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ABSTRACT OF THE DISSERTATION 
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 The reelin signaling pathway is a critical regulator of cell migration and positioning 

throughout the central nervous system. Recent studies identified non-neuronal functions for 

reelin, and reported alterations in reelin expression in cancers. It is not known whether the reelin 

signaling pathway plays a role in the development of the mammary gland or in progression of 

breast cancer. Using mice with mutations in reelin and Disabled-1 (Dab1), the intracellular 

adaptor protein activated in response to the reelin signal, we showed that the reelin signaling 

pathway is required for correct ductal patterning during mammary gland morphogenesis. Reelin 

and Dab1 are expressed in the developing and the mature mammary duct in a complementary 

pattern. Mutations in reelin or Dab1 resulted in delayed ductal elongation and disorganized 

mammary epithelium in mice. Mammary epithelial cells exhibited decreased migration in 

response to exogenous reelin in a Dab1-dependent manner in vitro. Using a syngeneic mouse 

mammary tumor transplantation model, we examined the effect of host-derived reelin on breast 

cancer progression. We found that transplanted tumors grew and metastasized more slowly in 
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reelin-deficient mice. Tumors grown in reelin-deficient animals had fewer blood vessels and 

increased macrophage infiltration. Loss of host-derived reelin altered the balance of M1- and 

M2-associated macrophage markers in primary tumors, suggesting that reelin may influence the 

polarization of tumor-associated macrophages. These results indicated an important function for 

the reelin protein in progression of breast cancer. Furthermore, we found that several 

alternatively spliced variants of Dab1 exist in the developing and the mature mammary gland. In 

addition, we showed that alternative splicing of Dab1 is spatially and temporally regulated during 

puberty, pregnancy, and lactation. Taken together, our findings suggest that the reelin signaling 

pathway is an essential regulator of mammary gland development and has critical functions in 

progression of breast cancer. 
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INTRODUCTION 

 

The reelin signaling pathway 

 The discovery of a mutation that caused impaired balance and side-to-side swaying in 

mice spurred intensive studies of what is currently known as the reelin signaling pathway 

(Falconer, 1951). The spontaneous mutation was termed ‘reeler’, and resulted in a vast array of 

behavioral abnormalities, which include tremors, ataxia, and a ‘reeling’ gait, along with 

morphological alterations, including cerebellar hypoplasia, and disruption of neuronal layers in 

the cortex and the hippocampus (Falconer, 1951; D’Arcangelo, 2014). The reelin gene was 

cloned when molecular biology techniques became available, and the current understanding of 

reelin and other components of the signaling pathway stems mainly from neurobiological studies 

conducted in the last two decades (D’Arcangelo et al., 1995; Rice and Curran, 2001; Herz and 

Chen, 2006; D’Arcangelo, 2014).  

  Reelin is a large extracellular matrix glycoprotein, and functions via several mechanisms. 

Canonically, reelin binds to low-density lipoprotein receptors Apo E receptor 2 (ApoER2) and 

very low-density lipoprotein receptor (VLDLR) (Rice and Curran, 2001; Herz and Chen, 2006). 

The signal is relayed via the adaptor protein Disabled-1 (Dab1), which binds to the NPXY motifs 

on the intracellular portion of the reelin receptors. Binding of reelin to ApoER2 and VLDLR leads 

to phosphorylation of Dab1 by the Src family kinases Fyn and Src on specific tyrosine residues. 

Phosphorylated Dab1 then recruits downstream effectors such as Crk, Crk-like (CrkL), and 

phosphatidylinositide 3-kinase (PI3K), resulting in activation of several signaling cascades (Bock 

and Herz, 2003; Kuo et al., 2005; Honda et al., 2011). Mutations in genes involved in canonical 

reelin signaling result in identical deficits in the nervous system, and both Dab1 mutants and the 

ApoER2/Vldlr double mutants display severe errors in cortical layering, loss of Purkinje cells 

with cerebellar hypoplasia, and ataxia (Rice and Curran, 2001). Recent evidence suggests that 
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reelin can function independently from the lipoprotein receptors and Dab1, but the alternative 

pathways are not well understood (Jossin et al., 2004; Lutter et al., 2012; Lee et al., 2014).  

 Given the prominence of the reeler phenotype in the central nervous system, it is not 

surprising that the initial studies of the reelin signaling pathway primarily focused on its 

importance in nervous system development. However, several investigators reported 

expression of reelin in non-neuronal tissues. Northern blot, RT-PCR, and in situ hybridization 

studies revealed expression of reelin mRNA in the spleen, liver, kidney, testis, and the interstitial 

region of the ovary (D’Arcangelo et al., 1995; Hirotsune et al., 1995, Ikeda and Terashima, 

1997). Assessment of reelin expression in peripheral tissues by Western blot reported the 

presence of reelin protein in the plasma of humans, mice, and rats. Immunohistochemical 

studies showed that reelin protein was also present in the adrenal medulla, the pituitary, and in 

the adult liver (Smalheiser et al., 2000). These earlier studies did not detect gross morphological 

abnormalities in the organs outside of the nervous system in reeler -/- mice (Ikeda and 

Terashima, 1997). However, the expression of reelin protein in non-neuronal organs raised the 

possibility that the reelin signaling pathway was functional during the development of these 

tissues. In recent years, multiple studies have addressed the role for reelin signaling outside of 

the central nervous system, and provided evidence for distinct functions of the reelin signaling 

pathway in the development of the lymphatics, the small intestine, submandibular gland, 

cartilage, and bone. Reelin has been implicated in liver fibrosis and rheumatoid arthritis, and 

alterations in reelin levels are observed in multiple cancers. The subsequent sections of this 

introduction serve to summarize the evidence for the functions of reelin signaling in 

development and disease of non-neuronal tissues.  

 

 

 

 



 3	  

Reelin signaling in development of non-neuronal tissues 

Lymphatics 

 Several studies identified reelin as a marker of lymphatic endothelial cells (LEC) (Hong 

et al., 2004; Samama et al., 2005; Norgall et al., 2007; Lutter et al., 2012). In contrast, blood 

endothelial cells do not express reelin. While the expression of reelin is specific to LECs in 

lymphatic arteries and more mature collecting lymphatic vessels, only the LECs of the latter 

secrete reelin into the extracellular matrix, suggesting that reelin signaling may be active in 

matured collecting vessels (Lutter et al., 2012).  

 Dermal lymphatic vessels of reeler -/- mice have a reduction in coverage by smooth 

muscle cells (SMC), and display irregular vessel diameters. On the contrary, reeler -/- mice have 

normal large collecting vessels of the mesentery, and the defects are thought to be specific to 

dermal collecting vessels. These defects lead to impaired lymphatic function, as the uptake of 

dyes injected intradermally is reduced in reeler -/- mice (Lutter et al., 2012). These data suggest 

that reelin is important for development of the lymphatic vasculature. Interestingly, ApoER2 and 

Vldlr double mutants, as well as Dab1 hypomorphs have normal lymphatic vessels (Lutter et al., 

2012). Therefore, reelin is thought to promote lymphatic vessel development via non-canonical 

mechanisms. 

 The reduction in SMC coverage of lymphatic vessels in reeler -/- mice prompted the 

investigation of the possibility that reelin is involved in recruitment of SMCs to developing 

lymphatic vessels. In agreement with this hypothesis, contact of LECs with SMCs stimulated 

secretion of reelin into the extracellular matrix of collecting lymphatic vessels. In turn, reelin 

induced expression of monocyte chemoattractant protein-1 (MCP1) in SMCs. MCP1 recruits 

SMCs to lymphatic vessels, and therefore reelin acts by an autocrine mechanism in LECs to 

promote SMC recruitment (Lutter et al., 2012).  

 Studies of Kaposi’s sarcoma and lymphangioma further confirmed the specificity of 

reelin expression in LECs. Kaposi’s sarcomas are caused by infections with Kaposi’s sarcoma-
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associated herpesvirus (KSHV). The neoplastic cells display characteristics of the lymphatic 

endothelium and express several lymphatic lineage markers. KSHV infection of human umbilical 

vein endothelial cells resulted in lymphatic reprogramming of these cells with induction of 

lymphatic-specific genes, including RELN (Hong et al., 2004). Lymphangiomas are benign 

malformations of the lymphatic vessels, and LECs from lymphangiomas have higher levels of 

reelin than blood endothelial cells (Norgall et al., 2007). It is currently not known whether reelin 

functionally contributes to these pathologies.   

 

Submandibular gland 

 Expression of the reelin receptor Vldlr was reported in the end buds of the 

submandibular gland. The end buds contain highly proliferative cells and contribute to branching 

morphogenesis. Although reelin is normally expressed at low levels in the end buds, studies of 

miR-200c, a micro-RNA that targets VLDLR and reelin, uncovered a possible role for the reelin 

signaling pathway in modulating epithelial cell proliferation during the development of the 

submandibular gland (Rebustini et al., 2012). 

 MiR-200c is downregulated in invasive cancers, and normally functions to inhibit 

epithelial to mesenchymal transition and cell proliferation. MiR-200c is expressed in the end 

buds of the submandibular gland along with VLDLR. Loss of miR-200c results in higher number 

of end buds, an increase in FGF10-dependent proliferation of epithelial cells, and elevated 

expression of the target genes Vldlr and reelin. Treatment of the end buds with reelin stimulated 

branching morphogenesis and epithelial cell proliferation, mimicking miR-200c loss-of-function 

phenotypes. Interestingly, Akt phosphorylation was unaffected by treatment of submandibular 

gland epithelial cells with reelin, but an increase in mitogen-activated protein kinase (MAPK) 

phosphorylation was observed instead. Reelin signaling via VLDLR is proposed to help regulate 

proliferation and differentiation of epithelial end bud cells in the submandibular gland (Rebustini 

et al., 2012).  
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Small intestine 

 The epithelium of the small intestine has a high turnover rate, and is subject to rapid 

renewal. The proliferating stem cells are located in the crypts, and differentiation occurs once 

the progenitor cells reach the villus. Reelin is expressed in the myofibroblasts located beneath 

the intestinal epithelium. Dab1 and VLDLR are expressed in crypt and villus cells, while ApoER2 

is found in the upper half of the villi, but is absent from the crypt cells (García-Miranda et al., 

2010).  

 Microarray analysis of intestinal epithelial cells from reeler -/- mice revealed alterations in 

expression of genes associated with metabolism, membrane transport, and the inflammatory 

response (García-Miranda et al., 2012). Reeler -/- mice exhibit reduced cell proliferation in the 

crypts, leading to slower cell migration along the villi. The reeler -/- intestinal epithelium has fewer 

apoptotic cells and fewer differentiated Paneth cells, while the numbers of goblet cells remain 

unchanged. The length and number of villi are unaffected in the absence of reelin, and the tight 

junctions remain intact (García-Miranda et al., 2013). Analysis of the small intestine of Dab1 

hypomorph mice revealed alterations that were similar to those observed in reeler -/- mice 

(Vázquez-Carretero et al., 2014). These data suggest that the canonical reelin signaling 

pathway may function to support stem cell proliferation and the stability of the crypt-villus unit in 

the small intestine.  

 

Cartilage and bone 

 Recent studies showed that the reelin signaling pathway plays a role in limb 

development. Reelin and Dab1 are expressed in the undifferentiated limb mesoderm, and their 

levels decrease prior to interdigital cell death, which is necessary for digit formation (Díaz-

Mendoza et al., 2013). The reelin receptors ApoER2 and Vldlr are also expressed in the 

developing limb cartilage and tendons (Díaz-Mendoza et al., 2014). 
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 Analysis of the reelin signaling pathway components in micromass cultures of limb 

skeletogenic progenitors by qPCR showed that levels of reelin, Dab1 and ApoER2 decrease as 

the cartilage undergoes differentiation, while expression of Vldlr follows the opposite pattern 

(Díaz-Mendoza et al., 2014). Reelin expression in the limb is upregulated in response to 

fibroblast growth factor 2 (FGF2), a cell survival factor, and downregulated in response to bone 

morphogenetic protein 7 (BMP7), which induces apoptosis. Dab1 silencing in micromass 

cultures reduced chondrogenesis and induced cell death, with decreased phosphorylation of Akt 

and lower levels of focal adhesion kinase (FAK) (Díaz-Mendoza et al., 2013; Díaz-Mendoza et 

al., 2014). In addition, silencing of Dab1 in limb ectoderm-mesoderm recombinants resulted in 

the absence of cartilage and tendon differentiation. Together, these data suggest that the reelin 

signaling pathway in the embryonic limb is involved in interdigital cell death, and may regulate 

chondrogenesis in the developing limb. These functions of reelin may be redundant with other 

pathways regulating limb development, since reelin signaling pathway mutants are not known to 

have syndactyly or other limb abnormalities (Díaz-Mendoza et al., 2013; Díaz-Mendoza et al., 

2014). 

 Reelin expression in cartilage increases upon injury and in diseased tissue. Patients with 

rheumatoid arthritis have increased serum and synovial fluid reelin compared to patients with 

other joint pathologies (Magnani et al., 2010). Reelin is upregulated in the chondrocytes of the 

injured cartilage following surgically induced osteoarthritis in rats, as well as in differentiating 

chondrocytes (Appleton et al., 2007). The authors suggested possible involvement of reelin in 

mechanisms that are responsible for hypertrophic differentiation of chondrocytes in 

osteoarthritis, but additional studies are needed to confirm this hypothesis.  

 In addition to its role in the development of cartilage, reelin signaling may be active in 

bone cells. Reelin is secreted in the mouse inner ear, and RELN transcripts have been detected 

in the human stapes footplate (Schrauwen et al., 2009). Osteocytes, the mechanosensing cells 

of the bone, express higher levels of reelin than osteoblasts (Paic et al., 2009; Ma et al., 2014). 
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Moreover, reelin is differentially expressed in appendicular and axial skeletons. Elevated 

expression of reelin is observed in ulnar limb bones compared to parietal skull bone, and may 

contribute to mechanosensory adaptation mechanisms of the limb (Rawlinson et al., 2009).  

 Corticosterone is a hormone produced in response to stress and has been shown to 

induce bone loss. Treatment of a murine osteocyte cell line MLO-Y4 with corticosterone resulted 

in elevated reelin expression (Ma et al., 2012). In addition, several single nucleotide 

polymorphisms (SNPs) in the RELN gene are associated with otosclerosis, a form of hearing 

loss due to abnormal bone remodeling in the otic capsule (Schrauwen et al., 2009). Thus, reelin 

may be associated with mechanosensory properties of the bone, and may have roles in bone-

related pathologies, but the mechanisms of reelin signaling in bone development and 

homeostasis are not known. 

 

Odontoblasts 

 Reelin and Dab1 mRNA are expressed during different stages of odontogenesis. Dab1 

expression declines after embryonic day 13.5 (E13.5), while reelin expression persists in 

differentiating odontoblasts through E18.5 (Heymann et al., 2001). Human secretory 

odontoblasts also express reelin (Buchaille et al., 2000; Bleicher et al., 2001; Maurin et al., 

2004). VLDLR and Dab1 are expressed in the dental pulp and in the trigeminal ganglion, which 

innervates the odontoblast region during tooth development (Maurin et al., 2004; Magloire et al., 

2009). In co-cultures of rat trigeminal ganglion and human odontoblasts, reelin was colocalized 

with nerve fiber endings, indicating that reelin may be involved in dentine innervation by 

signaling to the receptors and Dab1 in the trigeminal ganglion (Maurin et al., 2004; Magloire et 

al., 2009).  
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Reelin signaling activity in non-neuronal tissues 

Blood 

 Initially, liver cells secreting reelin into the circulation were proposed as the major source 

of reelin found in the blood plasma (Smalheiser et al., 2000). Further studies defined RELN as 

an erythroid-enriched gene, and confirmed that blood cells, such as erythrocytes and platelets, 

also produce reelin protein (Jacquel et al., 2003; Redmond et al., 2008; Tseng et al., 2010; 

Redmond et al., 2011; Chu et al., 2014).  

 In heterozygous reeler +/- mice, levels of circulating reelin are half of those found in wild 

type littermates, and the protein is absent from the plasma of reeler -/- mice (Smalheiser et al., 

2000). Interestingly, reeler -/- mice have higher red blood cell (RBC) counts compared to wild 

type controls, without changes in spleen size. Higher RBC numbers are also observed in the 

reeler -/- bone marrow, concomitant with attenuation of phosphorylated Akt (Chu et al., 2014). In 

addition, reeler -/- mice display impaired hemostasis, evidenced by prolonged bleeding time and 

a higher tendency to re-bleed in bleeding time assays, along with abnormalities in thrombin clot 

formation (Tseng et al., 2014).  

