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ABSTRACT 

Cells in a Stiff Environment: Stiffness Induced ROBO1 Expression  

Regulates Mammary Cell Contractility and Organoid Morphology  

by 

LILY THAO-NHI THI LE 

Breast tumors have the ability to remodel the extracellular matrix (ECM) 

surrounding it to induce a stiffened matrix, which then activates mechanically 

sensitive signaling cascades that promote tumor progression. In this thesis, I sought to 

identify mechanosignaling pathways that are turned on by exposing cells to 

artificially stiffened, rigid matrices. By doing so I aimed to identify stiffness induced 

cellular responses of normal mammary cells. Previous work from the lab established 

SLIT2/ROBO1 as a regulator of pubertal branching morphogenesis by controlling 

proliferation. We show here that this signaling pathway is also responsive to 

mechanical stimuli from the ECM, where stiffness induces ROBO1 expression as a 

necessary cellular response to maintain the normal phenotype of adult mammary 

cells. We began our investigation by dissecting the functional roles of SLIT2/ROBO1 

signaling within mammary cells and observed an increase in Rac1 activation that led 

to significant increases in focal adhesion (FA) size and cellular contractility. The 

contractile behavior is necessary for cells to sense the mechanical state of their 

environment and make appropriate behavioral decisions. To determine the 

consequence of the loss of Robo1 in stiff 3D primary culture, we cultured Robo1+/+ 
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and Robo1-/- primary murine mammary epithelial cells (MMEC) in 3D collagen 

matrices of low and high stiffness. We found that Robo1+/+ organoids constrained 

protrusions of cells in high stiffness as compared to organoids in low stiffness 

collagen gels. In contrast, Robo1-/- organoids created protrusions in both conditions. 

This data suggests that ROBO1 is necessary for mammary cells to regulate organoid 

morphology in response to ECM stiffness. We next questioned how this important 

signaling response is regulated by ECM stiffness by investigating mechanisms of 

Robo1 mRNA regulation. We identified miR203 to be a mechanically sensitive 

repressor of Robo1 expression where increased stiffness inhibits miR203 expression. 

By overexpressing the precursor pre-miR203 in mammary cells and culturing them in 

3D collagen matrices, we found that ROBO1 expression is indeed tuned through 

stiffness regulated miR203 expression. To determine the clinical significance and 

prevalence of this expression profile, we queried publicly available clinical datasets 

for repressed miR203 and increased Robo1 expression indicative of a normal cellular 

response to a stiffened ECM. Normal tissues maintain this expression pattern in 75% 

of all samples as compared to basal breast tumors that have this profile in only 23% 

of samples. We further assessed for long-term survivability of patients with the basal 

breast tumors that contain this expression profile. We observed a significant increase 

of long-term survival in patients with tumors that have low miR203 and elevated 

Robo1 expression. Taken together, these results suggest SLIT2/ROBO1 signaling is 



viii 
 

employed by the cell as a protective response against ECM stiffness induced 

tumorigenesis. 
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Chapter 1 

 

INTRODUCTION 

 

The mammary gland 

 Most organs are fully developed by birth, however few organs such as the 

mammary gland exhibit developmental morphogenesis postnatally. In the mouse 

embryo, epithelial placodes form at bi-lateral ridges signifying the positions of 10 

mammary glands. An epithelial bud arises from each placode to infiltrate the 

underlying tissue that terminates after a limited number of proliferative bifurcations. 

This nascent bud is a representation of the gland until the animal reaches puberty (~4 

weeks), when growth factors are induced and promote the nascent bud to grow and 

infiltrate the entire fat pad (Sternlicht et al. 2006). Terminal end buds (TEB) drive this 

highly proliferative process. They structurally consist of multilayered body cells that 

are surrounded by an outer layer of cap cells.  The cap cells are capable of remodeling 

the extracellular matrix to facilitate the growth of the ductal tree (Gudjonsson et al. 

2005). As the TEBs reach the edge of the fat pad it transforms into less proliferative 

end buds (EB). The remaining structure is a bi-layered tubular tree consisting of an 

outer monolayer of myoepithelial cells encasing an inner monolayer of luminal cells. 

During the developmental process, growth factors also promote the birth and 

expansion of the gland through secondary and tertiary branches along the primary 

duct that help complete the growth of this ductal network into a mature adult gland.  
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 Once the gland is fully developed, it is still very dynamic and responsive to 

external signals as seen during pregnancy. The mammary gland is part of the 

reproductive system and its primary function is to produce milk for the animal’s 

young. This is achieved through an onset of pregnancy hormones including estrogen 

and progesterone, which signal to promote the development of alveoli 

(alveolargenesis), milk producing lobules, from tertiary branches formed during 

puberty (Sternlicht et al. 2006; Hennighausen and Robinson 2005). This engorged 

form of the gland supports the production of milk (lactation) from luminal-like 

alveolar cells. Then the milk is mechanically pushed through the ducts towards the 

nipple by concerted contraction of the myoepithelial cells (Hamperl 1970; 

Gudjonsson et al. 2005). In the last step of the cycle, the mammary gland undergoes 

involution, a controlled process that removes milk secreting cells and remodels the 

ECM to return the gland back to its non-pregnant state (Quarrie, Addey, and Wilde 

1996). The cycle of alveolargenesis, lactation, and involution can be repeated to 

support multiple rounds of pregnancy. These characteristics of the mammary gland 

make it a very dynamic organ that is highly responsive to extracellular cues from 

early development through to adulthood. 

 

Mechanosignaling 

 Cancerous tissues are typically stiffer than their normal counterparts due to 

the increased deposition of collagen and other extracellular components. Extracellular 
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density can also affect normal tissues. For example, mammographic density, defined 

by the ratio of fat to collagen, is a significant risk factor for breast carcinoma (Boyd et 

al. 2009). This excessive accumulation of collagen fibers is associated with increased 

extracellular matrix (ECM) stiffness that, in turn, can impact cellular behavior by 

altering signaling pathways. In contrast to cells contracting and remodeling the matrix 

in compliant tissue environments, cells encountering stiff matrices respond by 

generating tension between the ECM and actin cytoskeleton (Tondon and Kaunas 

2014). Integrins and other collagen receptors respond to the mechanical force and 

regulatory changes in the extracellular environment and funnel this information 

through focal adhesions (FA) (Kuo 2013; Li et al. 2012; Coyer et al. 2012). These 

large, dynamic assemblages of proteins function as “adhesomes,” acting through 

interactions with the cytoskeleton to translate changes in ECM density into cellular 

responses. While many studies have documented how integrins and other collagen 

receptors mediate the behavioral response of cells to increased collagen deposition 

and mechanical force (Levental et al. 2009; Gehler et al. 2009; Zhang et al. 2013), 

much less is known about how other extracellular signaling molecules and their 

receptors impact this response. 

