue may reflect defects in both 

VANGL1/2 trafficking. Our analysis of the VANGL1 trafficking mutant 

(Vang1CKOΔΔ) demonstrates that the Vangl2Lp/Lp phenotypes in the mammary gland 

are solely the result of loss of VANGL2 function because the Vang1CKOΔ/Δ glands 

did not phenocopy Vangl2Lp/Lp outgrowths. Taken together, our results suggest 

dominant function for VANGL2 in the mammary gland. 

Also, we show loss of VANGL2 reduces Bmi1 expression. BMI1 is involved 

in the self-renewal and maintenance of stem cells (Paranjape et al., 2014; Pietersen et 

al., 2008) and BMI1 KO mice have mammary glands that are stunted similar to 

Vangl2Lp/Lp outgrowths. Furthermore, VANGL2 is present in the stem cell-containing 

basal population and previous studies have shown that VANGL2 is needed for 

symmetric expansion of stem cell division(Le Grand et al., 2009). Our serial 

transplantation assays suggest that VANGL2 is not involved in the self-renewal of 

adult stem cells, however its role in embryonic mammary stem cells is unknown. We 

show that loss of VANGL2 function stunts growth in the embryo and reduces 

outgrowth from anlage rescue. It is tempting to speculate that VANGL2 could be 

promote embryonic stem cell self-renewal and incomplete VANGL2 signaling results 

in depletion of the stem cell pool. Current experiments are aimed at understanding if 
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VANGL2 is regulating stem cell number in the mammary gland using limiting 

dilution assays.  

MATERIALS AND METHODS 
 
Mouse strains 

Vangl2Lp/Lp mice were obtained from Jackson lab. Vangl1CKO and Pk2+/- mice were 

generated as previously described (Vladar et al., 2012, Tao et al., 12). This research 

conformed to guidelines set by the University of California, Santa Cruz animal care 

committee (IACUC). 

 
Mammary Gland Transplantation 

Mammary anlage were rescued from Vangl2 Lp/Lp embryos, and transplanted into pre-

cleared fat pads of Foxn1nu mice (Young, 2000). Contralateral outgrowths were 

harvested 7 or 12 weeks post-transplant and subjected to whole mount carmine 

staining. For serial studies, epithelial fragments were harvested and transplanted into 

a new host every 12 weeks.  

In Vivo Branch Quantification 

Primary branches were defined as ducts extending from the site of transplantation and 

terminating in an end bud. Secondary and tertiary branches were defined as 

bifurcating from primary ducts or secondary branches, respectively. Branch number 

was quantified by tracing the primary ductal structure and counting the number of 

primary bifurcated and secondary/tertiary branches in Fiji (Schindelin et al., 2012). 

Ductal Size Quantification 
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To quantify the size of ducts, we measured the area of each duct in whole mount 

images using Fiji. A grid comprised of vertical lines spaced equidistant was laid on 

top of whole mount images. This provided a way to divide the ducts into equal 

sections. Next, single duct was outlined and the space (area) occupied by that duct in 

each section was quantified. 

Immunohistochemistry (IHC)  

IHC was performed as previously described with: anti-E-cad (R&D), anti-VANGL2 

(gift from JP Borg), anti-VANGL1 (R&D), anti-K14 (Covance) or anti-K8 

(Developmental Studies). Images were collected on a Leica SP5 confocal microscope 

(Strickland et al., 2006). Brightfield imaging was performed on a Biorevo BZ-9000 

Digital Microscope (Keyence). 3-dimensional reconstructions were performed using 

Fiji.  

RNA Extraction and qRT-PCR 

Total RNA was isolated from MEC and LEC primary cell fractions (separated as 

described; (Macias et al., 2011)) or from FACS-purified basal (Lin_CD24+CD29-

high) and luminal (Lin_CD24+CD29low) cells using TRIzol reagent (Invitrogen) and 

prepared as previously described (Macias et al., 2011). cDNA was prepared from 1 

mg RNA using an iScript cDNA synthesis kit (Bio-Rad). qRTPCR was performed in 

triplicate using LightCycler 480 SYBR Green I Master (Roche) and quantified using 

either Rotor Gene 6000 real-time PCR machine and software or Bio-Rad CFX 

Connect Real-Time System and CFX Manager software (Bio-Rad). Quantification of 

gene expression was carried out using he method of (Ballard et al., 2015). Results 
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were normalized to that of Gapdh. 

Transduction of primary mammary epithelial cells 

Transduction of primary MECs was performed as described previously (Welm et al., 

2008). Single MECs were seeded at a density of 500,000 cells in a 24-well low-

attachment plate and infected at an MOI of 30 with designated lentivirus in 800 µl of 

growth media. Cells were infected overnight for ∼16 h and washed three times with 

PBS and re-plated. 

Statistical Analysis 

All statistical analyses (Student’s t-test) were conducted on Graphpad Prism; p-values 

of less than 0.05 were considered significant.  
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Figure 3.1 

 

 Figure 3.1.Vangl1 and Vangl2 expression in the mammary gland. (A) qRT-PCR 

analysis of Vangl1 and Vangl2 mRNA levels in FACS-purified basal, mature luminal 

(ML), luminal progenitor (LP) and alveolar progenitor (AP) cells (n=2). 

Immunostaining tissue from 8-week-old mice shows levels of VANGL2 (B) or 

VANGL1 (C) in WT glands. Inset is a K14 positive basal cell with VANGL2 (B) or 

cells co-expressing E-cadherin (CDH1) and VANGL1 (C). Scale bar represent 20µm. 