 The alterations in the blood of reeler -/- mice suggested novel roles for reelin in 

erythrocyte differentiation and the coagulation cascade. The importance of reelin in hemostasis 

was further evidenced by studies of the human chronic myelogenous leukemia (CML) cell line 

K562. Treatment of K562 cells with imatinib or sodium butyrate, both of which induce erythroid 

differentiation, increased expression of RELN mRNA and reelin protein (Jacquel et al., 2003; 

Chu et al., 2014).  In line with findings of enhanced erythropoiesis in reeler -/- mice, knockdown 

of RELN enhanced erythroid differentiation of K562 cells. These data suggest that reelin 

negatively regulates erythroid differentiation (Chu et al., 2014). Additional evidence suggesting 

the involvement of reelin in erythropoiesis comes from studies of Krüppel-like factor 2 (KLF2), a 

transcription factor necessary for primitive erythroid development. KLF2 was found to directly 
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and positively regulate reelin expression. Moreover, reelin mRNA expression is downregulated 

in KLF2 -/- embryonic erythroid cells (Redmond et al., 2011).  

 Reelin is also expressed by the platelets, and reelin-platelet interaction can enhance 

platelet spreading on fibrinogen (Tseng et al., 2010). Reelin is thought to stabilize binding of 

thrombin and factor Xa (FXa) to phosphatidylserine on the surface of activated platelets (Tseng 

et al., 2014). Together, these data suggest that reelin in the blood plasma functions to sustain 

hemostasis and may be involved in the coagulation cascade. It is not yet clear whether reelin 

elicits these functions via the canonical signaling cascade or employs alternative mechanisms.  

  

Immune system 

 Possible effects of reelin on the immune response were initially proposed in earlier 

studies of mice with the reeler mutation. Modest hyperexpression of IL-1β mRNA was 

observed in peripheral macrophages from reeler -/- mice upon stimulation with 

lipopolysaccharide (LPS) (Kopmels et al., 1990; Bakalian et al., 1992). In addition, suppressed T 

cell and macrophage function were reported in reeler -/- mice following immunization of mice with 

sheep red blood cells (Green-Johnson et al, 1995). T cells from reeler -/- mice had attenuated 

proliferative responses to stimulation with anti-CD3 antibody, and produced lower levels of IL-2, 

IL-4, and interferon-γ (IFNγ) (Green-Johnson et al., 1995).  

 Recent in vitro studies of the RAW 264.7 mouse macrophage cell line implicated the 

reelin receptors ApoER2 and VLDLR in cholesterol transport. Treatment of RAW 264.7 cells 

overexpressing VLDLR and ApoER2 with reelin or ApoE, another ligand for these lipoprotein 

receptors, increased ATP binding transporter A1 (ABCA1) expression, which functions to export 

cholesterol. Reelin or ApoE treatment increased phosphorylation of Dab1 and PI3K, and 

silencing of Dab1 in RAW macrophages prevented upregulation of ABCA1 (Chen et al., 2012). 

Moreover, the C-terminal region (CTR) of reelin is not required to generate these effects, as 
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treatment of cells with the receptor-binding reelin repeats lacking the CTR was sufficient to 

increase ABCA1 expression and cholesterol efflux (Okoro et al., 2015). Whether reelin 

contributes to macrophage cholesterol transport in vivo is unknown; this question remains to be 

addressed in future studies. 

 A microarray analysis of terminally differentiated plasma cells revealed higher levels of 

reelin than those observed in B cells (Underhill et al., 2003). Moreover, blood lymphocytes from 

reeler -/- mice displayed alterations in serotonin transporter (SERT) clustering. SERT clusters in 

these cells were more dispersed and larger in size than in the heterozygous or wild type 

controls. Thus, reelin was proposed to have a role in clustering of SERT in blood lymphocytes 

(Rivera-Baltanas et al., 2010).  

 

Liver 

 The primary source of reelin in the liver is the hepatic stellate cell (HSC) population 

(Kobold et al., 2002, Samama et al., 2005; Botella-López et al., 2008; Mansy et al., 2014), while 

hepatocytes normally express low levels of reelin protein (Botella-López et al., 2008). Livers 

from reeler -/- mice do not display morphological abnormalities (Ikeda and Terashima, 1997). 

However, recent studies suggest possible roles for reelin in response to liver injury and fibrosis.   

 Upregulation of reelin expression was reported in activated murine HSCs (Magness et 

al., 2004), and in a rat liver fibrosis model (Botella-López et al., 2008). Levels of reelin in 

hepatocytes do not change in response to injury (Botella-López et al., 2008). Despite this, when 

hepatocyte proliferation was blocked by deletion of damage specific DNA-binding protein 1 

(DDB1), reelin expression was upregulated in proliferating oval cells, the progenitor cell 

population in the liver (Endo et al., 2012).  

 Several lines of evidence suggest that reelin may be involved in liver fibrosis. Blood 

plasma from cirrhotic patients has higher levels of reelin (Botella-López et al., 2008). Reelin was 

proposed as a useful marker for progression of hepatic fibrosis in patients infected with hepatitis 
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C virus (HCV). Serum reelin levels of patients correlate with stages of hepatic fibrosis and with 

serum levels of hyaluronic acid, which is a marker of advanced fibrosis (Mansy et al., 2014). 

Activated HSCs in fibrotic human livers express reelin, and the number of reelin-positive HSCs 

is positively correlated with Knodell’s score of histological activity. Dab1 in the liver is expressed 

by Ductular Reaction cells (DR). This expression pattern prompted the authors to propose that 

reelin may mediate activation of DR cells by HSCs (Carotti et al., 2015).  

 

Endometrium and the ovarian follicle 

 Reelin expression was reported in the bovine endometrium and in the theca layer of the 

bovine follicle (Fayad et al., 2007; Cerri et al., 2012), while the reelin receptor ApoER2 is 

expressed in the granulosa cell layer (Fayad et al., 2007). A similar expression pattern is 

observed in the chicken follicle, where reelin is expressed in the theca layer, and the receptors 

VLDLR and ApoER2, as well as the adaptor Dab1 are expressed in granulosa cells of the 

chicken follicle (Eresheim et al., 2014). 

 Reelin expression is upregulated in the theca layer as the follicle approaches the end of 

the growth phase (Nivet et al., 2013). Moreover, chicken VLDLR and ApoER2 bind to murine 

reelin protein, and addition of mouse reelin to granulosa cell cultures results in activation of 

Dab1, phosphorylation of Akt, and increases proliferation of granulosa cells. Addition of 

receptor-associated protein (RAP), which blocks reelin binding to VLDLR and ApoER2, inhibits 

the effect on proliferation (Eresheim et al., 2014). Thus, reelin signaling may function between 

the theca and granulosa layers of the endometrium to stimulate proliferation and growth of the 

developing oocyte. Interestingly, reelin mRNA is downregulated in the endometrium of lactating 

pregnant cows compared to lactating cyclic (non-pregnant) cows (Cerri et al., 2012), but the 

functional significance of endometrial reelin in pregnancy and lactation is not known. 
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Reelin in cancer  

 The processes involved in tumorigenesis and cancer progression often employ the same 

pathways that are required for normal development. During organ development, the signaling 

pathways responsible for cell proliferation and epithelial to mesenchymal transition (EMT) are 

tightly regulated. In cancers, these mechanisms are altered and used to the advantage of the 

disease, supplying it with the tools necessary for cancer cells to grow and spread to distant 

organs. Thus, alterations in developmental pathways such as Notch, Wnt, Hedgehog, and TGF-

beta often accompany tumorigenesis, EMT of epithelial tumors, and metastasis (reviewed in 

Bailey et al., 2007; Massagué, 2008; Barakat et al., 2010; Izrailit and Reedijk, 2012). As 

described above, the reelin signaling pathway is involved in cellular migration and cell 

proliferation during the development of multiple organs. In addition, reelin activates PI3K/Akt 

signaling, which is often hyperactivated in cancers (reviewed in Larue and Bellacosa, 2005; 

Thorpe et al., 2015). Similar to other developmental pathways, alterations in reelin expression 

are observed in cancers of neuronal and non-neuronal origin, as summarized in Table 1.  

 Reelin expression is reduced in cancers of many different tissues, and the 

downregulation is primarily due to hypermethylation of the RELN gene. This trend is observed in 

hepatocellular carcinoma, breast, gastric, and pancreatic cancers. Micro-RNAs have also been 

implicated in regulation of reelin levels in cancer. One known example is miR-128, which may 

contribute to loss of reelin expression in neuroblastoma. MiR-128 targets reelin, and 

overexpression of miR-128 reduced reelin protein levels in a neuroblastoma cell line 

(Evangelisti et al., 2009). RELN is frequently mutated in non-small cell lung cancer, and in T-cell 

precursor acute lymphoblastic leukemia, and these mutations may reduce the amount of 

functional reelin protein. 

 On the contrary, upregulation of reelin is observed in esophageal carcinoma, high-grade 

prostate cancer, and retinoblastoma. In addition, comparisons of metastatic colorectal lesions to 
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primary tumors, or invasive melanoma cells to a congenic non-invasive cell line show an 

increase in RELN expression in metastatic tumors and invasive cells. These data indicate that in 

some cancers upregulation of reelin may be necessary for metastatic progression.  

 Reelin signaling may be coupled with other signaling pathways employed in metastasis. 

For example, reelin was linked to TGFβ-induced cell migration in a human esophageal 

carcinoma cell line (Yuan et al., 2012). TGFβ treatment of these cells reduced RELN levels, and 

knockdown of RELN increased the rate of cell migration. Reelin was proposed to negatively 

regulate TGFβ-induced migration, but it remains to be seen whether similar events happen in 

vivo (Yuan et al., 2012). 

  Recent studies identified potential roles for reelin in progression of breast cancer. 

Several SNPs in the RELN gene were proposed as susceptibility loci for sporadic post-

menopausal breast cancer (Barnholtz-Sloan et al., 2010). Further studies indicated certain 

SNPs in the RELN gene to be associated with breast cancer risk in Hispanic, but not non-

Hispanic white women (Fejerman et al., 2013). Reelin protein is expressed in the normal breast 

epithelium, but is downregulated in primary breast tumors (Stein et al., 2010). The reduction of 

reelin levels in breast tumors correlates with poor survival. The triple negative human breast 

cancer cell line MDA-MB-231 normally expresses low levels of reelin, and overexpression of 

reelin in these cells rendered them less migratory and reduced their invasiveness (Stein et al., 

2010). Another study reported higher levels of reelin in HER2+ primary tumors and breast-to-

brain metastases compared to triple negative primary and metastatic tumor samples. Moreover, 

HER2 protein can interact with reelin, but the significance of this interaction remains to be 

elucidated (Neman et al., 2014).  

 

Reelin signaling in the mammary gland 

 The work presented in the following chapters describes the evidence for functions of the 

reelin signaling pathway in mammary gland development and breast cancer progression. In 



 14	  

Chapter 1, we show that reelin and its adaptor Dab1 are essential for timely development of the 

mammary gland, and that the disruption of reelin signaling results in delayed ductal elongation 

and disorganized mammary epithelium. In Chapter 2, we present evidence for the essential role 

of reelin in the tumor microenvironment, and its impact on mammary tumor growth and 

metastatic progression. Finally, in Chapter 3 we show that alternative splicing of Dab1 may 

regulate the cellular response to the reelin signal during mammary gland development. Taken 

together, our results define novel roles for reelin signaling in the development of the mammary 

gland and in breast cancer, further expanding the scope of this signaling pathway outside of the 

central nervous system development. 
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Cancer type: 

 
 
Reference: 

Downregulated (i) or 
upregulated (h): 

 
 
Control: 

 
 
Notes: RELN 

mRNA 
Reelin 
protein 
(IHC) 

 
Breast cancer 
  

Ma et al., 
2009 i - Normal breast 

stroma 
In tumor-associated stroma 

Stein et al., 
2010 i i Normal breast 

tissue 
RELN is frequently methylated in 
breast cancer cell lines 

Colorectal 
cancer 

Vignot et al., 
2015 h - Primary tumors In metastases of colorectal tumors 

Esophageal 
carcinoma 

Wang et al., 
2002 h h Normal 

esophageal tissue 
  

Ewings sarcoma Jahromi et al., 
2012 i - Primary tumors In metastatic lesions 

 
 
Gastric cancer 
  

Yamashita et 
al., 2004 h - Normal rat 

stomach tissue 
In rats, MNNG-induced 

Dohi et al., 
2010 i i Normal gastric 

tissue 
RELN is frequently methylated in 
primary tumors and gastric cancer 
cell lines 

Head and neck 
cancer 

Schlecht et 
al., 2007 i - HPV-negative 

tumors 
In HPV16-positive head and neck 
squamous carcinomas, never-
smokers 

 
Hepatocellular 
carcinoma 
  

Okamura et 
al., 2011 i - Normal liver 

tissue 
RELN is frequently methylated in 
hepatocellular carcinomas 

Lin et al., 
2012 i - Non-invasive 

congenic cell lines 
In newly established invasive 
hepatocellular carcinoma cell lines 

 
Lung cancer 

Govindan et 
al., 2012    RELN is frequently mutated in non-

small cell lung cancer 
 
Melanoma 

Berthier-
Vergnes et al., 
2011 

h - Non-invasive 
congenic cell line 

In invasive melanoma cell line 

 
Neuroblastoma 

Becker et al., 
2012 i i Stage 1 and 2 

neuroblastoma 
tumors 

In metastatic stages 3, 4, 4s 

 
 
Pancreatic 
cancer 
  

Sato et al., 
2006 i i Normal pancreatic 

tissue 
  

Hong et al., 
2008 i - Non-invasive 

pancreatic 
neoplasm 

RELN methylation increases with 
histological grade of papillary 
mucinous neoplasms 

Prostate cancer Perrone et al., 
2007 

- h Normal prostate 
tissue 

In high grade prostate cancer 
samples 

Retinoblastoma Seigel et al., 
2007 h - Normal retinal 

tissue 
  

T-cell acute 
lymphoblastic 
leukemia 

Zhang et al., 
2012 

   RELN is frequently mutated in T-cell 
acute lymphoblastic leukemia 

 

Table 1. Alterations of reelin expression in cancers.  
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CHAPTER ONE: Disruption of reelin signaling alters mammary gland morphogenesis 

 

Abstract 

 Reelin signaling is required for appropriate cell migration and ductal patterning during 

mammary gland morphogenesis. Dab1, an intracellular adaptor protein activated in response to 

reelin signaling, is expressed in the developing mammary bud and in luminal epithelial cells in 

the adult gland. Reelin protein is expressed in a complementary pattern, first in the epithelium 

overlying the mammary bud during embryogenesis and then in the myoepithelium and 

periductal stroma in the adult. Deletion in mouse of either reelin or Dab1 induced alterations in 

the development of the ductal network, including significant retardation in ductal elongation, 

decreased terminal branching, and thickening and disorganization of the luminal wall. At later 

stages, some mutant glands overcame these early delays, but went on to exhibit enlarged and 

chaotic ductal morphologies and decreased terminal branching: these phenotypes are 

suggestive of a role for reelin in spatial patterning or structural organization of the mammary 

epithelium. Isolated mammary epithelial cells exhibited decreased migration in response to 

exogenous reelin in vitro, a response that required Dab1. These observations highlight a role for 

reelin signaling in the directed migration of mammary epithelial cells driving ductal elongation 

into the mammary fat pad and provide the first evidence that reelin signaling may be crucial for 

regulating the migration and organization of non-neural tissues. 
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Introduction 

 Reelin signaling has been identified as a key factor in regulating cell migration and 

positioning throughout the central nervous system (Caviness and Sidman, 1973; Caviness, 

1976; Goffinet, 1984; Yip et al., 2000; Phelps et al., 2002). Anatomical examination of the brain 

and spinal cord in reeler mice, which carry a naturally occurring deletion mutation in the reelin 

gene (D’Arcangelo et al., 1995), has revealed defects including a lack of foliation and reduction 

in the size of the cerebellum, disrupted lamination in the hippocampus, inverted cortical 

lamination and abnormal positioning of nuclei in the brain and spinal cord (reviewed by 

D’Arcangelo and Curran, 1998; Rice and Curran, 2001). Observations on cellular activities 

governed by reelin signaling have been largely restricted to the nervous system, but recent 

studies have suggested a number of non-neuronal activities for reelin signaling. The reelin gene 

is expressed in odontoblasts, where it may mediate terminal innervation of tooth pulp (Maurin et 

al., 2004). Reelin is also frequently silenced in pancreatic cancer, and knockdown of multiple 

components of the reelin signaling pathway leads to increased cell motility and invasiveness in 

pancreatic cancer cells (Sato et al., 2006). Several isoforms of Dab1 are expressed in non-

neural tissues such as kidney, liver and limbs in mice and zebrafish (Costagli et al., 2006; 

Howell et al., 1997a) suggesting possible additional roles for reelin signaling in the development 

of these structures. 