 

microRNA mediated post transcriptional gene regulation 

 Micro-RNAs are non-coding RNA that exert profound regulation on tissue 

morphology and function by mediating expression of genes during both normal 
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development and tumorigenesis (Mouw et al. 2014; Cushing et al. 2015). In the 

neural tumor, glioblastoma, allelic deletion on chromosome 14q plays an important 

role in the pathogenesis by removing multiple tumor suppressor genes and also the 

genomic region harboring miR203 (Gaspar et al. 2010). Robo1 is an important 

miR203 target and its subsequent upregulation enhances glioma cell migration and 

invasion (Dontula et al. 2013). Similarly, in breast tumor cell lines, the transcriptional 

repression or epigenetic silencing of miR203 both facilitates EMT and promotes 

cancer stem cell properties  (Zhang et al. 2013; Moes et al. 2012; Ding et al. 2013; 

Taube et al. 2013). In this context, the Snail family of transcription factors have been 

identified as one target of miR203 repression, and studies have shown that miR203 

repression is enforced via a double negative feedback loop involving these 

transcription factors (Moes et al. 2012; Ding et al. 2013). In other epithelial cancer 

models, different genes have been identified as bona-fide miR203 targets, all of them 

pro-tumorigenic and pro-metastastic, but none are located near miR203 in the 

genome, suggesting that transcriptional regulation of miR203 is uncoupled from the 

protein coding genes it regulates (Saini et al. 2011; Sonkoly et al. 2012). Currently, 

other than allelic deletion occurring in glioblastomas, there is little information about 

regulatory mechanisms leading to the initial suppression of miR203 that occurs in 

multiple epithelial tissue types with deleterious consequences to the etiology of the 

disease (Dontula et al. 2013). One possibility is that global changes in tissue 

architecture, arising during transformation, could regulate miR203. A recent paper 

shows that ECM stiffness, which itself is regulated by tumor cells, modulates miRNA 
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expression, and may therefore play a key role in regulating malignant progression 

(Mouw et al. 2014). 

Focal adhesions 

 Focal adhesions (FA) form at filopodia and lamellipodia of cells and function 

to stabilize cell-ECM interactions.  FAs are critical for many features of cellular 

behavior including migration and sensation of external mechanical stimuli. Through 

binding of integrins to their extracellular ligands or through intracellular binding 

partners, they can be activated to cluster and promote the formation of nascent 

adhesions (Galbraith, Yamada, and Galbraith 2007; Shroff et al. 2007; Zhu et al. 

2008). This process involves the binding of Talin to integrin’s intracellular domain 

and subsequent docking of vinculin (Zaidel-Bar et al. 2003).  These dynamic 

structures can be quickly disassembled or mature into more stable adhesions through 

the recruitment of more binding partners such as FAK and vinculin at precise 

stoichiometric amounts (Zimmerman et al. 2004; Digman et al. 2009). This 

maturation process involves initial Rac and subsequent Rho activation. While Rac is 

shown to regulate Rho to establish bridges between FAs and the actin network and 

consequently stabilize adhesions and allow actinomyosin contraction, mechanisms 

that regulate Rac’s impact on FAs are still unknown (Rottner, Hall, and Small 1999; 

Kiosses et al. 2001; Carr et al. 2013).  
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SLIT2/ROBO1 signaling 

SLITs are large, multi-domain proteins that are part of the basement 

membrane. Interactions have been documented between SLIT and numerous ECM 

constituents, including heparin sulfate proteoglycans, dystroglycan, and the 

Drosophila orthologue of mammalian collagen-XV/XVIII, called multiplexin. SLITs 

signal through ROBO receptors, immunoglobulin superfamily members that contain 

no catalytic intracellular domains. Instead, ROBOs share a number of conserved 

regions that interact with adaptor proteins, such as Nck/Dock, as well as other 

signaling proteins, such as small GTPases and related proteins (Fan et al. 2003; Wong 

et al. 2001). Since their identification, SLIT/ROBOs have been shown to direct the 

migration of numerous cell types during both normal development and metastasis: 

contexts that involve a wide variety of ECM conditions (Giovannone et al. 2012; 

Huang et al. 2015; Qi et al. 2014). While the guidance function of SLITs in different 

environments is well established, little is known about whether SLITs impart 

additional information about the extracellular milieu, for example, information 

concerning extracellular compliancy, which could influence a cell’s ability to 

navigate in various terrains.   
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Chapter 2 

 

Stiffness induced ROBO1 expression through miR203 is essential to regulate 

focal adhesion size and cellular contractility of mammary cells 

 

SLIT/ROBO1 enhances cellular contractility in compliant gels. 

Breast cells sense tensional changes in their microenvironment through FAs 

and respond by modulating the cytoskeleton and contracting the ECM (Wozniak et al. 

2003). Because a low concentration of collagen forms a compliant ECM, this 

behavior can be observed when cells are cultured in low density (LD), three-

dimensional (3D) collagen gels. The cells pull on the collagen fibers and the level of 

this activity can be measured by determining the percentage of gel contraction 

(reduction of the gel area) (Figure 2.1 A). These types of studies have been performed 

on numerous cell lines, including normal murine mammary gland (NMuMG) cells 

that contract and undergo tubulogenesis in low density gels. We embedded NMuMG 

cells, which express Robo1, in LD collagen and observed ~30% gel contraction after 

6 days (Figure 2.1 B), at which time we subjected the cultures to a 24 hour SLIT2 

(2000 ng/ml) treatment (Labbe et al. 2007). This resulted in a significant 2-fold 

increase in contraction, compared to mock treatment (Figure 2.1 B, C). In contrast, 

when NMuMG cells were cultured in high density (HD), 3D collagen gels, the high 

concentration of collagen forms a rigid ECM that resists the cellular force exerted on 
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it; in this circumstance, no contraction was observed (data not shown) (Wozniak et al. 

2003; Wozniak and Keely 2005). Next we titrated the concentration of SLIT2 to a 

level that does not inhibit cell proliferation (750ng/ml), and performed the collagen 

gel contraction assay with chronic SLIT2 treatment. Under this circumstance, the gel 

contracted within 2 days, as opposed to 5 days for mock treatment and remained 

significantly more contracted over the entire time course of the assay (Figure 2.1 D, 

E).  

In addition to treating the cells with SLIT2, we also examined the effects of 

losing Robo1 by culturing primary mouse mammary epithelial cells (MMECs) 

harvested from mature virgin Robo1+/+ and Robo1-/- mice. In the absence of Robo1, 

we observed a 3-fold decrease in the cells ability to contract the gels over 6 days 

(Figure 2.1 F, G). We also examined whether transformed cells display a similar 

behavior by knocking down Robo1 in the basal-like cancer cell line, MDA-MB-231, 

which also expresses ROBO1. Again we observe a 3-fold decrease in contraction by 

reducing the levels of Robo1 (Figure 2.1 H, I). Taken together, these experiments 

show that SLIT2/ROBO1 signaling boosts the ability of cells to contract collagen 

fibers in compliant environments. 

 

SLIT/ROBO1 activates Rac1 and FAK, increasing focal adhesion size 

 

Our studies show that SLIT2 treatment enhances the ability of cells to pull on 

ECM, suggesting that it increases signaling through focal adhesions. FAK is a major 

constituent of focal adhesions; it activates by autophosphorylation on tyrosine 397, 
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and subsequently phosphorylates and activates other proteins (Schober et al. 2007).  