Data are represented as mean ± SEM.  
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Figure 3.2 
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Figure 3.2. VANGL1 and VANGL2 loss-of-function phenotypes in adult 

mammary tissue. (A) Representative images of ductal outgrowth in carmine stained 

WT and Vangl1CKO Δ/Δ mammary glands at 8-weeks of age. Quantification of 

primary (B), secondary and tertiary branching (C) and TEBs (D) (n=3 mice per 

genotype). (E) Immunostaining tissue from WT (top) and Vangl1CKO Δ/Δ (bottom) 

mammary glands 8-week-old mice shows localization of VANGL21 in mammary 

epithelial cells. Representative images (F) and quantification (G) of ductal outgrowth 

in carmine stained WT and or Vangl2Lp/Lp tissue 7 weeks post-transplantation. For G0 

(n=9 WT embryos and 6 Vangl2Lp/Lp embryos) and G1 (n=45 mice with WT 

outgrowths and Vangl2Lp/Lp outgrowths). (H) Fragments from WT and Vangl2Lp/Lp 

outgrowths were serially transplanted in 8-week intervals (generations) (n=5 mice per 

generation). Scale bars represent 1.5 mm (A, F) and 20µm (E). Data are represented 

as mean ± SEM.  
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Figure 3.3 
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Figure 3.3. VANGL2 loss-of-function phenotype in embryonic mammary 

rudimentary tree. Representative images (A) and quantification (B) of WT (left) and 

Vangl2Lp/Lp (right) E16.5 mammary anlage immunostained with K14 which display 

no branching in the mutant. Representative images (C) and quantification (D) of WT 

(left) and Vangl2Lp/Lp (right) E16.5 mammary anlage immunostained with K14, which 

display hyperbranching in the mutant. Representative images (E) of WT (left) and 

Vangl2Lp/Lp (right) E16.5 mammary anlage immunostained with K14 and K8 which 

display bi-layered structures. Numbers denote branch points. n= 8 WT and 8 

Vangl2Lp/Lp embryos. Scale bars represent 40 µm. Data are represented as mean ± 

SEM.  
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Figure 3.4 
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Figure 3.4. Vangl2Lp/Lp outgrowths display supernumerary end buds and acini. 

Representative immunoblots (A) and quantification (B) of VANGL2, K18 and 

GAPDH (control) in proximal (P), Central (C) and Distal (D) regions of the 

mammary gland (C) Immunostaining of WT 5.5-week tissue showing levels of 

VANGL2 in TEB. (D) Representative images of outgrowth in carmine stained WT 

and or Vangl2Lp/Lp tissue 12 weeks transplantation. (E) Magnification of 

supernumerary end buds in Vangl2Lp/Lp tissue (black box). (F) Quantification of the 

area and number of end buds in WT and Vangl2Lp/Lp outgrowths. (G) Representative 

images of carmine stained Vangl2Lp/Lp tissue with acini (black box) and the 

contralateral WT outgrowth. (E) Magnification of acini in Vangl2Lp/Lp tissue. (F) 

Quantification of the number of acini in WT and Vangl2Lp/Lp outgrowths. J. 

Immunostaining of WT and Vangl2Lp/Lp tissue showing altered morphology in 

Vangl2Lp/Lp ducts.  n= 20 WT and 20 Vangl2Lp/Lp outgrowths. Arrowhead denotes 

acinar structure. Arrow shows tertiary branching. Scale bars represent 20 µm (C), 1.5 

mm (D,E,F,H). Data are represented as mean ± SEM.  
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Figure 3.5 
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Figure 3.5. Reduction of VANGL2 and PK2 leads to misregulation of ductal size.  

(A) Representative images of carmine stained Vangl2Lp/Lp tissue with enlarged ducts 

and the contralateral WT outgrowth. (B) Magnified image of ducts from WT and 

Vangl2Lp/Lp tissue (black boxes). (C) Immunostaning of WT 8-week tissue showing 

PK2 localization and expression mammary ducts. (D). Representative images of 

carmine stained WT and Pk2+/-  glands. (E) Quantification of ductal size in WT, 

Vangl2Lp/Lp and PK2+/- tissue (n=10 ducts from 3 mice per genotype). (F) 

Representative images of carmine stained WT, Vangl2Lp/Lp and PK2+/- tissue ducts 

displaying pinched ductal phenotype. Arrows denote constrictions. Scale bars 

represent 1.5 mm. Data are represented as mean ± SEM. 
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Figure 3.6 

 

 

Figure 3.6. Expression of candidate genes in the absence of VANGL2 signaling. 

qRT-PCR analysis of Axin2 (A), Ptch2 (B) and Bmi1 (C) expression in WT and 

Vangl2Lp/Lp outgrowths. n=2 biological replicates. Data are represented as mean ± 

SEM. 
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Figure 3.7. 
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Figure 3.7. Mosaic knockdown of Vangl2 alters growth.  

(A) qRT-PCR analysis of Vangl2 mRNA levels in WT and Vangl2 knockdown 

primary cells. (B) Representative immunoblots of VANGL2 and GAPDH (control) in 

primary cells transduced with two constructs (C1, C2) to knockdown Vangl2. (C) 

Schematic (top) and representative images (bottom) of mosaic organoids after 4 days 

in culture. Quantification of organoid size (D) and number of protrusions (E) in the 

organoids. (F) Immunostaining showing the surface (top) or inside (bottom) of WT or 

mosaic organoids with Vangl2 knocked down in only luminal cells. n= 2 biological 

replicates. Scale bars represent 20 µm. Data are represented as mean ± SEM. 
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