 We have explored a role for reelin signaling in the development and morphogenesis of 

the mammary gland. Mammary glands are skin appendages that develop via extensive 

epithelial-mesenchymal interactions (reviewed by Mikkola and Millar, 2006; Robinson, 2007). 

During embryogenesis, epithelially derived mammary placodes invaginate into the underlying 

mesenchyme to produce mammary buds. These buds then proliferate and extend into the 
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mesenchyme to produce the mammary sprout. Once the sprout reaches the underlying stromal 

fat pad, it begins to branch and a lumen forms within the epithelium to generate a primary ductal 

tree. The ductal tree is quiescent until the onset of puberty, at which time the gland enters a 

period of extensive growth and branching to form a mature ductal network that completely fills 

the fat pad. During the process of ductal elongation and branching, the ducts are tipped with 

terminal end buds, club-shaped bilayered epithelial structures that are the site of rapid cell 

proliferation (Ball, 1998). Retraction of these buds occurs once ductal growth is complete and 

the mature branching pattern has been established. 

 Growth and extension of mammary ducts requires extensive communication between 

epithelial and mesenchymal components of the gland. Mammary mesenchyme induces the 

overlying epithelium to form the mammary buds, probably by inducing epithelial cell migration 

and changes in epithelial cell shape (reviewed by Cunha, 1994). Interactions between the 

epithelium and the stroma then dictate the terminal branching pattern of the ducts (Naylor and 

Ormandy, 2002). Cavitation of the ducts also involves epithelial-mesenchymal interactions, as 

epithelial cells in contact with the surrounding basal lamina become organized into the luminal 

epithelium, whereas those that lose contact undergo apoptosis to clear the center of the lumen 

(reviewed by Gjorevski and Nelson, 2009). Cell-matrix interactions are mediated by a variety of 

cell adhesion molecules and these interactions are crucial in establishing the specific 

expression of milk protein genes in the mammary gland (Streuli et al., 1995). Thus, epithelial-

mesenchymal interactions are required for the development, shaping and maturation of the 

mammary gland. 

 In this study, we have identified a role for reelin, a large extracellular matrix glycoprotein, 

and the reelin signaling pathway in the morphogenesis of the mammary gland. In the nervous 

system, reelin signaling is initiated by the deposition of reelin into the extracellular matrix. Reelin 

then binds to multimeric complexes of two low-density lipoprotein receptors, ApoER2 and 

VLDLR (reviewed by Herz and Chen, 2006). Signal transduction is mediated through the Dab1 
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intracellular adaptor protein, which is phosphorylated in response to reelin signaling primarily by 

Src family kinases (Howell et al., 1999; Kuo et al., 2005). Phosphorylated Dab1 activates a 

cascade of events that ultimately inhibits tau phosphorylation and promotes microtubule 

stabilization in the cytoskeleton, thus triggering the cessation of migration. In the absence of 

reelin signaling, neurons mis-migrate, producing numerous errors in cell positioning and cell 

layering (e.g. Caviness and Sidman, 1973; Caviness, 1976; Goffinet et al., 1984; Yip et al., 

2000; Phelps et al., 2002; Förster et al., 2006). In our current study, we have demonstrated that 

reelin signaling pathway components are expressed in and around the mammary bud, with 

Dab1 expressed in invaginating placodal cells and reelin expressed in the overlying epithelium. 

Expression continues postnatally, with reelin in the mesenchymally derived periductal stroma 

and myoepithelial cells, and Dab1 in the luminal mammary epithelial cells lining the developing 

ducts. Reelin and Dab1 genes are both required for normal mammary gland morphogenesis, as 

disruptions in either of these genes produces delays in ductal extension and chaotic ductal 

morphology. We have also shown that migration of isolated mammary epithelial cells is inhibited 

by exogenous reelin. These studies demonstrate an important role for reelin signaling in 

mammary gland morphogenesis and provide the first evidence that reelin signaling has the 

capacity to regulate the migration and organization of non-neural tissue. 
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Materials and Methods 

Mouse lines  

 Reeler mice (B6C3Fe-a/a-Relnrl/J) were obtained from the Jackson Laboratory (Bar 

Harbor, ME, USA). Two types of Dab1 mice were used. CBy.12954-Dab1tm1Cpr/J mice, which 

carry a disruption of the protein interaction/protein binding domain of Dab1 (Howell et al., 1997a; 

Howell et al., 1997b) were obtained from the Jackson Laboratory. Dab1exKIneo mice, in which a 

lacZ reporter gene replaces exon 1 of Dab1, were kindly provided by Dr Brian Howell 

(Pramatarova et al., 2008). Dab1 mutant mice were used interchangeably for anatomical 

analysis, as the mutant phenotypes are indistinguishable in the two lines. lacZ gene expression 

was analyzed exclusively in Dab1exKIneo mice. Reeler and Dab1exKIneo mice are maintained on a 

C57Bl/6 background, whereas Dab1tm1Cpr/J mice are maintained on a Balb/C background. 

Homozygous mutant mice and wild- type controls were obtained by intercrossing heterozygous 

parents. Offspring from reeler and CBy.12954-Dab1tm1Cpr/J intercrosses were genotyped by 

PCR as described (D’Arcangelo et al., 1995; Howell et al., 1997a). Dab1exKIneo intercross 

offspring were genotyped using the following primers: Ngen04, 5’-

TGATGCTATCCCTAGCAAGAC-3’; Exon3 Rev, 5’-GTGGCTTCGCTGCGATCCTGAC-3’; CKO 

R3, 5’-CTTGAAGACGAAAGGGCCT-3’.  

 

X-Gal staining, immunohistochemistry and histology  

 lacZ gene expression was visualized in formalin-fixed whole embryos, and 20-40 µm 

tissue sections, following overnight incubation in a bromo-chloro-indolyl-galactopyranoside (X-

Gal) reaction buffer composed of 1 mg/ml X-Gal in 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6-3H2O, 1 

mM MgCl2, 0.01% deoxycholic acid (DOC) and 0.02% Igepal (Sigma, USA). For 
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immunohistochemistry, tissue sections were reacted to reveal X-Gal as above, post-fixed briefly 

with 4% paraformaldehyde, then incubated overnight with primary antibodies diluted in 1X PBS 

+ 10% dry milk powder. Horseradish peroxidase (HRP)-conjugated secondary antibodies 

(Jackson ImmunoResearch, West Grove, PA, USA) were diluted 1:250 in PBS+10% dry milk 

powder and incubated for 2-4 hours at room temperature. HRP was visualized using 

diaminobenzidine. Paraffin sections were dewaxed and rehydrated through graded ethanols. 

Antigen retrieval was performed by boiling for 10 minutes in Tris-HCl buffer, then sections were 

incubated for 60 minutes with primary antibodies diluted in 1% bovine serum albumin in Tris-

buffered saline. Streptavidin-conjugated secondary antibody incubation and HRP visualization 

were performed following the manufacturer’s instructions (Dako NA, Carpinteria, CA, USA). 

Primary antibody dilutions were as follows: anti-reelin (Millipore, Billerica, MA USA) 1:500; anti-

Dab1 (Millipore) 1:500, anti-K14 (Covance, Princeton, NJ, USA) 1:1000; anti-K8/18 (ProGen, 

Germany) 1:300; anti-NKCC1 (gift of Dr Jim Turner, National Institute of Craniofacial and Dental 

Research, NIH, Bethesda, MD, USA) 1:1000; anti-Ki67 (Vector Laboratories, Burlingame, CA, 

USA), 1:1000. For histology, 7 µm paraffin sections were stained using hematoxylin and eosin. 

 

RT-PCR  

 Mammary buds were dissected from abdominal walls of embryonic day 13.5 (E13.5) 

embryos and were flash-frozen. Buds collected from three embryos of the same genotype were 

pooled and total RNA was extracted using RNA Wiz as described (Anderson et al., 2002), 

reverse transcribed using Superscript II (Invitrogen, Carlsbad, CA, USA), then amplified using 

the following primers: ApoER2 forward, 5’-AGCGTTTGTACTGGGTGGAC-3’; ApoER2 reverse, 

5’-GCTGGAGATTTGAGGAGCAG-3’; VLDLR forward, 5’-ACGGCCAGTGTGTTCCTAAC-3’; 

VLDLR reverse, 5’-CCATCGTCACAGTCATCCTG-3’. 

 

Carmine Red staining and branch analysis  



 29	  

 Whole mammary glands were collected and stained as previously described (Li et al., 

2002). The extent of fat pad colonization was determined by measuring the length and width of 

the stromal fat pad, and the length and width of the ductal tree at its widest extent. Areas for 

both fat pad and ductal tree were calculated and the ratio of ductal tree:fat pad was determined. 

Terminal end buds and terminal branches were counted from photomicrographs of the entire 

gland. 

 

Mammary gland transplantation  

 Mammary glands from six 3-week-old Balb/C host females were cleared of endogenous 

epithelium as described (DeOme et al., 1959). Donor mammary glands were collected from 

adult wild-type and Dab1tm1Cpr/J mutants and dissected into small fragments. Wild-type and 

Dab1tm1Cpr/J mutant mammary fragments were transplanted into the cleared fat pads, with each 

host mouse receiving a wild-type transplant and a contralateral Dab1tm1Cpr/J mutant transplant. 

After 6 weeks, host mammary glands were removed and processed for whole-mount Carmine 

Red staining as described above. 

 

MEC isolation and culture  

 Primary mammary epithelial cells (MECs) were isolated from freshly dissected mammary 

glands obtained from females at 13 days of gestation. Minced tissues were incubated in a 

digestion buffer containing collagenase and hyaluronidase for 6 hours, then digested with 

Dispase, filtered through 100 µm mesh tissue strainers and grown in MEC media as described 

(Hu et al., 2005). To ensure that isolated cells were primarily MECs, primary cultures were 

initially plated for 1 hour to allow fibroblasts to adhere to the culture flask. Suspended MECs 

were then transferred to a fresh flask and allowed to adhere. After 4 days in primary culture, 

MECs were serum-starved for 24 hours, then 105 MECs were plated into the top well of a 

transwell chamber. For live-cell assays, the bottom chamber contained live cells, either reelin-
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secreting pCrl cells (D’Arcangelo et al., 1999) (kindly provided by Dr Tom Curran, University of 

Pennsylvania, Philadelphia, PA, USA) or control mock-transfected 293T cells. For conditioned 

media cultures, media was collected from pCrl or 293T cells after 3 days of culture. 

Results 

Reelin signaling pathway components are expressed in the mammary gland  

 To determine if reelin signaling might be involved in mammary gland development, we 

first examined the expression of reelin signaling pathway components in the embryonic 

mammary gland. Using a Dab1lacZ reporter mouse [Dab1exKIneo (Pramatarova et al., 2008)], we 

found that Dab1 was expressed in mammary buds in mouse embryos (Figure 1.1A-D), with 

expression evident as early as E12.5. Reporter gene expression was limited to the mammary 

bud itself, with no expression in the surrounding epithelial or mesodermal tissues (Figure 1.1F). 

Immunohistochemical labeling with anti-Dab1 antibodies also labeled the mammary buds 

(Figure 1.1G), confirming the fidelity of reporter gene expression. Reelin expression appeared at 

low levels in the condensing mesenchyme surrounding the mammary bud, as well as at higher 

levels in the overlying epithelium. Reelin expression was specific to the epithelium of the 

abdominal wall, and was excluded from adjacent limb bud epithelium (Figure 1.1H). ApoER2 

and VLDLR were also expressed in the developing mammary bud (Figure 1.1E). These 

observations suggest that many key elements of the reelin signaling pathway, including reelin 

itself, Dab1, ApoER2 and VLDLR are expressed during embryonic mammary gland 

development. 

 Next, we investigated whether reelin signaling might be active during postnatal 

mammary gland morphogenesis. We found that in adults, Dab1 was expressed in the adult 

luminal epithelium (Figure 1.2A, G), where it colocalized with K8/18, a luminal cell marker 

(Figure 1.2E). Reelin was expressed in the periductal stroma (Figure 1.2B, H), complementary 

to where Dab1 was expressed and overlapping the expression of K14, a basal cell marker 

(Figure 1.2F). The lacZ reporter gene was also expressed in adult tissue sections, and double 
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labeling for β-galactosidase and anti-reelin expression illustrated the complementary expression 

patterns (Figure 1.2C, D). This localization suggests a continued role for reelin signaling during 

postnatal mammary gland morphogenesis. 

Loss of reelin signaling disrupts ductal tree formation  

 To determine if loss of reelin signaling affects mammary gland development, we 

examined reeler mutant mice and Dab1 knockout mice for possible effects on mammary gland 

morphogenesis. Sections taken through reeler and Dab1 embryos suggested that the initial 

stages of mammary gland development, i.e. mammary bud formation and invagination, were 

normal (data not shown); therefore we focused on postnatal mammary glands. At 6 weeks of 

age, wild-type glands contained an extensive ductal network, extending from the nipple well 

past the inguinal lymph node into the distal fat pad (Figure 1.3A). Many distal branches were 

tipped with terminal end buds (TEBs), suggesting that active ductal growth was in progress. By 

contrast, both reeler and Dab1 mutant glands had very small ductal trees that rarely extended 

even as far as the lymph node (Figure 1.3B, C). TEBs were observed at the ends of some 

branches (Figure 1.3C), but branches without TEBs were also observed. By 2 months of age, 

wild-type glands were fully colonized, with profusely branched ducts extending to the distal end 

of the fat pad, and most TEBs had regressed, indicating that ductal branching and extension 

was nearly complete (Figure 1.3D). By comparison, at the same age, many mutant glands had 

small, underdeveloped ductal trees (Figure 1.3E, F). As seen at 6 weeks, some distal branches 

were tipped with TEBs, but others were not. At 3 months of age, wild-type gland ductal 

branching patterns were not qualitatively different from those seen at 2 months of age (Figure 

1.3G). However, no TEBs were observed in wild-type glands at this age, indicating that the 

glands are fully mature. Mutant animals at 3 months of age showed a variety of phenotypes. 

Some mutant glands had fat pads that were fully colonized by a ductal network (Figure 1.3H, I), 

whereas others had only rudimentary ductal trees (Figue 1.3H’, I’). However, even in mutants 

with fully colonized ducts, the distal branching patterns were qualitatively different from those 
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seen in wild-type mice. These differences were not due to differences in estrous cycle phase. 

Ductal arborization appeared to be less extensive than that in wild-type glands, distal branches 

appeared sparser (insets, Figure 1.3H, I) and occasionally there were multiple branches 

extending from the same location (Figure 1.3H, inset). TEBs were usually not present in mutant 

animals at this age. These observations suggest that initial ductal extension is delayed in all 

mutant animals. In some cases, the early delays were apparently overcome and the animals 

were able to develop more extensive ductal trees, whereas in others, rudimentary ductal trees 

were retained well into adulthood. The absence of TEBs in mutants at later ages suggests that 

despite the apparent failure in ductal extension, the glands have reached maturity. 

 To quantify the differences in ductal development, we first determined whether 

mammary glands had rudimentary ducts, immature ducts, or mature ductal trees. Rudimentary 

ducts had few branches, and no ductal extension past the level of the lymph node (e.g. Figure 

1.3H’, I’), immature ducts showed sparse branching patterns and occasional TEBs (e.g. Figure 

1.3E), whereas mature ductal trees had profuse branches and no evidence of TEBs (e.g. Figure 

1.3G). At 6 weeks of age, about 65% of control wild-type glands had immature ductal patterns, 

whereas the remainder exhibited mature ductal trees (Figure 1.4A). By contrast, rudimentary 

ducts were seen in almost all reeler and Dab1 mutants. At 2 and 3 months of age, all of the 

control glands had mature ductal trees, whereas a substantial fraction of mutant animals 

exhibited either rudimentary or immature ductal trees (Figure 1.4A). Even at 3 months of age, 

rudimentary and immature ductal trees were still observed in mutant animals. 