We examined whether we could see this increase in FAK in NMuMG cells cultured 

in LD collagen. After 3 days in culture, cells under mock conditions have organized 

into nascent tubules with a diffuse low level of p-FAK397 staining. In contrast, 

SLIT2 treatment resulted in irregular shaped cell aggregates that contain a twenty 

percent increase, over mock, in p-FAK397 staining that is concentrated in large 

puncta (Figure 2.2 A, B). To better resolve whether these puncta represent focal 

adhesions, we plated NMuMG cells on fibronectin, stained with p-FAK397 and 

phalloidin and assayed FA size by measuring peripheral puncta at the tips of 

phalloidin-labeled actin fibers. We found a 4 fold-increase in FA size in SLIT2, 

compared to mock, treated cells (Figure 2.2 L, M). Taken together, the increase in 

SLIT2-induced ECM contractility along with elevated p-FAK397 recruitment to focal 

adhesions suggest that SLIT2/ROBO1 signaling may play a role in cellular 

mechanosensing. 

 A recent study has shown that Rac1 plays a role in recruiting non-muscle 

myosin II to focal adhesions where it participates in mechanosensory signaling 

(Pasapera et al. 2015). The activity of Rho family GTPases, including Rac1, is 

regulated by SLIT/ROBO signaling, which can both suppress and activate their 

function depending on the cellular context. To assess the response of Rho family 

GTPases to SLIT2 in mammary tissue and breast cells, we performed pull-down 

assays using a GST fusion protein of the PAK1 binding domain (GST-PBD) that 

binds activated GTPases. We cultured MMECs, harvested from developing (5 week) 
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virgin glands, treated with either mock or SLIT2 (2000 ng/ml) 30 minutes prior to 

generating lysates and performed the pull-down. We observed that SLIT2 treatment 

resulted in ~2.5-fold increase in Rac1 activity (Figure 2.2 E). Next, we examined the 

activity of in MMEC lysates from Robo1+/+ and Robo1-/- cells, and observed a 

concordant ~0.66 fold decrease in activated Rac1 in knockout cells (Figure 2.2 H). 

The activities of Rho and Cdc42 were also examined in these primary MEC lysates, 

but we found no change in Rho and Cdc42 activities (data not shown). 

Because these data suggest that SLIT2/ROBO1 signaling primarily activates 

Rac1 in MMECs, we focused our attention on this small GTPase. During mammary 

gland morphogenesis, ROBO1 expression is restricted to basal cells (Macias, 2011 

#10). Therefore to test the specificity of Rac1 activation in primary MMECs, we 

separated WT myoepithelial cells (myo) from luminal epithelial cells (lum) using 

differential trypsinization, performed pull-down assays and observed an ~3-fold 

increase in Rac1 activation in the basal fraction upon SLIT2 treatment; there was no 

change in the luminal fraction (Figure 2.2 F, G). Because we observed elevated 

ROBO1 signaling in basal cells, we also probed lysates generated from the basal-like 

human breast epithelial cell line, HME50, which expresses ROBO1 (Macias, 2011 

#10) (Shay, 1995 #11), and observed that SLIT2 treatment resulted in a ~2.5-fold 

increase in Rac1 activity (Figure 2.2 H).  We next wanted to confirm that SLIT2 

activates FAK in this cell line by treating them with SLIT2 (2000 ng) and evaluated 

activation by western blot, observing a 2-fold increase in p-FAK397 after 1H, with 

the total level of FAK also increasing, but more slowly. 



 11 

Next, we investigated whether the recruitment of p-FAK397 to FAs is 

observed upon Rac1 activation and influenced by SLIT/ROBO1 signaling in 

NMuMG cells as HME50 cells were not amenable to single cell analysis. The cells 

were infected with a constitutively active form of Rac1 (Ad-Rac1 L61-FLAG). We 

also subjected cells in the same experiment to mock, SLIT2, or combined SLIT2 and 

Rac1 inhibitor (NSC23766) treatment. Cells were stained for p-FAK397, phalloidin, 

and GFP (GFP data not shown) (Figure 2.2 L-O). We observed a similar 4-fold 

increase in FA size in Ad-Rac1-L61 infected as SLIT2 treated cells when compared 

to mock treated (Figure 2.2 L-N). We also found that inhibiting Rac1 in the presence 

of SLIT2 abrogated the increase of FA plaques (Figure 2.2 O). Taken together, these 

studies suggest SLIT2/ROBO1 activates Rac1 to mediate recruitment of p-FAK397 to 

focal adhesions and thereby increasing its size.   

 

ROBO1 is present in focal adhesions and its loss disrupts focal complex maturation  

 

These data suggest that SLIT2/ROBO1 signaling may play a role in FA 

maturation. To further explore this notion, we infected NMuMGs with bicistronic 

Robo1 shRNA/GFP or scramble shRNA/GFP, stimulated with SLIT2 and stained for 

p-FAK397 and phalloidin. Analyzing FAs in GFP-positive knock-down cells, we 

found a significant 4-fold decrease in FA size, supporting a necessary role for 

SLIT2/ROBO1 in FA maturation (Figure 2.3 A-C).  

To examine whether ROBO1 is in a complex with FA proteins, we performed 

column co-immunoprecipitation by covalently linking to beads an antibody directed 
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against paxillin (PXN).  Extracts from HME50 cells were passed over the column, 

followed by extensive washing and finally elution of bound proteins. As expected, 

PXN was eluted from the column after washing. In addition, we found FAK and 

ROBO1 in the eluted fractions, evidence that ROBO1 may be one of a large number 

of proteins that can be found associated with focal adhesions (Figure 2.3 D). 

Proteomic analysis suggests this number may be as great as 1917, with ROBO1 

identified as one of the detectable, but not reproducibly present proteins (Kuo et al. 

2012). 

To investigate whether we can detect ROBO1 in focal adhesions by 

immunocytochemistry, we used an antibody directed against the cytoplasmic domain 

that distinguishes ROBO1 from ROBO2. We found ROBO1 distributed throughout 

primary Robo1+/+ mammary epithelial cells in a punctate pattern including 

peripheral puncta co-labeled with FAK in ~50% of observed FAs (Figure 2.3 E). 

ROBO1 was not detected in Robo1-/- primary cells and FAK staining was barely 

visible (Figure 2.3 F). We observed that FAK stained FAs were nearly 2-fold larger in 

the Robo1+/+ than the Robo1-/- cells (Figure 2.3 G). Together, these data suggest 

ROBO1 has some physical involvement with the focal adhesion complex that could 

potentiate its ability to modulate protein recruitment. 

 

SLIT2/ROBO1 augments cell contractility through Rac1 and myosin 

 

Studies have shown that myosin light chain is phosphorylated at S19 to induce 

cellular contraction of the ECM (Shibata et al. 2015; Vicente-Manzanares and 
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Horwitz 2010; Turbedsky, Pollard, and Bresnick 1997). To evaluate whether 

SLIT2/ROBO1 signaling affects the levels of p-myosin light chain S19 (p-MLC19), 

we treated HME50 cells with SLIT2 and observed a 2-fold increase in p-MLC19 in 3 

hours but diminished by 24 hours (Figure 2.4. A-C). We then examined whether 

SLIT2 promotion of cellular contractility is mediated through Rac1. Once again we 

cultured NMuMGs in compliant LD collagen gels and treated with SLIT2, SLIT2 and 

NSC23766, or the inhibitor alone. Similar to before, we observed a significant 

increase in the ability of NMuMG cells to contract the gel upon SLIT2 treatment as 

compared to mock (Figure 2.4 D, E). This contractile observation was significantly 

inhibited by co-treatment of NSC23766 and SLIT2, suggesting SLIT2 acts through 

Rac1 to also modulate NMuMG cell contraction of 3D compliant gels in addition to 

promoting focal adhesion maturation (Figure 2.4 D, E). NSC23766 treatment alone 

further reduces NMuMGs’ ability to contract the collagen gel (Figure 2.4 D, E). 

Taken together, these experiments show that SLIT2/ROBO1 signaling regulates 

cellular contractility in compliant environments through Rac1 and p-MLC19. 

 

ECM tension upregulates ROBO1 and FAs in acini 

 

In Figure 2.2 L-P, we show that SLIT2/ROBO1 signaling promotes the 

maturation of FAs on a 2D, stiff plate. To investigate whether these changes in FAs 

also occur in 3D stiffened gels, we generated acini by embedding NMuMGs in high 

density (HD) collagen gels and cultured them for 3 days until they grew into small 

hollow colonies. After treating with SLIT or mock conditioned media, we 
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immunostained with p-FAK397 along with phalloidin to examine FAs. Under both 

LD and HD conditions, we observed a significant increase in p-FAK397 staining in 

SLIT2 treated cultures (Figure 2.2 A, B, Figure 2.5 A). However only in the HD gels, 

representing a stiffened environment, do we observe a significant 4-fold enrichment 

of p-FAK397 labelled focal adhesions, which were detected as puncta at the end of 

phalloidin-labeled actin fibers (Figure 2.5 A, B).  

To investigate how SLIT/ROBO1 signaling responds in a 3D environment to 

different mechanical stimuli, we cultured NMuMG cells for seven days in LD (low 

stiffness) and HD (high stiffness), 3D collagen matrices and probed for Robo1 

expression. Immunoblot analysis from both conditions revealed a significant 10-fold 

increase in ROBO1 in HD lysates (Figure 2.5 C). Next we queried whether this 

response occurs at the level of the mRNA and if it was Robo1 specific. Again, we 

observe a significant increase in Robo1 expression, with no change in Robo2 mRNA 

(Figure 2.5 D). Studies show that breast cancer cells and cell lines such as MDA-MB-

231 cells, remodel their extracellular matrix in order to induce a rigid environment, 

which they subsequently respond to with changes in gene expression (Huang and 

Ingber 2005). To determine whether Robo1 is upregulated in transformed cells under 

high ECM stiffness, we examined MDA-MB-231 cells. Again, we observe a 

significant upregulation of Robo1 expression at HD (Figure 2.5 E). 

While increasing collagen concentration increases gel stiffness, collagen, 

itself, is a ligand for integrin and therefore may also stimulate integrin signaling. Thus 

in our experiments, collagen-integrin signaling, and not stiffness-integrin signaling 
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could be solely responsible for the observed upregulation of Robo1. To determine the 

role of mechanical stimuli in regulating Robo1 expression, gels were prepared using 

the LD concentration of collagen, but then cultured either as free-floating, detached 

(low stiffness) or anchored, attached (high stiffness) (Wozniak et al. 2003). In the 

high stiffness condition, we observed a similar increase in Robo1 expression to that 

observed in the HD, 3D collagen matrices (Figure 2.5 F). Immunostaining for 

ROBO1 in these gels also confirmed ROBO1 upregulation (Figure 2.5 G). Thus, 

controlling for collagen concentration, an increase in ECM stiffness, alone, is 

sufficient to upregulate Robo1 expression. 

 

ECM stiffness inhibits miR203 for Robo1 to regulate organoid morphology 

 

MicroRNAs (miRNAs) are small non-coding RNAs that regulate many 

cellular processes, including the interaction of cells with the ECM, by controlling 

gene expression. Several miRNAs repress Robo1 expression, including miR203 

(Dontula et al. 2013). One way the activity of miRNAs is governed is by regulating 

their expression, and one such regulator is extracellular stiffness, which can both up 

and down regulate different miRs (Mouw et al. 2014).We found that miR203 is 

significantly downregulated in NMuMGs cultured in anchored 3D LD gels (high 

stiffness) (Figure 2.6 A). To better determine how responsive miR203 expression 

regulated by substrate stiffness, we plated MCF10A acini on 2D polyacrylamide gels 

of tuned stiffness ranging 70-60000 pascals and indeed observed a significant 

correlation between increased substrate stiffness and decreased miR203 expression 
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(Figure 2.6 B). This reduction in miR203 expression could relieve its repression of 

Robo1, resulting in the increased levels of Robo1 that we observed in stiffened gels 

(Figure 2.5 D-F). To investigate, we overexpressed miR203 in NMuMG cells and 

embedded them in both high and low stiffness gels. After 3D, we harvested cells and 

performed RT-qPCR to evaluate Robo1 levels. In cells cultured in both conditions, 

we observed a significant decrease in Robo1 expression as a consequence of miR203 

expression (Figure 2.6 C). This decrease was not observed when a Robo1construct 

lacking the 3’UTR (p-Robo1) was co-transfected with miR203 into the cells (Figure 

2.6 C). Because anchored gels cannot contract, we probed the function of 

manipulating miR203 expression by overexpressing it in NMuMGs and culturing the 

cells in LD, free floating gels. Control cells contract the compliant gels, and 

contraction is significantly inhibited by miR203 overexpression, but is rescued again 

upon co-transfection of p-Robo1 with the miR203 overexpressing construct (p-

miR293) (Figure 2.6 D, E).  Our data are consistent with a model in which increasing 

extracellular stiffness inhibits miR203 expression, which results in the upregulation of 

Robo1 mRNA levels, leading to increased cellular contractility in compliant gels. 

These data suggest that the regulation of Robo1 by miR-203 influences the ability of 

cells to interact with the extracellular environment. 

Next, we examined the biological consequence of having this mechanically 

tuned mammary cell response through ROBO1. We cultured Robo1+/+ and Robo1-/- 

primary MMECs in low and high stiffness gels. These cells will aggregate and 

proliferate to form bi-layered organoids that contain lumens (Macias et al. 2011). We 
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found that in compliant gels, both Robo1+/+ and Robo1-/- colonies had multi-cellular 

protrusions of similar length, but there were significantly more of these structures 

when colonies were generated from Robo1-/- cells (Figure 2.6 F, H). We also 

observed these protrusions in stiff gels, but in this condition we did not see a change 

in the number of protrusion in the knockout, instead we observed a significant 

increase in their length (Figure 2.6 F, G).  Interestingly we see a decrease in the 

length of protrusion when Robo1+/+ cells were cultured in compliant versus stiff 

gels, but this control was not observed in Robo1-/- cells (Figure 2.6 F, G). These data 

suggest that ROBO1 is involved in maintaining organoid structure in response to 

increases in ECM stiffness. 
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Figure 2.1. SLIT2/ROBO1 regulates mammary epithelial contraction of 

compliant 3D collagen matrices. (A) Illustration of experimental set-up of 

mammary cells embedded in low density 3D collagen matrices. Top: side view of 

wells with cell cultured in 3D gels. Bottom: top down depiction of cell contracting the 

3D matrix. (B, D, F, H) Top down views showing the aggregate contraction of 

mammary cells on the collagen gels. The gels are outlined with dashes representing 

the measured area. (B) NMuMGs were cultured in 3D gels for 6 days then treated 

with MOCK or SLIT2 conditioned media for 24hrs. Then the aggregate contraction 

was imaged and shown as day 7. (C) Percent of gel contracted was measured and 

quantified for each condition and normalized to day 6 contraction (n=3 experiments; 

* p<0.05; t-test). (D) NMuMGs in 3D culture undergoing chronic SLIT2 treatment. 