 Second, we quantified the area of the fat pad occupied by the ductal network. At 6 

weeks of age, mammary ducts filled an average of 76% of the wild-type fat pad, whereas reeler 

and Dab1 mutant mammary fat pads were on average 12.94 and 9.83% colonized, respectively 

(Figure 1.4B). By 2 months of age, wild-type glands were fully colonized with ducts. Although 

some mutant glands were also fully colonized, five of seven reeler mutant glands were only 

partially colonized, with the extent of colonization ranging from 21.23 to 87.92%, and two of five 
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Dab1 mutant glands were minimally colonized, with colonization ranging from 5.00 to 10.04%. 

At three months of age, a number of mutant glands continued to show only partial ductal 

colonization (three of nine reeler glands, 1.53–66.67% of area colonized; four of seven Dab1 

mutant glands, 4.49–56.73% of area colonized), whereas all wild-type glands were fully 

colonized. These observations suggest that persistent changes in mammary gland colonization 

occur in the absence of reelin signaling. 

 

Loss of reelin signaling disrupts gland maturation and ductal branching  

 During mammary gland morphogenesis, ductal growth is heralded by the formation of 

TEBs, enlarged bilaminar structures at the distal tips of growing ducts (Ball, 1998). TEBs are 

present during active ductal growth and are resorbed once the ducts have completed their 

growth (Sternlicht et al., 2006). At 6 weeks of age, five of seven wild-type glands had visible 

TEBs (Figure 1.5A). The remaining two glands were those glands that were 100% colonized by 

ducts, and had no visible TEBs. We interpret this to mean that ductal development in these 

glands was complete and that the TEBs had been resorbed. At the same age, all mutant glands 

examined had visible TEBs. Comparison of the number of TEBs in each type of gland showed 

that mutants had significantly fewer TEBs than wild-type animals (Figure 1.5A). At 2 months of 

age, only three of 12 wild-type glands had TEBs, with an average of 6.7 TEBs per animal. In 

comparison, six of seven reeler mutant glands and two of four Dab1 mutant glands had visible 

TEBs (Figure 1.3E), with an average of 5.9 TEBs per gland. TEBs were also examined in 

histological sections to determine if there were alterations in morphology in mutant animals. At 

two months of age, both reeler –/– and Dab1 –/– glands had terminal end buds resembling those 

seen in 6-week-old wild-type animals (Figure 1.5C-E). TEBs were tipped with a thin cap cell 

layer, which transitioned to a thicker myoepithelial layer at the collar of the TEB. The TEB 

distribution suggests two possibilities: either that at 2 months of age, both wild-type and mutant 

ductal tree development is nearly complete, with only a few residual TEBs remaining; or that, 
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because mutant glands have fewer terminal branches (see below), active growth is continuing, 

albeit with fewer ducts being extended. The normal TEB morphology seen in mutant glands 

supports the latter possibility. By 3 months of age, TEBs were not seen in reeler mutant glands, 

whereas four of eight Dab1 mutant glands still had discernible TEBs, with an average of 8.3 

TEBs per gland. This observation suggests that ductal growth may be complete in reeler 

mutants at this age, whereas development continues in Dab1 mutants. 

 To establish an estimate of the stage of maturity of the glands, we determined the 

average ratio of TEBs to total terminal branches (Table 1.1). At 6 weeks of age, wild-type glands 

had an average ratio of 0.337 (n=7), decreasing to 0.028 at 2 months and 0.000 at 3 months, 

reflecting the maturity of the glands. In comparison, reeler mutant glands at 6 weeks of age had 

a ratio of 0.667 (n=7), which decreased to 0.289 (n=7) at 2 months of age and to 0.000 (n=8) at 

3 months of age. Dab1 mutants showed a similar decrease in TEB/branch ratio from 0.401 

(n=5) at 6 weeks and 0.125 (n=4) at 2 months, but four of eight glands still had visible terminal 

end buds at 3 months of age, producing a TEB/branch ratio of 0.200 (n=8). These ratios 

suggest that reeler and Dab1 mutant glands are still undergoing ductal elongation at 2 months 

of age. By 3 months of age, TEBs were not present in any reeler glands, even in those with 

rudimentary or immature ductal trees. However, some Dab1 mutant glands with rudimentary or 

immature ductal networks still had visible TEBs. These data suggest that gland maturation is 

complete in reeler mutants by 3 months of age, despite the lack of complete ductal trees. 

However, Dab1 mutants might retain the capacity for continued development. 

 We also counted the number of terminal branches, which were defined as distal ductal 

segments exceeding 100 µm in length, present in each gland. At 6 weeks of age, all branches 

were counted, whereas at 2 and 3 months of age, only those branches distal to the inguinal 

lymph node were counted. At all ages, there were on average fewer branches in both reeler and 

Dab1 mutants compared with controls (Figure 1.5B). However, the range of branches was 

variable in mutant animals, with some animals having near normal numbers of branches, 
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whereas others showed significantly reduced branch numbers. This is evidenced by the large 

standard deviations seen in the reeler and Dab1 mutant samples. 

 

Alterations in ductal morphogenesis are not due to maternal hormonal status  

 Reeler and Dab1 mutant mice display altered nervous system anatomy along with 

somewhat stunted growth at younger ages. However, despite grossly abnormal morphology, 

many local and long-distance neural circuits are established correctly (Simmons and Pearlman, 

1983; Yip et al., 2003). The brain abnormalities and the reduced body size suggest that 

hormonal functions governed by the brain might be adversely affected in mutant animals. To 

test this, we performed mammary gland transplantation to introduce mutant mammary gland 

tissue into a wild-type environment. We found that in five out of six glands, wild-type 

transplanted tissue generally formed a robust ductal network. By contrast, in five out of six Dab1 

mutant transplants, transplanted tissue was visible, but mutant tissue either failed to generate a 

ductal network, or, at best, formed a few rudimentary ducts (Figure 1.6). The failure of Dab1 –/– 

epithelium to generate a ductal network, either in situ or following transplantation into a wild-type 

environment, suggests that ductal development is intrinsically impaired in the absence of a 

functional reelin signaling pathway, and that global changes in hormonal levels are not 

responsible for the observed phenotypes. 

 

Loss of reelin signaling alters ductal wall morphology  

 At 6 weeks of age, wild-type glands had a significant number of ducts visible within the 

mammary stroma in histological sections (Figure 1.7). Ductal profiles were rounded or oval, with 

even wall thickness and regularly arranged cell bodies in the walls of the ducts (Figure 1.7A). By 

contrast, reeler and Dab1 mutant animals had few visible ducts, and sections through these 

ducts revealed abnormally thick and disarrayed ductal walls (Figure 1.7B). Many ducts also 

appeared to be occluded (Figure 1.7B’’), suggesting a delay or defect in cavitation. At 2 months 
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of age, control glands were colonized with regularly spaced ducts that had smooth, even walls 

(Figure 1.7C). Sections through the ducts revealed well-defined lumens, even at their most 

distal extent. Luminal cell bodies were arranged in a compact single layer with rounded cellular 

profiles (Figure 1.7C’’). By contrast, reeler and Dab1 mutant mice had thickened ductal walls 

and irregular lumens. Luminal cells appeared to be piled on top of each other, creating a luminal 

wall that was several cell diameters thick (Figure 1.7D’’). Also, as seen in 6-week-old animals, 

the distal ends of some ducts did not have discernible lumens. By 3 months of age, control 

glands had large numbers of ductal profiles. Most ducts had narrow lumens with smooth, even 

ductal walls and tightly juxtaposed cellular profiles (Figure 1.7E, G). By contrast, reeler and 

Dab1 mutant glands exhibited a variety of abnormal phenotypes. Some glands had very few 

ducts, with thicker walls and occluded lumens, similar to those seen at 2 months of age, 

whereas others had a large number of ducts with swollen, severely distended lumens (Figure 

1.7F). Ducts with swollen lumens had luminal walls that appeared thinner and lacked the 

compact arrangement of epithelial cells seen in control animals. Instead, luminal cells had 

elongate nuclei arranged parallel to the lumen (Figure 1.7F’). In addition, these ducts appeared 

to have thinner layers of smooth muscle surrounding the duct. Distal profiles were irregular in 

shape and many lacked clearly defined lumens (Figure 1.7F’’, H’’). 

 Ducts from both wild-type and Dab1 mutant animals at 2 months of age expressed 

markers for basal cells (K14) and for luminal epithelial cells (K8/18 and NKCC1). K14 labeling 

was present in the basal cell layer surrounding the luminal epithelial cells in both wild-type and 

mutant ducts, although labeling appeared somewhat denser in Dab1 mutant animals, 

suggesting there may be more basal cells in these mutants (Figure 1.7I). K8/18 and NKCC1 

were both expressed in luminal epithelial cells (Figure 1.7J, K); several layers of cells appeared 

to express these antigens in mutant animals, whereas a single layer of cells showed expression 

in wild- type animals. Thus, our results demonstrate that all expected components of the ductal 
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wall are present and identifiable in mutant animals, but that the organization and placement of 

cells differs in mutants. 

 

 

Ductal cell proliferation is altered in the absence of reelin signaling  

 To determine if ductal wall thickening and hypertrophy of the ducts stemmed from 

changes in the proliferation of ductal cells, we performed Ki67 labeling. As expected, 

examination of the sectioned profiles in both reeler and Dab1 mutants showed thickened ductal 

walls and frequent occluded tubules. Ki67-positive cells were prevalent in both thickened tubule 

walls and in occluded ducts in Dab1 mutants (Figure 1.8F, H), suggesting a relatively high rate 

of cell proliferation in both of these types of structures. This suggests that the increased 

thickness of the tubule walls may stem from increased cell proliferation in the mammary 

epithelium. By contrast, reeler mice had few Ki67-positive cells in either type of profile (Figure 

1.8E, G). In these animals, cell proliferation may have occurred at earlier ages, producing the 

thickened ductal walls and occluded tubules that are present in these mutants. We then 

quantified the percentage of Ki67-positive cells in wild-type and mutant animals (Table 1.2). As 

a baseline measure of proliferation, we counted the number of Ki67-positive profiles in sections 

through the lymph nodes. Baseline proliferation rates appeared somewhat lower in mutant 

animals than in wild-type animals (Figure 1.8), so we determined the ratio of proliferating cells in 

the mammary ducts vs proliferation in the lymph nodes for further comparisons. In wild-type 

mammary ducts, an average of 8.75% of the total number of cells was labeled with Ki67, 

compared with an average of 16.76% of cells in the lymph node, producing a ratio of 0.522. This 

rate of proliferation probably reflects the normal turnover of cells in the mature mammary 

epithelium. In reeler mutants, only 1.7% of cells in the mammary ducts were labeled with Ki67, 

compared with 9.7% in the lymph node (ratio=0.175). By contrast, in Dab1 mutant mice, 14.5% 

of cells in the mammary ducts were labeled, along with 13.9% of cells in the lymph node 
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(ratio=1.043). These results suggest a very low level of cell proliferation in reeler mutants, but 

an increased rate of proliferation in Dab1 mutants. 

 

 

MEC migration is inhibited in the absence of reelin signaling  

 Because reelin signaling is known to be instrumental in regulating neuronal migration, 

we wondered whether it might have a similar function in regulating the migration of MECs. 

Therefore, we isolated wild-type MECs and examined their migration in transwell assays in the 

presence or absence of soluble reelin. MECs showed significantly reduced migration in the 

presence of reelin-secreting pCrl cells or pCrl-conditioned media (Figure 1.9). We noted a more 

prominent reduction in MEC migration in the presence of pCrl-conditioned medium (Figure 1.9) 

that may be due to a higher concentration of reelin in conditioned media than in live cell culture. 

 We performed similar experiments using MECs isolated from reeler mutants (Figure 

1.9). In this experiment, we expected that reeler mutant MECs would behave like wild-type cells, 

as the cellular machinery permitting a response to reelin signaling should be intact in these 

cells. As shown in Figure 1.9, reeler mutant MECs behaved similarly to wild-type MECs, with 

reduced migration in the presence of pCrl cells or conditioned medium. Again, a greater 

reduction in migration was observed with conditioned medium than with live cell cultures. 

 We also performed the same experiment using MECs isolated from Dab1 mutants. We 

expected that Dab1 mutant cells would not respond to the presence of reelin in the transwells, 

as disruption of the Dab1 gene ablates the canonical reelin signaling pathway cell 

autonomously. Dab1 mutant MEC migration was not impeded either by the presence of pCrl 

cells or by pCrl-conditioned media. The migration rate of Dab1 mutant cells even appeared to 

increase slightly in the presence of pCrl cells or conditioned media, although these increases 

were not statistically significant. These observations support the hypothesis that reelin may act 
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directly on MECs to limit their migration, and that disrupting the reelin signaling pathway 

abrogates the effect of reelin on MEC migration. 

 

 

 

Discussion 

 Several lines of evidence support a role for reelin signaling in mammary gland 

morphogenesis. First, disruption of the reelin signaling pathway in both reeler and Dab1 mutants 

alters ductal development and arborization. Second, transplantation studies demonstrate a 

requirement for intact reelin signaling in promoting ductal outgrowth. Third, reelin has direct and 

demonstrable effects on the migration of mammary epithelial cells. Taken together, these 

observations suggest a pivotal role for reelin signaling in regulating mammary ductal 

development.  

 The molecular mechanisms of reelin signaling have been widely studied in the central 

nervous system. Extracellular reelin binds to ApoER2 and VLDLR receptors, triggering the 

phosphorylation of Dab1 and initiating a cascade of events leading to microtubule stabilization 

(reviewed by Herz and Chen, 2006). The expression of reelin, ApoER2, VLDLR and Dab1 in 

and around the mammary bud and in the luminal epithelial and periductal stroma of the mature 

gland suggests that an identical chain of events is utilized in the mammary gland. The early 

distribution of Dab1 and reelin suggests that reelin expressed in the epithelium may regulate the 

migration or positioning of Dab1-expressing cells in the invaginating mammary bud; however, 

loss of reelin or Dab1 does not disrupt early mammary bud development. 

 In the maturing gland, reelin was expressed in the periductal stroma and myoepithelial 

layers surrounding the luminal epithelium, whereas Dab1 was expressed in a complementary 

pattern in the luminal epithelium. This arrangement suggests that reelin from the stromal and 

myoepithelial layers might provide a signal to the Dab1- expressing cells in the luminal 
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epithelium. Reelin is a large extracellular matrix glycoprotein (D’Arcangelo et al., 1995); 

therefore, one possibility is that reelin is a component of the mammary gland extracellular matrix 

(ECM). Interactions between luminal epithelial cells and the surrounding ECM are crucial for 

directing epithelial organization and cavitation, as well as for establishing the position of ductal 

branch points (reviewed by Gjorevski and Nelson, 2009). During cavitation, luminal cells that 

maintained contact with the basal lamina persisted, whereas detachment from the basal lamina 

led to apoptosis, leaving an organized epithelium surrounding a hollow central lumen. In the 

absence of reelin signaling, mammary ducts developed thick, multilayered walls and often 

remained occluded. These phenotypes suggest disruption of interactions between the luminal 

epithelial cells and the ECM, such that the signals necessary to induce apoptosis are not 

properly transmitted, leading to the presence of occluded ducts. In contrast to the thickened 

walls and lack of cavitation, some ducts appeared distended, with thin epithelial walls. Bloating 

of these ducts may be caused by a lack of structural integrity in the epithelial walls also as a 

result of disrupted matrix interactions; the epithelial walls then become distended due to 

pressure from the lumen. 

 Thickened ductal walls and occluded tubules suggest that additional cells are present in 

the mutant ducts. The additional cells could reflect a failure in cell death, as might be produced 

by disruptions in the interactions with the ECM, or might reflect increased cell proliferation. Ki67 

labeling suggests an increased rate of cell proliferation in Dab1 mutant glands, lending some 

credence to the second hypothesis. However, this increased cell proliferation might also indicate 

an earlier phase of ductal development, suggesting that Dab1 mutant ducts are less mature 

than comparably aged reeler or wild-type ducts. If this is the case, then one might expect that 

rates of cell proliferation would decrease in older glands, and this remains to be tested. 

Alternatively, if high rates of cell proliferation are retained at later ages, then these cells might 

represent carcinoma in situ. Loss of reelin signaling has been linked to increased motility and 

invasiveness in pancreatic cancer (Sato et al., 2006); similar activities might occur in the 
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mammary gland. Owing to the limited survival of older mutant animals, it remains to be seen if 

mammary tumors develop at a higher rate in reeler or Dab1 mutants. 

 One possible explanation for the observed mammary gland phenotypes might be a 

global delay in development. Reeler and Dab1 mutant mice are generally smaller than wild-type 

mice and have abnormal brain structures that could result in disruptions in hormone production 

and/or secretion, altering mammary gland development (Hennighausen and Robinson, 2005). 

Whereas these processes could be contributing factors, particularly to the early delays in ductal 

morphogenesis observed in virtually all mutant mice, our transplantation studies suggested that 

the probable cause of later phenotypes, including decreased branching and ductal wall 

abnormalities, is the intrinsic disruption of reelin signaling. The retraction of TEBs in mutants, 

even in the absence of complete ductal elongation, suggested that maturation of the gland had 

occurred and that limited ductal arborization was a persistent and permanent phenotype. TEBs 

depend on signals from a variety of growth factors, including IGF-1, growth hormone and sex 

steroids (Kleinberg and Ruan, 2008), and these signals may also be disrupted in reeler and 

Dab1 mutants. 

 The isolation of mammary stem cells (MaSCs) (Shackleton et al., 2006) illustrates a key 

player in the expansion of the ductal network during puberty and pregnancy. MaSC expansion is 

normally restricted by Notch signaling (Bouras et al., 2008). Recent findings in the CNS suggest 

that Notch is a downstream mediator of reelin signaling (Hashimoto-Torii et al., 2008). In the 

mammary gland, loss of reelin signaling and a concomitant decrease in Notch expression might 

lead to the expansion of the MaSC population; this might be reflected in the increased K14 

expression evident in reeler and Dab1 mutants. However, this might also predict an increase in 

ductal growth and expansion, which is clearly not seen in these mutants, suggesting that 

additional signals might be required to stimulate stem cell proliferation and contribution to ductal 

growth. However, an expanded stem cell population might also predispose mutant ducts to 

increased tumorigenesis, which remains to be seen. 
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 Our finding that MEC migration was slowed in the presence of reelin suggests a direct 

effect of reelin signaling on the cellular machinery of MECs. In neurons, reelin signaling initiates 

a cascade of events, ultimately inhibiting the phosphorylation of tau protein and stabilizing the 

cytoskeleton (reviewed by Herz and Chen, 2006). Knocking down expression of reelin pathway 

components increases the migration of pancreatic cancer cells (Sato et al., 2006), and our 

results showed similar effects on the migration of mammary epithelial cells. Thus, reelin in the 

extracellular matrix surrounding the developing ducts might serve to inhibit the migration of 

mammary epithelial cells, constraining these cells to remain within the luminal epithelium. In the 

absence of reelin signaling, enhanced cell migration could contribute to the abnormal ductal 

morphology, particularly to the increased thickness of the ductal walls. This phenotype may 

reflect an effort by mammary epithelial cells to continue migrating, even in the presence of a 

stabilizing extracellular matrix. This might lead to changes in cell layering, similar to changes 

seen in the developing brain and evidenced as thickened ductal walls or possibly at later stages 

to carcinoma in situ. 

 In summary, we have found a novel, independent role for reelin signaling in mammary 

gland morphogenesis. Reelin signaling is required for the extension and elaboration of the 

mammary ductal network, as well as for the organization of the luminal epithelial wall. Loss of 

reelin signaling results in increased proliferation and migration of luminal mammary epithelial 

cells; these changes may stem from disrupted interactions with the extracellular matrix. These 

studies demonstrate an important role for reelin signaling in shaping the mammary gland and 

provide the first evidence that reelin signaling may be crucial for regulating the migration and 

organization of non-neural tissues. 
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Figures 

 

Figure 1.1. Expression of reelin signaling pathway components in the embryonic 
mammary gland.  
(A-D) Dab1 reporter gene expression in whole embryos at E12.5 (A, B) and E14.5 (C, D). 
Reporter gene expression is evident in the forebrain (A, C, asterisks), in the developing limb (B, 
arrowhead) and in the mammary placodes (B, D, arrows). B and D are higher magnification 
lateral views of the embryos in A and C, respectively. (E) RT-PCR detection of VLDLR and 
ApoER2 in wild-type E13.5 embryonic tissues. (F, G) Mammary buds at E14.5 visualized for 
lacZ reporter gene expression (F, arrow) and anti-Dab1 immunohistochemistry (G, arrow). (H) 
Double labeling for the Dab1lacZ reporter gene (blue, arrow) and anti-reelin (brown, double 
arrows). Reelin is expressed in the abdominal epithelium but is excluded from the adjacent limb 
epithelium (arrowheads). FL, forelimb; Hd, head; HL, hindlimb; Li, liver; MG, mammary gland. 
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Figure 1.2. Reelin and Dab1 expression in the adult mammary gland.  
(A-D) Dab1 is expressed in the luminal epithelium of adult females (A, C, D arrows). Reelin (B, 
D) is expressed in a complementary pattern in the periductal stroma (B, arrow; D, double 
arrow). (E-H) Serial sections through the same duct labeled for K8/18 (E), K14 (F), Dab1 (G) 
and reelin (H) confirm that Dab1 is expressed in the luminal cells and reelin is expressed in the 
periductal stroma. 
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Figure 1.3. Loss of reelin and Dab1 expression delays and disrupts ductal tree formation.  
(A) Wild-type mammary gland with immature ductal arborization. Arrowheads indicate TEBs. (B, 
C) Reeler and Dab1 mutant mammary glands with rudimentary ductal arborization. Mammary 
ducts are indicated with the dotted outlines. (D) Wild-type mammary gland with mature 
arborization. The arrowhead indicates a distal TEB. (E) Reeler mutant mammary gland with 
immature arborization. The arrowhead indicates a TEB. (F) Dab1 mutant mammary gland with 
rudimentary ductal arborization. Mammary ducts are indicated by the dotted outline. (G) Wild-
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type mammary gland with mature arborization. The inset shows higher magnification of the 
terminal branches in the outlined area. (H, H’) Reeler mutant mammary glands with mature (H) 
and rudimentary (H’) ductal arborization. Insets show terminal branching (H) or the complete 
ductal network (H’). An abnormal branch point is indicated by the arrow in the H inset. (I, I’) 
Dab1 mutant mammary glands with mature (I) and rudimentary (I’) arborization. Insets show 
terminal branching (I) or the complete ductal network (I’). All panels show the #4 inguinal 
mammary gland, oriented with the nipple to the right. N, inguinal lymph node. 
 
 
 

 
 
Figure 1.4. Mutant animals have rudimentary or immature ducts and show decreased fat 
pad colonization.  
(A) Distribution of rudimentary, immature and mature ductal branching phenotypes in wild-type, 
reeler (Rl–/–) and Dab1–/– mice at 6 weeks, 2 months and 3 months of age. (B) Quantification of 
the fat pad area occupied by ductal branches in wild-type, Rl–/–, and Dab1–/– mammary glands at 
6 weeks, 2 months and 3 months of age. Horizontal bars across each group of points designate 
the average area occupied, with the standard deviation indicated by vertical bars flanking each 
group of points. Significance was determined using t-test comparisons between wild-type and 
mutant groups assuming unequal variance. WT, wild type. 
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Figure 1.5. TEB distribution and morphology.  
(A, B) TEBs were counted in 6-week-old mammary glands (A), whereas terminal branches were 
counted at 6 weeks, 2 months and 3 months of age (B). For 2- and 3-month-old glands, only 
those terminal branches extending past the level of the inguinal lymph node were counted. WT: 
n=7 (6 weeks), n=12 (2 months), n=7 (3 months); Rl–/–: n=7 (6 weeks), n=7 (2 months), n=8 (3 
months); Dab1–/– n=5 (6 weeks), n=4 (2 months), n=8 (3 months). Statistical significance was 
determined using t-test comparisons assuming unequal variance. Error bars indicate s.d. (C-E) 
Sections through TEBs in a wild-type gland at 6 weeks of age (C), and through reeler (D), and 
Dab1 (E) mutant glands at 2 months of age. Cap cells (arrows) are seen at the distal tip of all 
three TEBs and the transition point from cap cells to myoepithelial cells is marked with 
arrowheads. WT, wild type. 
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TEB/Branch Ratio 
 WT Rl-/- Dab1-/- 

6 weeks 0.337, n=7 0.677, n=7 0.401, n=5 

2 months 0.028, n=9 0.289, n=7 0.125, n=4 

3 months 0.000, n=6 0.000, n=8 0.200, n=8 

 
Table 1.1. The average ratio of TEBs to total terminal branches. 
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Figure 1.6. Mutant tissue transplanted into wild-type hosts fails to elaborate a ductal 
network.  
(A) Mammary ducts extend from a fragment of a wild-type gland (outlined) in the cleared fat pad 
of a wild-type host. (B, C) Transplanted Dab1 mutant gland fragments (outlined) fail to extend 
ducts (C) or extend only rudimentary ducts (B).  
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Figure 1.7. Mutant mammary ducts have altered morphology.  
(A-H) Low magnification views of hematoxylin and eosin-stained sections taken from inguinal 
mammary gland #4. (A’-H’, A’’-H’’) Higher magnification views of selected ductal profiles from 
the corresponding section. The inguinal lymph node (N) is included at the top or top left of all 
low magnification sections for orientation. (I, I’) K14 expression in wild-type and Dab1 mutant 
ducts. (J, J’) K8/18 expression in wild-type and Dab1 mutant ducts. (K, K’) NKCC1 expression in 
wild-type and Dab1 mutant ducts. Insets show higher magnification views of the associated 
panels. 
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Figure 1.8. Ki67 labeling shows altered proliferation in mutant ducts.  
(A, D) Wild-type inguinal lymph node (A) and mammary duct (D) labeled for Ki67 expression 
(brown label). (B, E, G) Ki67 labeling of lymph node (B) and mammary ducts (E, G) in reeler 
mutant. (C, F, H) Ki67 labeling of lymph node (C) and mammary ducts (F, H) in Dab1 mutant. 
Occluded ducts were seen in both reeler (G) and Dab1 (H) mutants. All sections are from 
animals at 3 months of age. 
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Percentage of Ki67-labeled cells 

 Lymph Node Mammary Ducts Ratio 

WT 16.76, n=8 8.75, n=19 0.522 

Reeler-/- 9.7, n=4 1.7, n=9 0.175 

Dab1-/- 13.9, n=4 14.5, n=19 1.043 

 
Table 1.2. The percentage of Ki67-positive cells in wild-type and mutant mice. 
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Figure 1.9. Exogenous reelin inhibits MEC migration.  
Migration of primary MECs in transwell assays. Wild-type, Rl–/– or Dab1–/– MECs were 
introduced into transwells in the presence of control cells, control conditioned medium, reelin-
secreting cells or reelin-secreting cell conditioned medium. Mean cell migration rate was 
calculated as a percentage of the migration rate observed in the presence of DMEM+FBS 
alone; error bars indicate s.d. Statistical significance was determined using two-sample t-test 
comparisons assuming equal variance. 293T, control cells; 293T CM, control conditioned 
medium; pCrl, reelin-secreting cells; pCrl CM, reelin-secreting cell conditioned medium. 
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CHAPTER TWO: Reelin deficiency delays mammary tumor growth and metastatic 

progression 

 

Abstract 

 Reelin is a regulator of cell migration in the nervous system, and has other functions in 

the development of a number of non-neuronal tissues. In addition, alterations in reelin 

expression levels have been reported in breast, pancreatic, liver, gastric, and other cancers. 

Reelin is normally expressed in mammary gland stromal cells, but whether stromal reelin 

contributes to breast cancer progression is unknown. Herein, we used a syngeneic mouse 

mammary tumor transplantation model to examine the impact of host-derived reelin on breast 

cancer progression. We found that transplanted syngeneic tumors grew more slowly in reelin-

deficient (rlOrl-/-) mice and had delayed metastatic colonization of the lungs. 

Immunohistochemistry of primary tumors revealed that tumors grown in rlOrl -/- animals had fewer 

blood vessels and increased macrophage infiltration. Gene expression studies from tumor 

tissues indicate that loss of host derived reelin alters the balance of M1- and M2-associated 

macrophage markers, suggesting that reelin may influence the polarization of these cells. 

Consistent with this, rlOrl -/- M1-polarized bone marrow-derived macrophages have heightened 

levels of the M1-associated cytokines iNOS and IL-6. Based on these observations, we propose 

a novel function for the reelin protein in breast cancer progression. 
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Introduction 

The reelin signaling pathway is widely recognized as an important regulator of cell 

migration in the developing central nervous system (Fatemi, 2008; Honda et al., 2011; 

Abadesco et al., 2014; D’Arcangelo, 2014). Reelin is a glycoprotein secreted into the 

extracellular matrix, and canonically signals by binding to low-density lipoprotein receptors Apo 

E receptor 2 (ApoER2) and very low-density lipoprotein receptor (VLDLR) located on the 

surface of reelin-responsive cells (Herz and Chen, 2006).  Binding of reelin to its receptors 

recruits the intracellular adaptor protein Disabled-1 (Dab1), which is phosphorylated by Src 

family kinases on tyrosine residues (Bock and Herz, 2003; Kuo et al., 2005). Phosphorylated 

Dab1 activates multiple downstream effectors, including phosphatidylinositol-3-kinase 

(PI3K)/Akt and C3G/Rap1 (Honda et al., 2011). This cascade of signaling events leads to 

changes in cytoskeleton stabilization, allowing reelin to orchestrate cell migration in the central 

nervous system. Although the primary mode of reelin signaling involves binding to lipoprotein 

receptors and activation of Dab1, a growing body of evidence suggests that reelin is also able to 

signal via non-canonical pathways that may involve other receptors and downstream effectors. 

For example, activation of extracellular-signal-regulated kinase 1/2 (Erk1/2) by reelin does not 

involve ApoER2 or VLDLR, and seems to be independent of Dab1 (Lee et al., 2014). However, 

the exact mechanisms of non-canonical reelin signaling remain poorly understood.    

Recent studies have identified a number of non-neuronal functions for reelin (Botella-

López et al., 2008; Lutter et al., 2012; Diaz-Mendoza et al., 2014; Tseng et al., 2014; Vázquez-

Carretero et al., 2014). For example, reelin signaling was found to regulate the homeostasis of 

the intestinal crypt-villus unit, formation of thrombin clots, and to be important for establishment 

of the lymphatic vasculature (Lutter et al., 2012; Tseng et al., 2014; Vázquez-Carretero et al., 

2014). Our laboratory found that canonical reelin signaling is essential for proper mammary 

gland development (Khialeeva et al., 2011). Reelin is normally expressed in the myoepithelial 

layer and the stroma of the developing and mature mammary ducts, while Dab1 is expressed in 
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the luminal epithelium. Reelin and Dab1 coordinate ductal extension and refine the morphology 

of the mammary ducts. Absence of canonical reelin signaling results in ductal growth delays, 

abnormal branching patterns and disorganized cellular layers within the mammary ducts 

(Khialeeva et al., 2011). Alterations in reelin signaling have been reported in pancreatic, gastric, 

prostate, and esophageal cancers (Wang et al., 2002; Perrone et al., 2007; Hong et al., 2008; 

Dohi et al., 2010). Interestingly, reelin expression is lost in many human breast tumors, and the 

loss of reelin protein correlates with poor survival (Stein et al., 2010), but the mechanisms by 

which reelin may affect breast cancer progression in vivo remain to be determined.  

To better understand the relationship between reelin signaling and breast cancer, we 

monitored mammary tumor growth and metastatic progression following transplantation of 4T1 

mouse mammary tumor cells into mice that lack functional reelin protein (rlOrl -/-) or canonical 

reelin signaling (Dab1-/-). We chose the 4T1 mammary tumor transplantation model for two 

reasons. First, 4T1 cells mimic stage IV human breast cancer, and rapidly form primary tumors 

and spontaneous lung metastases when orthotopically injected into Balb/C mice (Pulaski and 

Ostrand-Rosenberg, 2001). Second, the 4T1 model allows us to study tumor progression in 

immunocompetent mice carrying the rlOrl mutation, and provides us with the ability to address 

the contribution of the host immune response to the growth of primary tumors and metastasis.  