(E, G, I) Daily % area contracted of 3D gels were measured and graphed for 

NMuMGs chronically treated with SLIT2 (D), primary murine mammary epithelial 

cells, and MDA-MB-231 infected with lentivirus encoding for Robo1 shRNA 

(shRobo1) or the scrambled sequence (SCR) (n=3+ experiments).  

 

 

 

 

 

 



 19 

 

 

 

 

 

 

 

 

Figure 2.1. 
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Figure 2.2. SLIT2 activation of ROBO1 activates Rac1 to increase p-FAK397 at 

focal adhesions. (A, B) Representative fluorescent images of NMuMGs in low 

density 3D collagen culture treated with conditioned media for MOCK or SLIT2 and 

stained for p-FAK397 (red), phalloidin (green), and hoechst (blue) (30μm scale bar). 

(C) Percent of organoids (3+ nuclei) stained for p-FAK397 were quantified (n=6+ 

organoids, ** p<0.001, t-test). (D-H) Top: representative immunoblots for GTP-

Rac1, total Rac1, and loading control GAPDH. Bottom: quantitative analysis of Rac1 

activation (n=3 experiments; ** p<0.001; t-test). (D) HME50 were lysed and probed 

for activated Rac1 using p21-activated kinase binding domain (PAK1-PDB) upon 

SLIT2 or MOCK treatment. (E-H) Primary MMECs, either total myoepithelial and 

luminal epithelial cells (E) or myoepithelial (F) or luminal (G) enriched cultures were 

also assayed for activated Rac1 levels upon SLIT2 or MOCK treatment. (H) Total 

primary MMECs from wild-type or Robo1-/- mice were examined for activated Rac1 

levels. (I) Representative blots of HME50 cells plated on FN-coated dishes and 

treated with SLIT2 or MOCK and quantified (J, K)  by normalizing p-FAK397 to 

GAPDH (L) or total FAK expression to GAPDH (M) (n=3 experiments, * p<0.05, ** 

p<0.001; t-test). (L-O) Representative immunofluorescent images of NMuMGs 

cultured on FN-coated coverglass and stained for p-FAK397 (green), phalloidin (red), 

and hoechst (blue) (scale bar = 30um). Inset: magnified images depicting measured 

focal adhesion area. MOCK treated (L), SLIT2 treated (M), combined SLIT2 and 

NSC23766 (Rac1 inhibitor) treated (O), or Adeno-Rac1L61 infected (labelled by 

arrow) (N) NMuMGs were analyzed for pFAK397 labeled focal adhesions (30μm 
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scale bar). (P) Quantification of pFAK397 labeled focal adhesion area (n=3 

experiments; 5+ cells per experiment; ** p<0.001; t-test). 
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Figure 2.2. 
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Figure 2.3. ROBO1 complexes and colocalizes with focal adhesion components to 

modulate size of adhesions. (A, B) Left: Representative immunofluorescent images 

of NMuMGs infected with control GFP-virus or GFP-shRobo1-virus stained for GFP 

(green), phalloidin (red), and hoechst (blue) (30μm scale bar). Right: Representative 

immunofluorescent images of pFAK397 staining (white) of cells shown on the left. 

Right Inset: Magnified versions of boxed regions with dashed lines encircling focal 

adhesions. (C) Quantification of p-FAK397 labeled focal adhesions (n=3 

experiments, 3+ cells per experiment; ** p<0.001; t-test). (D) Column co-

immunoprecipitation with bait antibody targeted to PXN and samples of flowthrough 

(FT), first (W1) and second washes (W2), first (E1) and second elutions (E2) were 

blotted for PXN, FAK, ROBO1, and GAPDH. (E, F) Top: Immunofluorescent images 

representing primary epithelial cells from Robo1+/+ and Robo1-/- mouse mammary 

glands stained for FAK (red) and hoechst (blue) (30μm scale bar). Bottom: The same 

cells are shown stained for ROBO1 (green) and hoechst (blue) (30μm scale bar). (G) 

Magnified boxed regions of Robo1+/+ cells with arrowheads pointing to regions of 

colocalization of FAK (red) and ROBO1 (green) staining (10μm scale bar). (H) 

Quantification of FAK labeled focal adhesions of primary MMECs from Robo1+/+ 

and Robo1-/- animals (7+ cells; * p<0.05; t-test). 

 



 24 

 

 

 

 

 

 

 

 

Figure 2.3. 
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Figure 2.4. SLIT2 promotion of mammary cell contraction of compliant 3D 

collagen gels is through Rac1 mediated S19 phosphorylation of myosin light 

chain. (A) Representative blots of HME50 cells plated on FN-coated dishes and 

treated with SLIT2 or MOCK and quantified (B, C) by normalizing p-myosin light 

chain S19 (p-MLC19) to GAPDH (B) or total myosin regulatory light chain (MRLC) 

to GAPDH (C) (n=3 experiments, * p<0.05; t-test). (D) Top down view of NMuMGs 

in compliant 3D culture chronically treated with either MOCK, SLIT2, SLIT2 + 

NSC23766 (Rac1 Inhibitor), or NSC23766 alone. Gels are outlined with a dashed line 

representing the measured area. (E) Percent of gel contracted was measured and 

quantified for each condition and normalized to day 0 contraction (n=3+ experiments; 

*** p<0.0001; t-test). 
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Figure 2.4. 
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Figure 2.5. SLIT/ROBO1 regulation of p-FAK397 enrichment at focal adhesions 

also occurs in ROBO1 upregulated high stiffness 3D collagen systems. (A) 

Representative fluorescent images of NMuMGs in high density 3D collagen culture 

treated with conditioned media for MOCK or SLIT2 and stained for p-FAK397 (red), 

phalloidin (green), and hoechst (blue) (30μm scale bar). (B) Area of p-FAK397 

plaques found at the end of phalloidin labelled actin fibers arising from organoids (3+ 

nuclei) were quantified (10+ organoids, *** p<0.0001, t-test). (C-E) Analysis of 

ROBO1 protein (C) and mRNA (D, E) expression in mammary cells cultured in low 

and high density collagen matrices for 7 days. (D) Top: quantification of ROBO1 

protein normalized to GAPDH from NMuMG cells in 3D culture (n=3 experiments; * 

p<0.05, t-test). Bottom: representative immunoblots for ROBO1 and loading control 

GAPDH. (D) Fold expression of Robo1 and Robo2 mRNA normalized to Gapdh of 

total mRNA extracted from NMuMG cells in week-long 3D culture (n=3 

experiments; * p<0.05; t-test). (E) Normalized expression of Robo1 to Gapdh of 

MDA-MB-231 cells after 1 week of 3D culture (n=3 experiments; * p<0.05; t-test). 