We report that the absence of reelin from the host environment delays primary tumor 

growth and metastatic spread of mammary carcinoma cells, possibly via alterations in the 

cytokine expression profile of tumor-associated macrophages (TAMs). Loss of reelin does not 

directly affect tumor cells, but may modulate the activation of macrophages in the tumor 

microenvironment, diminishing their tumor-promoting properties. Furthermore, these effects of 

reelin likely do not stem from canonical reelin signaling, as tumor growth and metastasis are not 

affected in Dab1-/- mice. Our results indicate a novel function for the reelin protein in mammary 

tumor progression, and suggest possible roles for reelin in macrophage activation. 
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Materials and Methods 

Mouse lines 

All animal studies were conducted in accordance with the UCLA Office of Animal 

Research Oversight and Institutional Animal Care and Use Committee protocols. Reeler 

Orleans (rlOrl -/-) mice were obtained from a breeding colony maintained at UCLA.  These mice 

carry a naturally occurring mutation, in which a transposon insertion leads to exon skipping and 

a 220 bp deletion in the reelin mRNA (Takahara et al., 1996). The resulting reelin protein is 

truncated and is not secreted (De Bergeyck et al., 1997). CBy.129S4-Dab1tm1cpr/J (Dab1 -/-) mice 

were purchased from the Jackson Laboratory, and carry a targeted disruption of the protein-

interacting (PI/PTB) domain of Dab1 (Howell et al., 1997). Dab1 -/- mice were maintained on the 

Balb/C background by the Jackson Laboratory at the time of purchase. RlOrl mice were initially 

on a mixed, 70-75% Balb/C and 20-25% 129/Sv background, and were backcrossed to the 

Balb/C strain for three generations to obtain ≥95% Balb/C offspring. The genetic background of 

Dab1 and rlOrl lines was confirmed by single nucleotide polymorphism (SNP) scanning (The 

Jackson Laboratory). The use of a Balb/C background is necessary for histocompatibility, as 

4T1 cells are derived from Balb/C mice (Pulaski and Ostrand-Rosenberg, 2001).  Homozygous 

mutant and wild type control female offspring were obtained from intercrosses of heterozygous 

rlOrl +/- or Dab1+/- animals. RlOrl and Dab1 mice were genotyped by PCR as described (Takahara 

et al., 1996; Howell et al., 1997). 

 

Cell lines 

The 4T1 cell line was purchased from American Type Culture Collection, and maintained 

according to ATCC guidelines. Cells were cultured in RPMI-1640 medium (Life Technologies) 

supplemented with 10% fetal bovine serum (FBS, Omega) and 100 u/mL penicillin/streptomycin 

(Life Technologies). Sub-confluent cultures were treated with 0.25% trypsin-EDTA (Life 
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Technologies) and passaged, or counted using a hemocytometer and used for in vitro or in vivo 

experiments.  

The reelin-secreting HEK293T cell line (stably transfected with a full-length reelin clone) 

was kindly provided by Dr. Tom Curran, Children’s Hospital of Philadelphia, PA, USA 

(D’Arcangelo et al., 1999). The control HEK293T cell line was kindly provided by Dr. Harley 

Kornblum, University of California Los Angeles, CA, USA. Both cell lines were cultured in 

DMEM (Life Technologies) supplemented with 10% FBS and 100 u/mL penicillin/streptomycin. 

Conditioned media was collected from confluent cells after 48 hours of culture, centrifuged at 

600 g for 10 min, and the supernatant was collected and used immediately for treatment of 4T1 

cells and migration assays.  

 

Mammary epithelial cell (MEC) purification 

MECs were purified as previously described (Ewald, 2013). Briefly, pairs of #3 thoracic 

and #4 inguinal mammary glands were dissected from 8-10 week-old female mice, minced and 

incubated in DMEM/F12 (Corning) containing 5% FBS, 100 u/mL penicillin/streptomycin, 2 

mg/mL collagenase IV (Sigma), 2 mg/mL trypsin (Sigma), and 5 µg/mL insulin (Life 

Technologies) on an orbital shaker at 100 RPM, 37°C, for 1 hr. Digested tissue was treated with 

4 u/mL DNAse (Sigma), and organoids containing MECs were purified by repeated pulse 

centrifugation.  

 

Transwell migration assay 

105 4T1 cells in serum-free DMEM were seeded on top of Boyden transwells fitted with 

membranes containing 8 µm pores, and allowed to migrate overnight in response to conditioned 

media from reelin-secreting HEK293T cells or control HEK293T cells with 10% FBS. Cell nuclei 

were stained with DAPI, and membranes were imaged on a Zeiss Axioskop with a cooled CCD 

camera. Four evenly spaced 100X fields per membrane were photographed and used to count 
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the number of cells that migrated through the membrane.  Cell counts were used to determine 

the average number of migrating cells for each membrane.  

 

Tumor challenge 

105 4T1 cells in HBSS were injected into the left #4 mammary fat pad of homozygous 

mutant and control wild type rlOrl or Dab1 8-10 week-old female mice. The tumor diameters were 

measured every 3-4 days beginning on day 11 after transplantation using electronic calipers. 

The tumor volume was calculated using the formula L x W 2 x 0.52, where L = longest diameter, 

and W = perpendicular diameter (Kim et al., 2011). All mice were sacrificed before the primary 

tumor diameter reached 1.5 cm or when the animals became moribund.  

 

Micrometastasis assay 

Lungs from tumor-bearing mutant and wild type rlOrl or Dab1 mice were dissected in 

sterile conditions, and lung tissue was processed as described (Pulaski and Ostrand-

Rosenberg, 2001). Briefly, lungs were minced and incubated in digestion buffer containing 

collagenase I (Sigma) for 1 hour at 37°C. Digested tissue was sieved through 70 µm cell 

strainers, and red blood cells were lysed in RBC lysis buffer (StemCell Technologies). The 

resulting cell suspension was serially diluted into 6-well plates in RPMI-1640 medium 

supplemented with FBS and penicillin/streptomycin. The next day, medium was replaced with 

complete RPMI-1640 containing 60 µM 6-thioguanine. After 10 days of incubation, resistant 4T1 

colonies were stained with methylene blue and counted. The number of 4T1 colonies was 

equated to the number of 4T1 cells in the seeded cell suspension, normalized to the number of 

cells plated, and the resulting percentage was reported as the metastatic burden. 
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Immunohistochemistry and histology 

For paraffin-embedded samples, dissected tumor slices were fixed overnight in Bouin’s 

fixative, washed, dehydrated, and embedded in paraffin. For frozen samples, tumor slices were 

fixed in 4% paraformaldehyde for 4 hours, cryoprotected in 30% sucrose and embedded in 

Optimal Cutting Temperature compound (Sakura).   

For Ki-67 and CD31 labeling, paraffin-embedded samples were sectioned at 10 µm. The 

sections were rehydrated through graded ethanols and boiled in 10 mM sodium citrate buffer to 

retrieve antigens. After blocking endogenous peroxidases, as well as avidin and biotin, sections 

were incubated with primary, and then biotinylated secondary antibodies. The antibodies used 

were rabbit anti-Ki-67 (1:500, Vector Labs), rat anti-CD31 (1:200, Dianova), biotinylated goat 

anti-rabbit (1:500, Jackson Immunoresearch), biotinylated donkey anti-rat (1:500, Jackson 

Immunoresearch). The antibodies were visualized using an ABC Elite Kit (Vector Labs) and 

diaminobenzidine (DAB) staining. Cell nuclei were counterstained with hematoxylin.  

For F4/80 labeling, 10 µm frozen sections were treated with 1% Triton X-100 (Sigma), 

blocked with donkey serum, and incubated with primary antibody, then AlexaFluor 594-

conjugated secondary antibody. Cell nuclei were counterstained with DAPI. The antibodies used 

were rat anti-F4/80 (1:1000, Abbiotec), Alexa Fluor 594 donkey anti-rat (1:500, Life 

Technologies).  

For histological evaluation of tumor sections, 10 µm paraffin sections were rehydrated 

through graded ethanols and stained with hematoxylin and eosin.  

For Ki-67 labeling analysis, Ki-67-positive and Ki-67-negative cell nuclei were counted in 

4 random fields per sample using the ObjectJ plugin in ImageJ (NIH), and the average 

percentage of Ki-67-positive nuclei was calculated for each sample. Each analyzed field 

contained at least 500 total cells. For CD31 and F4/80 labeling analysis, 6 random 200X fields 

per sample were imaged, DAB signal (for CD31) or AlexaFluor 594 signal (for F4/80) was 
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thresholded in ImageJ, and the average percentage of CD31-positive or F4/80-positive area 

was calculated for each sample. 

 

Quantitative PCR (qPCR) 

RNA from tumor tissues or cells was extracted using TRI reagent (Sigma), and the 

cDNA was generated using an iScript cDNA Synthesis kit (Bio-Rad). qPCR was carried out 

using the KAPA SYBR FAST master mix (KAPA Biosystems) on a Light Cycler 480 (Roche). 

Expression values were normalized to the housekeeping gene 36b4/RPLP0. Primer sequences 

are listed in Table 2-1.   

 

Western blotting 

Tumor tissue was homogenized in radioimmunoprecipitation (RIPA) buffer containing 

phosphatase inhibitor cocktail (Zmtech scientific). Protein samples (35 µg) were separated on 4-

12% Bis-Tris SDS-PAGE gels (Life Technologies), and transferred onto Immuno-Blot PVDF 

membranes (Bio-Rad). Membranes were blocked in PBS with 5% skim milk and 0.1% Tween-

20 for 1 hour, and incubated with primary antibodies overnight at 4°C, then with secondary 

antibodies for 30 min at room temperature. Protein bands were detected using the ECL Western 

blotting detection reagent (GE Amersham). Band intensities were quantified using ImageJ and 

relative protein levels were normalized to β-actin levels. The following antibodies were used: 

mouse anti-arginase-1 (1:4000, BD Biosciences), mouse anti-β-actin (1:10,000, Sigma), mouse 

anti-reelin (1:500, Millipore), peroxidase conjugated goat anti-mouse (1:3000, Cell Signaling).  

 

Bone marrow-derived macrophage (BMDM) culture 

Femurs and tibias were collected from 6-8 week old female mutant and wild type rlOrl and 

Dab1 mice. BMDM cultures were prepared as described (York et al., 2015). Briefly, the bone 

marrow was flushed and passed through 26G needles to generate a single cell suspension and 
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the red blood cells were lysed in RBC lysis buffer. The remaining cells were counted, and equal 

numbers were plated into 6-well plates. Macrophages were differentiated over the course of 7 

days in DMEM with addition of 20% FBS, 100 u/mL penicillin/streptomycin, 2 mM L-glutamine 

(Life Technologies), 0.5 mM sodium pyruvate (Life Technologies), and 5% conditioned media 

from CMG 14-12 cells, which contains macrophage colony-stimulating factor (M-CSF). To 

generate M1 polarized macrophages, BMDM were treated with 50 ng/mL IFN-γ (Life 

Technologies) and 100 ng/mL LPS (InvivoGen) overnight.  
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Results 

Reelin influences mammary tumor growth and metastasis in vivo 

Loss of reelin expression in breast tumors correlates with poor patient prognosis and 

survival (Stein et al., 2010). In order to better understand the impact of reelin on the progression 

of breast cancer, we examined growth of 4T1-derived mouse mammary tumors in syngeneic 

reelin-deficient mice (rlOrl -/-). Tumor development was initiated by injecting the mammary fat 

pads of female rlOrl -/- mice or wild type rlOrl +/+ controls with 105 4T1 cells. Primary tumors grew 

more slowly in rlOrl -/- mice (Figure 2.1A), and weighed significantly less than tumors from wild 

type control mice 25 days after the 4T1 cell injection (Figure 2.1B). Mice with mutations in the 

reelin gene are usually smaller in size than their wild type and heterozygous littermates, and the 

rlOrl -/- mice used in our study also weighed significantly less than the rlOrl +/+ controls (Figure 

2.1C) (Falconer, 1951). However, tumor growth had no impact on the overall weight of tumor-

bearing animals, as the body weight of rlOrl -/- and rlOrl +/+ mice did not change significantly from 

day 1 to day 25 (Figure 2.1C). The metastatic spread of 4T1 cells to the lungs was assessed by 

a micrometastasis assay. In rlOrl +/+ mice, the tumor cells on average comprised 0.36% of all cells 

in lung suspensions (Figure 2.1D). The rate of lung metastasis in rlOrl +/+ mice was similar to that 

in Balb/C mice co-injected with 105 4T1 cells in the same experiment, and resembled previously 

published results from other groups  (Figure 2.1E) (Thomas and Fraser, 2003; DuPré et al., 

2007; Chen et al., 2010). We observed a significant reduction of the metastatic burden in the 

lungs of rlOrl -/- mice (Figure 2.1D, E). These results indicated that the absence of reelin from the 

host environment impedes growth of primary 4T1-derived tumors and metastatic progression in 

vivo.  

 

Reelin does not directly affect migration or growth of 4T1 cells 

Next, we asked whether reelin could impact tumor growth via direct effects on 4T1 cells. 

Previous studies showed that primary mammary epithelial cells (MECs) normally express reelin, 
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Dab1, and the reelin receptors ApoER2 and VLDLR (Khialeeva et al., 2011). We assessed the 

expression of the reelin pathway components in 4T1 cells by qPCR, and found that both reelin 

and Dab1 were significantly downregulated in comparison to normal MECs (Figure 2.2A). 4T1 

cells expressed higher levels of ApoER2, while expression levels of Vldlr were similar to those 

in primary MECs (Figure 2.2A). Primary MECs respond to reelin by slowing their migration rate, 

and we hypothesized that this effect would be abolished in 4T1 cells because they lacked Dab1 

(Khialeeva et al., 2011). As we expected, addition of reelin to culture medium had no effect on 

migration of 4T1 cells in transwell assays (Figure 2.2B). The proliferation of 4T1 cells was also 

unaltered in the presence of reelin (Figure 2.2C). Full-length reelin (400 kD), as well as two 

smaller reelin fragments (300 kD, 180 kD) resulting from protein processing were all present in 

the conditioned medium from reelin-expressing HEK293T cells (Figure 2.2D), suggesting that 

these results were not due to lack of available reelin. Thus, despite the expression of canonical 

reelin receptors in 4T1 cells, reelin does not appear to directly modulate the growth or migration 

of 4T1 cells.  

 

Primary tumors grown in rlOrl -/- mice display alterations in blood vessel formation 

 Histological analysis of the primary tumors from rlOrl -/- mice did not reveal gross 

morphological differences from rlOrl +/+ controls. In both cohorts, layers of tumor cells and 

infiltrating immune cells surrounded the necrotic tumor core (Figure 2.3A, B). Cell proliferation, 

as assessed by Ki67 staining, was also not significantly different in rlOrl -/- animals (Figure 2.3C, 

D). Tumor angiogenesis was impeded, as significantly fewer CD31-positive blood vessels were 

observed in primary tumors from rlOrl -/- mice (Figure 2.3E, F).  However, analysis of angiogenic 

gene expression in primary tumors by qPCR showed no differences in levels of vascular 

endothelial growth factors A, B, and C (Vegfa, Vegfb, Vegfc), or transforming growth factor β 

(Tgfb) (Figure 2.4). Additionally, levels of the anti-angiogenic factor chemokine (C-X-C motif) 

ligand 10 (Cxcl10) were not significantly different (Figure 2.4). 
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TAMs are altered in the absence of reelin  

Progression of 4T1 tumors is marked by the expansion of the myeloid cell compartment, 

with subsequent infiltration by immune cells, such as tumor associated macrophages (TAMs), 

into the primary tumor microenvironment (DuPré et al., 2007).  TAMs are recognized as major 

contributors to tumor angiogenesis (Cho et al., 2012). Mice with the reeler mutation were 

previously reported to have deficits in the function of macrophages and T cells (Green-Johnson 

et al., 1995). We hypothesized that the rlOrl -/- environment may lead to alterations in the number 

or function of TAMs, which could contribute to the reduction in tumor angiogenesis. Consistent 

with this hypothesis, we saw increased levels of the chemokine Cxcl5 and the metalloproteinase 

9 (Mmp-9) mRNA in tumors from rlOrl -/- mice (Figure 2.4). CXCL5 and MMP-9 are factors 

secreted by TAMs, and we reasoned that their augmented expression may be indicative of 

elevated numbers of TAMs in the primary tumors from rlOrl -/- animals (Murdoch et al., 2008). 

Labeling of primary tumor sections with α-F4/80 antibody, a marker of TAMs, showed an 

increase in the area occupied by F4/80-positive cells in tumors from rlOrl -/- mice (Figure 2.5A, B, 

C) (DuPré et al., 2007). Thus, the elevated levels of CXCL5 and MMP-9 in the tumors from mice 

that lack reelin are likely due to an increase in TAM infiltration. 

The activation state of TAMs determines their effect on cancer progression. M2-

activated macrophages promote tumor angiogenesis and provide a variety of factors to elicit a 

sustained tumor-promoting Type 2 immune response. In contrast, abundance of M1-activated 

TAMs impedes angiogenesis and tumor growth, and results in a tumoricidal Type 1 immune 

response (Ma et al., 2010; Mills, 2012). To test whether reelin influenced the M1/M2 balance in 

TAMs, we examined the expression levels of several cytokines associated with M1 and M2 

macrophages in the primary tumors from rlOrl -/- mice and wild type controls (Figure 2.5D). 

Absence of reelin from the host environment resulted in altered levels of these genes. 

Specifically, we observed increased levels of a hallmark M1 cytokine inducible nitric oxide 

synthase (iNOS), while the levels of arginase 1 (Arg1) and mannose receptor, C Type 1 (Mrc1) 
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mRNA, two genes expressed by M2-activated macrophages, were downregulated in primary 

tumors from rlOrl -/- mice (Figure 2.5D) (Mantovani et al., 2002; Mills, 2012). Western blotting 

confirmed the reduction in Arg1 levels (Figure 2.5E, F). Additionally, we observed higher levels 

of interleukin-10 (IL-10) in tumors from rlOrl -/- mice (Figure 2.5D). IL-10 is a broadly expressed 

cytokine with anti-inflammatory properties, and is produced in response to factors that promote 

a Type 1 immune response (Trinchieri, 2007; Saraiva and O’Garra, 2010). Our results indicate 

that in the absence of reelin, TAMs may shift to an M1-like state and elicit a tumor-restrictive 

Type 1 immune response. 

 

Reelin influences mammary tumor progression independently of Dab1 

In order to elucidate whether the absence of reelin impedes 4T1 tumor progression via 

canonical, Dab1-dependent mechanisms, we injected the mammary tumor cells into female 

Dab1-/- mice and wild type Dab1+/+ controls. 4T1-derived primary tumors grew and metastasized 

slower in the Dab1 line compared to the rlOrl line. 4T1 cells are derived from Balb/C mice, and 

background compatibility with the host is necessary for the expected course of tumor 

progression. In order to rule out possible effects of background differences between the rlOrl and 

the Dab1 mouse lines, we confirmed the Balb/C background through single nucleotide 

polymorphism (SNP) scanning of 4 mice from each line. The rlOrl mice contained on average 

96.5% (SD = 1) Balb/C-specific SNPs, while mice from the Dab1 line contained on average 

94.9% (SD = 0.48) Balb/C-specific SNPs. Therefore, we cannot conclusively exclude the 

possibility that the small difference in the background contributed to our results. 

In order to maximize the metastatic potential of 4T1 cells in Dab1+/+ and Dab1-/- mice, we 

extended the duration of primary tumor growth to 32 days. Intriguingly, we saw no differences in 

the rate of 4T1 tumor growth between Dab1+/+ and Dab1-/- mice (Figure 2.6A). Tumor wet weight 

and the metastatic burden in the lungs were also unaffected (Figure 2.6B, C). Similar to rlOrl -/- 

animals, Dab1-/- mice were smaller than their wild type littermates (Figure 2.6D). Examination of 
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Ki-67, CD31, and F4/80 labeling, as well as Arg1 levels, revealed no differences in proliferation, 

angiogenesis, or TAM infiltration in primary tumors from Dab1-/- mice (Figure 2.7A-E). These 

results confirm that the effects observed in rlOrl -/- animals are specific to reelin, and suggest that 

the delays in tumor growth are independent of the animal’s size. In addition, our observations 

imply that reelin in the tumor environment functions through non-canonical mechanisms, 

independently of Dab1.  

 

Absence of reelin skews the M1 activation state of bone marrow-derived macrophages 

To test if macrophage activation was altered in the absence of reelin, we differentiated 

bone marrow-derived macrophages (BMDM) from rlOrl -/- mice and wild type controls and 

polarized them to an M1 state with interferon-γ (IFNγ) and lipopolysaccharide (LPS) (Pineda-

Torra et al., 2015). IFNγ and LPS treatment robustly induced the expression of M1-associated 

genes IL-1β, IL-6, IL-12, tumor necrosis factor-α (Tnfa), and iNOS (Figure 2.8A). Unstimulated 

rlOrl -/- BMDM expressed higher levels of IL-1β compared to unstimulated wild type control 

BMDM, while the expression of other M1 genes was not altered (Figure 2.9A). M1-polarized rlOrl 

-/- macrophages expressed significantly higher levels of IL-6 and iNOS compared to wild type 

control M1 macrophages (Figure 2.9B). In addition, levels of IL-10 were 3-fold higher in M1 

macrophages from rlOrl -/- mice compared to control M1 macrophages. In this model of M1 

macrophage activation, IFNγ primes the macrophages for a rapid response to LPS, which 

triggers toll-like receptor (TLR) signaling and production of cytokines associated with the Type 1 

immune response (Schroder et al., 2004). TLR signaling induces IL-10 expression in 

macrophages in order to negatively regulate the inflammatory response (Boonstra et al., 2006; 

Saraiva and O’Garra, 2010; Martinez and Gordon, 2014). Our results suggest that the 

upregulation of IL-10 in rlOrl -/- mice may be a part of a similar negative feedback mechanism. 

Thus, BMDM display a higher propensity towards M1 activation in the absence of reelin.  
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Next, we tested the induction of M1-specific cytokines in BMDM from Dab1-/- mice and 

wild type controls. Interestingly, unstimulated Dab1-/- BMDM expressed lower levels of IL-1β and 

Tnfa compared to unstimulated wild type control BMDM (Figure 2.9C). In addition, Dab1-/- 

macrophages treated with IFNγ and LPS expressed lower levels of Tnfa and IL-10, and 

marginally higher levels of IL6 compared to wild type control M1 macrophages (Figure 2.8B, 

Figure 2.9D). Our results suggest that the effects of reelin on macrophage activation are 

independent of Dab1.  
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Discussion 

The goal of the studies presented here was to better understand the role of reelin 

signaling in breast cancer growth and metastatic progression. We found that reelin deficiency 

delays primary tumor growth and lung metastasis, likely via Dab1-independent mechanisms. 

Because the size of the primary 4T1 tumor correlates with the extent of the metastatic burden, 

and 4T1 cells metastasize primarily via blood vessels, the reduction in lung metastases in rlOrl -/- 

mice is likely due to the smaller size and poor vascularization of the primary tumors (Aslakson 

and Miller, 1992; Pulaski and Ostrand-Rosenberg, 1998; Thomas and Fraser, 2003).  

 Although reelin did not directly affect proliferation or migration of 4T1 cells, we cannot 

rule out the possibility that reelin affects 4T1 cells via alternative mechanisms. For example, 

absence of reelin may lead to alterations in the gene expression profile of 4T1 cells, resulting in 

a tumor-restrictive microenvironment. The reduction in CD31-positive labeling of primary tumors 

from rlOrl -/- mice suggested a deficit in tumor angiogenesis. Surprisingly, we observed increased 

levels of the Mmp-9 transcript in primary tumors from rlOrl -/- mice. MMP-9 activity is provided by 

myeloid cells in the tumor microenvironment and is required for tumor vasculogenesis 

(Kessenbrock et al., 2010). However, the pro-angiogenic effects of MMP-9 are contingent on its 

activation via a proteolytic cascade (Kessenbrock et al., 2010). The absence of reelin could 

affect the activation of MMP-9, but we cannot make definitive conclusions based on the 

available data. Alternatively, the deficit in vascularization of tumors in the absence of reelin 

could be due to alterations in endothelial cells, but past studies did not find a role for reelin in 

angiogenesis, and the vascular network of reeler mice is normal (Stubbs et al., 2009; Lutter et 

al., 2012; Guy et al., 2015). 

The increased levels of M1-specific iNOS and decreased levels of M2-specific Arg1 in 

primary tumors from rlOrl -/- mice indicate the predominance of M1-activated TAMs that may 

impede tumor growth and angiogenesis. In addition, macrophages from rlOrl -/- mice display 

increased propensity for M1 activation, while Dab1-/- macrophages do not. These results further 
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support our hypothesis that the absence of reelin affects macrophage activation and 

progression of breast cancer via Dab1-independent mechanisms.  

The influence of reelin signaling on the development and function of the immune system 

has not been studied extensively. However, one study found functional deficits in macrophages 

and T cells from reeler -/- animals on a C57/B6 background (Green-Johnson et al., 1995). These 

reeler mutants differ from our model because they completely lack reelin. In addition, peritoneal 

macrophages from these mice showed elevated production of IL1β when activated by LPS in 

vitro (Kopmels et al., 1990; Bakalian et al., 1992). Another group proposed a role for reelin in 

clustering of the serotonin transporter (SERT) in blood lymphocytes, as peripheral lymphocytes 

from reeler -/- mice displayed spreading of the SERT clusters (Rivera-Baltanas et al., 2010).  

Interestingly, dysregulation of the immune system shows co-morbidity with mental 

illnesses such as schizophrenia and autism, and alterations in reelin levels are frequently found 

in patients with these disorders (Muller and Schwartz, 2000; Fatemi et al., 2005; Grayson et al., 

2005; Michel et al., 2012; Onore et al., 2012; Folsom and Fatemi, 2013). Moreover, maternal 

immune challenge is thought to contribute to neurodevelopmental pathologies, and often results 

in decreased reelin levels in the offspring (Fatemi et al., 1999; Brown et al., 2000; Meyer et al., 

2006; Ghiani et al., 2011; Patterson, 2011). A functional link between reelin and the immune 

system likely exists, but the mechanisms by which reelin may regulate the immune response 

remain unknown.  

Our results indicate that the phenotype of TAMs observed in the absence of reelin is 

independent of the canonical intracellular adaptor Dab1. Although mice with reelin or Dab1 

mutations have very similar phenotypes in the central nervous system, several recent studies 

provided evidence for the existence of Dab1-independent functions of reelin. Reelin is thought 

to recruit smooth muscle cells to the lymphatic endothelium by upregulation of monocyte 

chemotactic protein 1 (MCP1) expression in lymphatic endothelial cells, and this activity does 

not rely on Dab1 (Lutter et al., 2012). In the nervous system, reelin induced Erk1/2 
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phosphorylation in cortical neurons independently of Dab1 or the lipoprotein receptors (Lee et 

al., 2014). In addition, induction of Dab1 phosphorylation by anti-ApoER2 or anti-VLDLR 

receptor antibodies did not correct the reeler -/- phenotype in embryonic telencephalon slice 

cultures, while treatment with reelin rescued the formation of neuronal layers, implying that 

additional, Dab1-independent roles for reelin exist during the development of the central 

nervous system (Jossin et al., 2004). The alternative receptors for reelin and its downstream 

effectors have yet to be identified.   

Previous studies on reelin signaling in the context of tumor progression focused mainly 

on the expression of reelin pathway components in the primary tumor tissue, or in cancer cell 

lines (Hong et al., 2008; Resende et al., 2010; Stein et al., 2010; Berthier-Vergnes et al., 2011; 

Zhang et al., 2012). For instance, downregulation of reelin was observed in primary breast 

tumors, and loss of reelin expression correlated with poor survival. In addition, reelin expression 

was epigenetically silenced in breast cancer cell lines (Stein et al., 2010). It is therefore 

interesting that in our model, loss of functional reelin protein in the host environment delayed the 

growth of normally aggressive 4T1 tumors. However, our finding that the 4T1 cell line does not 

express reelin correlates with previously published results. The human triple-negative breast 

cancer cell line MDA-MB-231 was reported to have a low baseline expression of reelin (Stein et 

al., 2010). Transfection of this cell line with the full-length reelin construct decreased the 

migratory and invasive potential of MDA-MB-231 cells (Stein et al., 2010). Because reelin 

impedes the migration of epithelial cells, the results of previous studies imply that cancer cells 

may downregulate reelin expression in order to become more migratory and invasive. On the 

other hand, our studies demonstrate that reelin may be necessary for tumor-promoting 

responses of host immune cells, and therefore may play a dual role in cancer progression.  

In summary, our findings provide evidence for additional non-neuronal functions of reelin 

accomplished via Dab1-independent mechanisms. Our observations offer insight into the 
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importance of stromal reelin in breast cancer progression, and suggest a potential role for reelin 

signaling in the development and function of the innate immune system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 78	  

Acknowledgments 
 
 We thank Dr. Patricia Phelps, Dr. Cristina Ghiani, Dr. Catalina Abad Rabat and Dr. 

Diana Moughon for kindly providing reagents and for thoughtful discussion. We are thankful to 

Donna Crandall for assistance with figure preparation and Joseph Argus for assistance with 

manuscript editing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 79	  

Figures 
 

 
 