(F) Normalized expression of Robo1 to Gapdh of total mRNA extracted from 

NMuMGs cultured in either low density detached (Low Dtch), free-floating gels, low 

density attached (Low Atch), mechanically stiffened gels, or high density detached 

(High Dtch), collagen density stiffened gels (n=3 experiments; * p<0.05, ** p<0.001; 

t-test). (G) Representative immunofluorescent images of NMuMG cells in low 

stiffness (low density detached) and high stiffness (low density attached) 3D culture 

and stained for ROBO1 (green) and hoechst (blue) (30μm scale bar). 
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Figure 2.5. 
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Figure 2.6. Extracellular matrix stiffness inhibits miR203 expression to elevate 

Robo1 expression to regulate mammary cell contraction and organoid 

morphology. (A) miR203 expression analysis of total mRNA from NMuMGs in 3D 

culture after 7 days (n=3 experiments, 3 replicates per experiment; *** p<0.0001; t-

test). (B) miR203 expression analysis of MCF10A acini cultured on 2D 

polyacrylamide gels of varying stiffness (n=3 experiments, 3 replicates per 

experiment; ** p<0.001; ANOVA). (C) Robo1 expression analysis of NMuMGs 

transfected with either empty vector (EV), vector overexpressing pre-miR203 (p-

miR203), or vector overexpressing ROBO1 without a 3’UTR (p-Robo1) then cultured 

in low or high stiffness 3D gels for 3 days (n=3 experiments, 3 replicates per 

experiment; * p<0.05, ** p<0.001, *** p<0.0001; t-test). (D) Top down view of low 

stiffness 3D gels from (C) with a dashed line encircling the area of the gel. (E) 

Quantification of % area contracted of each gel from (D) (n=3 experiments; * p<0.05, 

*** p<0.0001). (F) Representative fluorescent z-stack projections of primary MMECs 

cultured in low and high stiffness 3D collagen gels and stained for E-cadherin 

(green), phalloidin (red), and hoechst (blue) (30μm scale bar). Circular dashed lines 

mark lumens (L) and represent the base of extended protrusions as shown by dashed 

lines. (G) Quantification of the length of dashed lines per organoids from (F) (n=3 

experiments, 5+ organoids per experiment; * p<0.05, *** p<0.0001; t-test). (H) 

Quantification of the number of protrusions per organoid from (F) (n=3 experiments, 

5+ organoids per experiment; * p<0.05). 
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Figure 2.6. 

 

 
 

 

 

 

 



 31 

Chapter 3 

 

FUTURE DIRECTIONS 

 

Investigate the mechanism by which SLIT2/ROBO1 regulates focal adhesion size 

Considering there are more than a 1700 proteins found in the focal adhesion 

complex, we questioned if SLIT2/ROBO1 signaling would involve more than just 

FAK and its active form p-FAK397 (Kuo et al. 2012). As previously shown, ROBO1 

interacts with a complex involving PXN, a central adapter protein in the focal 

adhesion complex (Figure 2.3 D). To examine whether PXN’s recruitment to FAs 

was affected by SLIT2/ROBO1, I plated NMuMGs on FN-coated coverslips and 

treated with SLIT2 and mock conditioned media for 3 hours. Upon fixation and 

staining with PXN, phalloidin, and hoechst, I similarly observed a significant 3-fold 

increase in PXN stained FA area of SLIT2 treated cells (Figure 3.1 A-C). These 

results suggest SLIT2/ROBO1 could affect the recruitment of multiple FA maturation 

components. 

SLIT2/ROBO1 multi-faceted effects on focal adhesions suggest the loss of 

ROBO1 would significantly reduce the ability of cells to adhere to the ECM, so 

Robo1-/- animals should exhibit abnormal tissue morphology. However, this is not 

the case as the lab has previously characterized Robo1’s role in mammary gland 

development. Robo1-/- glands displayed a hyperbranched ductal network with cells 

organized in normal bi-layered epithelial sheets (Macias et al. 2011). This suggests 
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other adhesion mechanisms could be mediating the loss of FAK containing FAs in 

Robo1-/- (Figure 2.4 E, F). Next we sought to examine whether nascent adhesions, 

which precede FAK in the adhesion maturation process, are regulated by Robo1. We 

isolated primary MMECs from Robo1+/+ and Robo1-/- glands and stained for Talin 

labeled nascent adhesions (Figure 3.2 A, B). We observed an increase of Talin 

staining in Robo1-/- compared to Robo1+/+ SMA labeled myoepithelial cells. This 

effect is also seen in luminal cells but to a lesser degree (Figure 3.2 A, B). This data 

suggests Robo1-/- mammary cells upregulate Talin containing nascent adhesions to 

potentially counteract the loss of focal adhesions.  

Our studies indicate ROBO1 has a robust effect in the maturation of FAs, 

which is initiated by SLIT2 activation of this signaling pathway. When SLIT2 binds 

to ROBO1’s extracellular domain, this induces a change in the intracellular domain 

and allows proteins to bind to the conserved regions CC0, CC1, CC2, and CC3. 

While some have been identified in cdc42 mediated actin dynamics, nothing is known 

on how these domains interplay with the focal adhesion complex. We questioned 

which domain(s) mediate SLIT2/ROBO1’s effect on FA maturation by doing a 

structure and function analysis of the conserved intracellular domains (Figure 3.3). 

We constructed a mutant library by deleting the CC1 (R1-CC1), CC2 (R1-CC2), and 

CC3 (R1-CC3) domains along with the entire removal of the intracellular domain 

(R1-ICD). By transfecting in these constructs into NMuMGs and conducting p-

FAK397 focal adhesion size analysis through immunostain, we found a significant 

decrease in both the size and number of FAs in R1-CC2 and R1-CC3 as compared to 



 33 

controls (Figure 3.3).  Taken together, these data suggest SLIT2/ROBO1 promotes 

the maturation of focal adhesions through ROBO1’s CC2 and CC3 intracellular 

domains. Further studies employing CC0, a newly discovered conserved sequence 

between CC1 and CC2, and point mutations would provide a clearer picture of how 

ROBO1 promotes FA maturation. 

 

Examine breast cancer clinical data for Robo1 and miR203 expression profile and 

correlation to patient survival 

Our work suggests that when normal mammary cells are cultured in a 

stiffened environment, they sense the increase in rigidity and respond by 

downregulating miR203 and consequently increase Robo1 expression to maintain 

cellular homeostasis. We questioned whether breast tumors, which are able to 

remodel and create a stiffened matrix, can also upregulate Robo1 by inhibiting 

miR203 expression (Radisky and Przybylo 2008). We examined basal tumors, 

because in their normal state, they express Robo1, and in their tumorigenic state, they 

display the most aggressive clinical phenotype. By analyzing publicly available 

clinical datasets for miR203 and Robo1 inverse expression, we found that 53% of 

basal tumors (n=134) contain this expression profile as compared to 81.7% of normal 

solid tissue (n=104). Then we further identified the population that correlates to 

stiffness induced repression of miR203 to promote Robo1 expression. We determined 

that the percentage of basal tumors with this expression pattern dramatically drops to 

22.4%, which is a striking contrast to normal tissue masses where 78.8% still 
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maintain this expression profile. This observation suggests a disruption of miR203 

regulated Robo1 expression between normal tissue and basal tumors. To determine 

the clinical significance of this expression profile, we analyzed whether the 

expression of miR203 and Robo1 correlated with long-term survival. We found that 

patients with basal-like tumors which inversely express miR203 and Robo1 (n=134) 

have a significant (p=0.00021) increase in long term survival. Furthermore, we 

probed these correlative basal tumors for the ECM stiffness mediated cellular 

response of low miR203 and high Robo1 expression and determined a significant 

(p<0.00001) increase in long term survival for basal tumors with the expression 

pattern resulting in elevated Robo1 (n=71). This data corroborates with studies 

indicating SLIT2/ROBO1 signaling is a protective mechanism for cells to maintain a 

normal phenotype (Chang et al. 2012). We next stratified this low miR203 and high 

Robo1 expressing basal tumors into low and high (quartile) Robo1 expression and 

analyzed for survivability. Indeed, we saw a significant increase of long-term survival 

(p<0.00001) for patients with basal tumors expressing relatively high levels of Robo1 

(n=30) that correlate with decreased miR203 expression. Combined, these findings 

indicate the influence of miR203 (decreased) and Robo1 (increased) expression in 

basal tumors significantly increases long-term survival of patients. However, the 

application of this expression profile as a predictor of patient outcome needs to be 

investigated in conjunction with measured tumor stiffness; and to test for robustness 

of this correlation, this expression pattern should be analyzed in other tissue systems. 
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Figure 3.1. SLIT2 recruits PXN to focal adhesions. (A, B) Representative 

fluorescent images of NMuMG cells plated on FN-coated coverslips treated with 

MOCK (A) or SLIT2 (B) conditioned media for 3 hours and stained with PXN 

(green), phalloidin (red), and hoechst (blue) (30µm scale bar). Inset: magnification of 

boxed regions with dashed lines encircling focal adhesions at the tips of phalloidin 

labelled fibers. (C) Quantification of focal adhesion area normalized to mock (n=3 

experiments, 3+ cells per experiment; ** p<0.001; t-test) 
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Figure 3.1 
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Figure 3.2. Loss of Robo1 increases Talin labeled nascent adhesions. (A, B) 

Representative fluorescent images of primary Robo1+/+ (A) Robo1-/- (B) MMECs 

plated on FN-coated coverslips and stained with smooth muscle actin (SMA) (green), 

talin (red), and hoechst (blue) (30µm scale bar). Top: merged channels showing SMA 

labelled myoepithelial cells and unlabeled luminal MMECs. Bottom: single channel 

images of talin labelled adhesions.  
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Figure 3.2 
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Figure 3.3. Structure and function analysis of ROBO1 intracellular domains on 

the maturation of focal adhesions. (A-J) Representative immunofluorescence 

images of NMuMG cells transiently transfected with plasmids overexpressing various 

forms of myc-tagged ROBO1 including: full length (R1-FL) (A, B), a conserved 

intracellular domain deleted (R1-ΔCC1) (C, D), (R1-ΔCC2) (E, F), (R1-ΔCC3) (G, 

H), or the entire intracellular domain deleted (R1-ΔICD) (I, J). The transfected cells 

were then treated with SLIT2 (B, D, F, H, J) or MOCK (A, C, E, G, I) conditioned 

media and stained for myc (white), p-FAK397 (red), phalloidin (green), and hoechst 

(blue) (30µm scale bar). Left: Overlay of myc (white) labelled cells with hoechst 

labelled nuclei. Right: Overlay of p-FAK397 (red), phalloidin (green), and hoechst 

(blue) with inset showing magnified boxed regions where focal adhesions are 

identified as p-FAK397 puncta found at the end of phalloidin labelled actin fibers. 

(H) Quantification of focal adhesion area in μm2 and (K) number of focal adhesions 

per distance of cell edge (n=3 experiments, 30 cells per experiment; * p<0.05; t-test). 
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Figure 3.3 
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Figure 3.4. Low miR203 correlated with high Robo1 expression significantly 

increases long term survival in patients with basal breast cancer. (A, B) 

Scatterplots of Robo1 and miR203 fold expression from individual TCGA patient 

samples. The x-axis represents fold expression change of miR203 and the y-axis 

depicts changes in Robo1 expression. Trendlines represent the linear fit with the 

degree of fit shown as the R2 value with larger number signifying a better fit. (C) The 

percent of patient clinical samples that have decreased levels of miR203 expression 

and elevated Robo1 mRNA (normal tissue n=104, basal tumors n=134). (D) Survival 

curve of patients with basal tumors that either have inverse miR203 and Robo1 

expression (blue) or no expression correlation between miR203 and Robo1 (red) 

(p=0.0021, log-rank test with Fleming-Harrington estimates). (E) Survival curve 

analysis of patients in the correlated expression of (D, blue) that was further 

subdivided into low miR203 and high Robo1 expression (blue) and the inverse (red) 

(p<0.0001, log-rank test with Fleming-Harrington estimates). (F) Survival curve 

analysis of patients with tumors containing low miR203 and high Robo1 expression 

(E, blue) that have high levels of Robo1 mRNA (blue) in comparison to patients with 

tumors that have low levels of Robo1 expression (red) (p<0.0001, log-rank test with 

Fleming-Harrington estimates). 
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DISCUSSION 

 

At each stage of tumor development – initiation, promotion and progression – 

changes in the microenvironment, specifically the molecular and physical 

characteristics of the ECM, influence cell behavior. While much research emphasizes 

on the deleterious consequences of these ECM changes to cells, there has been less 

attention paid to the self-protective measures cells take in response to these changes. 

In this study, we focus on identifying the defensive signaling response initiated when 

normal mammary cells are mechanically stimulated in a stiffened, tumor promoting 

environment (Levental et al. 2009). 

Here, we present our studies identifying a miR-based response to increased 

extracellular stiffness that generates an anti-metastatic barrier by upregulating the 

tumor suppressor, Robo1. We show that miR203 is down-regulated in mammary 

epithelial cells in response to ECM stiffness (Figure 2.6 A). One consequence of this 

down-regulation is the dramatic upregulation of the target gene, Robo1, a reciprocal 

regulation that is lost in nearly 80% of basal breast tumors (Figure 2.5 C-F, Figure 3.4 

C). In response to SLIT2, cells pull on extracellular collagen resulting in 3D gel area 

reduction, and we show this is action can be regulated by miR203 expression (Figure 

2.6 D, E). This contractile behavior allows cells to translate ECM mechanics to 

regulate internal tension through cytoskeletal remodeling and maintain force balance 

across their membranes; and studies show inhibition of this action is associated with 

malignancy (Paszek et al. 2005). Thus our data suggest that, prior to influencing 
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tumor cell migration, an initial increase in ROBO1 may serve as a protective function 

by maintaining tensional homeostasis in an increasingly fibrotic tumor 

microenvironment. This may explain the observation that, at least in one subset of 

breast tumors, high levels of ROBO1 is associated with better breast cancer prognosis 

(Chang et al. 2012)(Figure 3.4 D-F). Ultimately, however, tumors may either 

suppress Robo1 expression or hijack ROBO1 for use as a migration receptor to 

promote metastatic dissemination (Dallol et al. 2003; Yang et al. 2012). 

Cellular adhesions provide one of the last barriers against the migration of 

transformed cells; and for the first time, we provide a detailed description of how 

SLIT2/ROBO1 signaling functions to enhance adhesions between the cell and the 

ECM.  We find that SLIT2/ROBO1 signaling most robustly induced Rac1 activation 

in mammary myoepithelial cells to boost the size of FAs through p-FAK397 

recruitment (Figure 2.2 L, M; Figure 2.5 A). This is surprising considering most 

studies show that Rho mediates FA maturation through stress fiber stabilization, 

which is then coupled to ROCK directed cellular contractility to further stabilize these 

adhesions (Paszek et al. 2005; Oakes et al. 2012). Evidence also show interplay 

between Rac1 and Rho in the FA maturation process, where Rac1 is upregulated to 

promote the stabilization of nascent adhesions to become focal complexes and then 

downregulated to allow Rho levels to rise and complete the maturation process 

(Tomar and Schlaepfer 2009; Chrzanowska-Wodnicka and Burridge 1996; Avalos et 

al. 2004). This could explain our observation of SLIT2/ROBO1 mediated Rac1 

activation and consequently larger FA size by stabilizing nascent adhesions and 
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promoting maturation. Furthermore, we also show that SLIT2 enhanced cell 

contraction of the ECM is partially responsible through Rac1 and could also be 

through crosstalk with Rho/ROCK mediated contraction. Our preliminary structure 

and function analysis of the intracellular domain provides further evidence of 

SLIT2/ROBO1 in regulating FA maturation and size (Figure 2.3). Taken together, the 

current data emphasize the importance of SLIT2/ROBO1 signaling in the stabilization 

of cell-ECM adhesions to lower the risk of metastatic transformation. 
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MATERIALS AND METHODS 

 

Mouse Strains 

Robo1 mice were generated and genotyped as described (Strickland et al. 2006). This 

study conformed to guidelines set by the University of California, Santa Cruz animal 

care committee (IACUC).  

 

2D Cell Culture 

MDA-MB-231 cells were obtained from American Type Culture Collection and 

maintained as previously described (Marlow et al., 2008). Normal murine mammary 

gland epithelial cells were kindly provided by Dr. Patricia Keely (University of 

Wisconsin, Madison, WI) and were cultured in Dulbecco’s Modified Eagle Medium 

(GIBCO) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 

10ug/ml bovine insulin (Sigma). Primary mammary epithelial cells were extracted 

from tissue using combined collagenase type III (Worthington) and dispase class II 

digestion, as described (Macias et al. 2011). For immunofluorescence studies, cells 

were cultured on fibronectin (0.5ug/cm2) coated coverglass as described (Schober et 

al. 2007).  
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3D Collagen Culture 

NMuMG, MDA-MB-231 and primary murine breast epithelial cells were cultured in 

collagen type I gels with concentrations optimized for compliancy and stiffness for 

each cell type as described (Keely et al. 2007). One day after gels were cast in tissue 

culture, (attached) gels were left attached to the dish and remained at the bottom of 

media filled wells. The (detatched) gels were detatched from the sides and bottom of 

the wells and allowed to float the top of media filled wells. Gels were fed with fresh 

media change every 2-3 days. Gels were cultured for 3-14 days. For contractility 

studies, gels were imaged every 24hrs using Bio-Rad ChemiDoc MP Imager and 

recorded with ImageLab software. Area of the gels were measured and analyzed 

using ImageJ and Prism GraphPad.  

 

RNA Extraction and RT-qPCR 

Total RNA was isolated from cells embedded in collagen gels lysed in TRIzol reagent 

(Invitrogen), phase separated as previously described (Macias et al. 2011). The RNA 

was further purified with TURBO DNase (Ambion) treatment. Total RNA quality 

was analyzed by agarose gel electrophoresis and quantity with a ND-1000 

spectrophotometer (NanoDrop). cDNA libraries were prepared from 1μg of total 

RNA using iScript cDNA synthesis kit (Bio-Rad). MiR-203 and U6 syntheses were 

prepared from 10ng of total RNA using Tetro Reverse Transcriptase (Bioline) and 

Taqman MicroRNA Assays (Life Technologies). RT-qPCR were performed in 
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triplicate using LightCycler 480 SYBR Green I Master (Roche) and quantified using 

Bio-Rad CFX Connect Real-Time System and CFX Manager software (Bio-Rad). 

Results were normalized to GAPDH or U6. Primers used for qPCR were: Robo1-F 

TTATGGTGATGTGGACCTTAGTA, Robo1-R 

GGTTGTATGGGATGGTTGGAG, GAPDH-F CATGGCCTTCCGTGTTCCTA, 

GAPDH-R CCTGCTTCACCACCTTCTTGAT as previously described (Harburg et 

al. 2014). 

 

Western Blotting 

Protein lysates from cells were prepared and analyzed by western blot as described 

(Macias et al. 2011; Keely et al. 2007). Phospho-specific primary antibodies 

pFAK397 (SCBT) and pPAX181 (SCBT) were prepared in 4% BSA. Antibodies 

targeting ROBO1 (ECM; Abcam), PAX  (SCBT) and FAK (SCBT) were prepared in 

5% milk. All proteins were detecting using clarity ECL substrate (Bio-Rad) on a Bio-

Rad ChemiDoc MP Imager and quantified using ImageLab (Bio-Rad) or ImageJ 

software. 

 

Co-immunoprecipitation 

PAX antibody was purified using Antibody Clean-Up Kit (Pierce) and covalently 

conjugated to agarose beads in the Co-Immunoprecipitation Kit (Pierce) and co-IP 
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studies were conducted according to manufacturer protocols. Lysates, flowthrough, 

washes and elutions were run on SDS-PAGE gels and analyzed via western blot. 

 

Immunofluorescence Antibodies and Imaging 

Antibodies and markers used were as follows: pFAK397 (Invitrogen), PAX (SCBT), 

TALIN (SCBT), ROBO1 (ECM), E-Cad (R&D Systems) phalloidin alexafluor-546 

for actin fibers (Invitrogen) and Hoechst for nuclei (Invitrogen). Fluorescence images 

of 3D collagen gels were captured using PerkinElmer Volocity Spinning Disk 

Confocal Microscope. Focal adhesions in 2D culture were imaged on Keyence 

Biorevo BZ-9000 Digital Widefield Microscope. 

 

Rac1 Activity Assays 

HME50 and primary MMECs were cultured on human fibronectin (40ug/ml) coated 

dishes and treated at 70% confluency. Lysates were prepared and assayed for active 

Rac1 (Rac1-GTP) by using RhoA/Rac1/Cdc42 Activation Assay Combo Kit (Cell 

Biolabs) according to manufacturer’s protocols.  

 

 

 



50 
 

Plasmids, Transfections, and Infections 

Expression of recombinant proteins was conducted with either Lipofectamine 2000 or 

PEI mediated transfection with 3:1 transfectant:DNA ratio. Plasmids used for 

ROBO1 and SLIT2 expression were based on the pSecTagB backbone (p-Robo1). 

Plasmids used for pre-miR203 overexpression were based on the pTarget backbone 

(p-miR203, p-EV). Production of lentiviral particles for scrambled and Robo1 

knockdown experiments involved combination transfection of psPAX2, pMD2.G, 

and pLVTHM-scrambled (SCR) or pLVTHM-shRobo1 (shRobo1) into HEK293T 

cells. Filtered viral particles were then diluted in media to infect target mammary 

lines (MDA-MB-231 and NMuMGs). Constitutively active Rac1 production in 

HME50 cells were accomplished by  infection with adenovirus encoding Rac1 L61 

mutant (Ad-Rac1 L61, Cell Biolabs) according to manufacturer’s recommendations. 
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