Table 2.1. Primers used for qPCR gene expression analysis. 
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Figure 2.1.  4T1 mammary tumor growth and lung metastasis in rlOrl -/- mice.  
(A) Growth of primary tumors in rlOrl -/- (n=10) and rlOrl +/+ (n=10) control mice. (B) Wet weight of 
primary tumors collected 25 days after 4T1 cell injection. (C) Total body weight of animals on 
the day of 4T1 injections (t = 0) and the day of sacrifice (t = 25 days). (D) Quantification of 
metastatic burden in the lungs. (E) Representative images of 4T1-derived metastatic colonies 
from the lungs of rlOrl +/+ and rlOrl -/- mice used for quantification in (D), and from Balb/C controls. 
Bar = 5 mm. *P < 0.05, **P < 0.01, ***P < 0.001. Statistical significance determined using two-
tailed, unpaired Student’s t-test. 
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Figure 2.2. Expression of reelin signaling pathway components and the effect of reelin on 
growth and migration of 4T1 cells.  
(A) qPCR analysis of relative expression levels of reelin signaling pathway components in 4T1 
cells. Gene expression levels are normalized to those in wild type mammary epithelial cells 
(MEC). (B) Transwell migration assay of 4T1 cells in the presence of reelin conditioned media 
(Reelin-CM) or controlled conditioned media (293T-CM).  (C) Number of 4T1 cells grown in the 
presence or absence of reelin for 24 or 48 hours. (D) Western blot of reelin expression in 
conditioned media from reelin expressing HEK293T cells (Reelin-CM) or conditioned media 
from control cells (293-CM). 20 µg of total protein were loaded into each lane. 
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Figure 2.3. Characterization of proliferation and angiogenesis in primary tumors from 
rlOrl -/- mice.  
(A) H&E staining of primary tumors from rlOrl -/- and rlOrl +/+ control mice. Asterisk – tumor cells, 
double arrowheads – necrotic core. Bar = 200 µm. (B) High magnification view of the areas 
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outlined in (A). Arrow – infiltrating immune cells. Bar = 30 µm. (C) Ki-67 labeling of primary 
tumors from rlOrl -/- and rlOrl +/+ mice. Bar = 30 µm. (D) Quantification of (C), rlOrl +/+: n=7, rlOrl -/-: 
n=7. (E) CD31 labeling of primary tumors from rlOrl -/- and rlOrl +/+ mice. Bar = 50 µm. (F) 
Quantification of (E), rlOrl +/+: n=7, rlOrl -/-: n=6. ns – not significant, *P < 0.05. Statistical 
significance determined using two-tailed, unpaired Student’s t-test. 
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Figure 2.4. Gene expression analysis of primary tumors from rlOrl -/- mice. 
qPCR analysis of angiogenic genes (Vegfa, Vegfb, Vegfc, Tgfb), chemokines (Cxcl10, Cxcl2, 
Cxcl5), and metalloproteinase Mmp-9 in primary tumors from rlOrl -/- mice. Gene expression 
levels are relative to those in tumors from rlOrl +/+ controls. *P < 0.05. Statistical significance 
determined using two-tailed, unpaired Student’s t-test. 
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Figure 2.5. Analysis of tumor associated macrophages in primary tumors from rlOrl -/- 
mice.  
(A) F4/80 labeling of primary tumors from rlOrl -/- and rlOrl +/+ mice. Bar = 50 µm. (B) High 
magnification view of the areas outlined in (A). Bar = 20 µm. (C) Quantification of the area 
occupied by F4/80-positive cells, rlOrl +/+: n=6, rlOrl -/-: n=6. (D) qPCR analysis of iNOS (M1), Arg1 
(M2), Mrc1 (M2), and IL-10 gene expression in primary tumors from rlOrl -/- mice, gene 
expression levels are relative to those in tumors from rlOrl +/+ controls. (E) Western blot of Arg1 
and β-actin expression in primary tumors from rlOrl -/- and rlOrl +/+ mice. (F) Quantification of band 
intensities in (D). *P < 0.05, **P < 0.01, ***P < 0.001. Statistical significance determined using 
two-tailed, unpaired Student’s t-test. 
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Figure 2.6. 4T1 mammary tumor growth and lung metastasis in Dab1-/- mice. 
(A) Growth of primary tumors in Dab1-/- (n=11) and Dab1+/+ (n=11) control mice. (B) Wet weight 
of primary tumors collected from Dab1-/- or Dab1+/+ mice. (C) Quantification of metastatic burden 
in the lungs. (D) Total body weight of animals on the day of 4T1 injections (t = 0) and 32 days 
after the injections (t = 32 days). ns – not significant, *P < 0.05. Statistical significance 
determined using two-tailed, unpaired Student’s t-test.  
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Figure 2.7. Analysis of proliferation, angiogenesis, and tumor associated macrophages in 
primary tumors from Dab1-/- mice. 
(A – C) Quantification of (A) Ki-67, (B) CD31, and (C) F4/80 labeling of primary tumors from 
Dab1-/- and Dab1+/+ control mice.  (D) Western blot, Arg1 and β-actin expression in primary 
tumors from Dab1-/- and Dab1+/+ mice. (E) Quantification of band intensities in (D). ns – not 
significant. Statistical significance determined using two-tailed, unpaired Student’s t-test. 
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Figure 2.8. Cytokine expression levels in wild type BMDM treated with IFNγ and LPS.  
(A, B) Cytokine expression levels in wild type (A) rlOrl +/+ and (B) Dab1+/+ BMDM treated with 
IFNγ and LPS. Gene expression levels are relative to those in the respective unstimulated rlOrl +/+ 
or Dab1+/+ BMDM controls. 
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Figure 2.9. Cytokine expression levels in baseline and M1-polarized BMDM from rlOrl -/- 
and Dab1-/- mice. 
(A, B) IL-1β (M1), IL-6 (M1), IL-12 (M1), Tnfa (M1), iNOS (M1), and IL-10 cytokine expression 
levels in (A) unstimulated BMDM and (B) M1-polarized BMDM from rlOrl -/- mice, analyzed by 
qPCR. Gene expression levels are relative to those in the respective rlOrl +/+ BMDM controls. (C, 
D) M1-associated gene expression levels in (C) unstimulated BMDM and (D) M1-polarized 
BMDM from Dab1-/- mice. Gene expression levels are relative to those in the respective Dab1+/+ 
BMDM controls. *P < 0.05, **P < 0.01, ***P < 0.001. Statistical significance determined using 
two-tailed, unpaired Student’s t-test. 
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CHAPTER THREE: Alternative splicing of Disabled-1 during mammary gland 

development   

 

Abstract 

 Disabled-1 (Dab1) is a crucial adaptor in the reelin signaling pathway. Alternative 

splicing of Dab1 has been proposed as a mechanism for regulation of the cellular response to 

the reelin signal in the brain and the retina. The reelin signaling pathway plays an important role 

in regulation of mammary gland development. Reelin and Dab1 are expressed in mammary 

epithelial cells during mammary gland morphogenesis and in adult mammary glands, but it is 

not known whether Dab1 is alternatively spliced in the mammary gland. Using RT-PCR and 

sequencing, we showed that several splice variants of Dab1 are expressed in the developing 

and mature mammary glands. In the developing mammary gland, Dab1 is differentially spliced 

in the proximal and distal regions, which contain established and developing ducts, respectively. 

We also showed that the predominant Dab1 splice variants change during pregnancy and 

lactation.  Taken together, our results suggest that alternative splicing of Dab1 is spatially and 

temporally regulated in the mammary gland during puberty, pregnancy, and lactation. 
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Results 

 Disabled-1 (Dab1) is an essential intracellular adaptor in the reelin signaling pathway 

(Rice and Curran, 2001; Herz and Chen, 2006). Loss-of-function mutations in Dab1 result in a 

reeler-like phenotype in mice, with severe abnormalities in neuronal layering throughout the 

central nervous system (Sheldon et al., 1997; Rice et al., 1998; Howell et al., 2000). In response 

to the reelin signal, Dab1 binds to the NPXY motifs of reelin receptors ApoER2 and VLDLR via 

its N-terminal protein interaction/protein-binding (PI/PTB) domain (Howell et al., 1999). Dab1 

also contains a tyrosine-rich domain with five conserved tyrosine residues, four of which 

correspond to two Src family kinase (SFK) and two Abl family kinase (AFK) recognition sites 

YQXI and YXVP, respectively (Gao et al., 2012). Tyrosine phosphorylation on all four sites is 

necessary for functional reelin signaling, because the phenotype of mice with mutated tyrosine 

residues mimics the phenotype of Dab1 null mice (Howell et al., 2000).  

 The Dab1 gene contains 16 coding exons, which are highly conserved between humans 

and mice (Bar et al., 2003). Several alternative splice variants of Dab1 have been identified in 

the retinas and brains of chick, mice, and humans (Katyal et al., 2004; Katyal et al., 2011; Gao 

et al., 2012). These splice variants are generated by inclusion or exclusion of exons 7, 8, 9b, 

and 9c (Figure 3.1A). Exons 7 and 8 contain three of the four tyrosine residues critical for Dab1 

phosphorylation. Exclusion of exon 7 or exon 8 results in the deletion of one SFK recognition 

site, while exclusion of both exons removes two SFK recognition sites, reducing activation of 

Src (Gao et al., 2012). Alternative splicing of Dab1 may therefore provide a mechanism by 

which the cellular response to reelin can be fine-tuned during development. Additional Dab1 

splice isoforms are generated by inclusion of exons 9b and 9c. In the mouse brain, the Dab1 

variants lacking exons 7/8 and containing exons 9b/9c are observed earlier in development, 

through embryonic day 11.5. Later born neurons express different isoforms of Dab1, which 

include exons 7/8 and lack exons 9b/9c (Gao et al., 2012). The exclusion of exons 9b/9c is 
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important for correct positioning of later-born neurons, indicating that the expression of Dab1 

splice variants must be temporally controlled (Yano et al., 2010).   

 Mammary gland development is marked by several rounds of cellular proliferation and 

differentiation during puberty, pregnancy, and lactation (Hennighausen and Robinson, 2005). 

We showed that reelin and Dab1 are expressed in the mammary gland, and that the reelin 

signaling pathway is required for proper development of the mammary ducts (Khialeeva et al., 

2011). It is currently not known whether the cellular response to the reelin signal in the 

mammary gland is modulated via alternative splicing of Dab1. To determine if alternatively 

spliced variants of Dab1 are present in mammary glands, we amplified the regions of Dab1 

mRNA corresponding to exons 2-7, 2-8, and 2-9 from mammary epithelial cells (MECs) of adult 

virgin female mice. We successfully amplified the regions spanning exons 2-7 and exons 2-9 

from MEC cDNA, but the amplification of the region spanning exons 2-8 was not as efficient. 

This amplicon appeared as a faint band that was nearly undetectable (Figure 3.1B). The band 

corresponding to exons 2-9 in adult MECs was approximately 100 bp shorter than the 

equivalent product of amplification from embryonic day 13.5 (E13.5) brain cDNA (Figure 3.1B). 

Sequencing of these fragments confirmed the absence of exons 7 and 8 in Dab1 from MECs 

(Figure 3.2). However, the successful amplification of the fragment corresponding to exons 2-7 

in MECs suggests that Dab1 isoforms containing exon 7 must be present in the mammary gland 

in addition to the variants lacking exons 7/8. These results suggest that several splice variants 

of Dab1 may exist in the mammary gland. 

 Next, we addressed the possibility of spatial variation in expression of Dab1 isoforms in 

the developing mammary gland. Colonization of the mouse mammary fat pad by the ductal 

branches begins from the rudimentary ductal tree located underneath the nipple, and proceeds 

distally past the lymph node. At 6 weeks of age, the development of proximal branches is 

complete, while the distal tips of the mammary ducts contain highly proliferative terminal end 

buds (Morris et al., 2006). To detect alternative splicing of exons 7, 8, 9b, and 9c in the 
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developing mammary gland, we carried out RT-PCR analysis of MECs isolated from proximal 

and distal portions of #4 mammary glands of 6 week-old virgin mice using primers that spanned 

exons 5-11 of Dab1. We found that the predominant Dab1 isoform in more stable, proximally 

located MECs was similar to the predominant Dab1 isoform expressed in the E13.5 brain, likely 

containing exons 7 and 8, but not exons 9b and 9c (Figure 3.3A). However, MECs located more 

distally contained at least 3 other Dab1 splice variants (Figure 3.3A). The Dab1 variants likely to 

be present in MECs are listed in Table 3-1. Notably, the band of strongest intensity in distal 

MECs is the Dab1 variant which is absent from the E13.5 brain and lacks exons 7, 8, 9b, and 9c 

(Figure 3.3A). These results indicate that Dab1 is differentially spliced in the proximal and distal 

regions of the developing mammary gland.   

 Next, we wanted to determine if the switch in alternative splice variants of Dab1 

accompanies proliferation and differentiation of MECs during pregnancy and lactation. To 

address this question, we isolated MECs from mammary glands of adult virgin, pregnant, and 

lactating mice, and analyzed the expression of the Dab1 region corresponding to exons 5-11 by 

RT-PCR. Dab1 variants similar to those observed in the distal mammary gland of 6 week-old 

mice were present in the virgin, pregnant, and lactating mice (Figure 3.3A). It appears that the 

prevalent Dab1 variants change as MECs undergo proliferation and differentiation. Amplification 

of exons 5-11 in virgin MECs resulted in several bands of similar intensities. However, MECs 

from pregnant mice contained a predominant band at approximately 500 bp. During lactation, 

the predominant Dab1 isoform changed to the variant that lacks exons 7, 8, 9b, and 9c, 

although several other Dab1 variants were also present (Figure 3.3A). To assess overall levels 

of reelin and Dab1 in MECs, we carried out qPCR analysis using primers to reelin, and the C-

terminal region of Dab1 common to all variants. Dab1 mRNA levels are significantly reduced in 

MECs at all stages compared to Dab1 levels in the E13.5 brain (Figure 3.3B). Dab1 expression 

in lactating MECs is almost 3-fold higher than that in virgin MECs. Reelin is downregulated in 
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MECs at late gestation and during lactation (Figure 3.3B). Thus, upregulation of Dab1 during 

lactation may be independent of reelin levels.   

 In summary, our data show that alternative splicing of Dab1 may be spatially and 

temporally regulated in mammary glands as MECs undergo proliferation and differentiation 

during puberty, pregnancy, and lactation. The switch in alternative splice variants of Dab1 

during brain development occurs when proliferating neuroblasts differentiate into neurons, which 

require phosphorylation of Dab1 in response to the reelin signal for correct positioning. Our 

findings suggest that Dab1 alternative splice isoforms are differentially expressed in pregnant 

and lactating MECs. During pregnancy, intact reelin signaling and phosphorylation of Dab1 may 

be required for alveolar expansion. The alveoli in lactating mammary glands are fully 

differentiated and predominantly express the Dab1 variant that lacks exons 7/8. Further studies 

are needed to assess whether the requirement for Dab1 phosphorylation changes in MECs 

during pregnancy and lactation. 
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Materials and Methods 

Mouse lines 

 Balb/C male and female mice were obtained from Charles River Laboratories, and 

maintained in a breeding colony at UCLA. For studies of spatial variations in Dab1 alternative 

splicing, inguinal mammary glands were dissected from 6 week-old virgin female mice. The 

position of the central lymph node was used to divide the mammary gland into proximal and 

distal sections. To generate pregnant and lactating mice, 8 week-old female mice were paired 

with male Balb/C mice. The day of appearance of the vaginal plug was marked as gestational 

day 0.5, and mammary glands were dissected at gestational days 12.5 (Pg 12.5) or 18.5 (Pg 

18.5). For analysis of lactating mammary glands, pregnant female mice were allowed to give 

birth, and mammary glands were dissected 48 hours later. Embryonic brains were collected 

from embryos at 13.5 days of gestation (E13.5).  

 

Mammary Epithelial Cell (MEC) Purification  

MECs were purified as previously described (Ewald, 2013). Briefly, mammary glands 

were minced and incubated in DMEM/F12 (Corning) containing 5% FBS, 100 u/mL 

penicillin/streptomycin, 2 mg/mL collagenase IV (Sigma), 2 mg/mL trypsin (Sigma), and 5 µg/mL 

insulin (Life Technologies) on an orbital shaker at 100 RPM, 37°C, for 1 hr. Digested tissue was 

treated with 4 u/mL DNAse (Sigma), organoids containing MECs were purified by repeated 

pulse centrifugation, collected into 1 mL of TRI reagent (Sigma), and samples were stored in -

80°C until ready for RNA isolation.  

 

Reverse Transcription PCR (RT-PCR) 

RNA from MECs was extracted using TRI reagent (Sigma), and the cDNA was 

generated using oligo(dT) primer and Superscript II reverse transcriptase (Life Technologies). 

Exons 2-7, 2-8, 2-9, or 5-11 of Dab1 were amplified using primers listed in Table 3-2. PCR 
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products were resolved on 1-2% Trevigel (Trevigen). For sequencing, PCR amplification 

products were cloned into pGEM-T Easy Vector System I (Promega). 

 

Quantitative PCR (qPCR) 

RNA from MECs was extracted using TRI reagent (Sigma), and the cDNA was 

generated using an iScript cDNA Synthesis kit (Bio-Rad). qPCR was carried out using the KAPA 

SYBR FAST master mix (KAPA Biosystems) on a Light Cycler 480 (Roche). Expression values 

were normalized to the housekeeping gene 36b4/RPLP0. The following primers were used for 

qPCR analysis: 36b4/RPLP0: forward – 5’-CTGTGCCAGCTCAGAACACTG-3’, reverse – 5’-

TGATCAGCCCGAAGGAGAAG-3’; Dab1: forward – 5’-GATGAAGTGTCCGCAGCTC-3’, 

reverse – 5’GTGTTCTCCCTTGGAACGTG-3’; reelin: forward – 5’-

GTCACGGTCTACCTGCCACT-3’, reverse – 5’-TCAATAGCCCAGGAATCTGC-3’.      
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Figures 
 

 
 
Figure 3.1. Alternative splicing of Dab1 in mammary epithelial cells. 
(A) Schematic representation of Dab1 gene structure (adapted from Bar et al., 2003). ATG, 
STOP - indicate the exons containing the beginning and the end of the coding sequence. The 
position of the PI/PTB domain-coding region is indicated with brackets. The positions of tyrosine 
residues encoded by exons 6-9 are shown. The constitutive exons are shown in green, and the 
alternatively spliced exons are shown in pink and purple. Arrows indicate the position of primers 
for amplification of Dab1 using RT-PCR. (B) RT-PCR analysis of Dab1 splice variants using 
RNA isolated from E13.5 brain and adult virgin MECs. Exon 2 forward primer and exon 7, 8, and 
9 reverse primers were used.   
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Dab1   TGCACGGTGT TGGGTGTCCT TTCTGAAGGG AGGAGCCTTT CTCTTGGAGA GGATCCTCGA TGAGCCTGGC  
Brain  TGCACGGTGT NGGGTGTCCT TTCTGANNGG AGNAGCCTTT NTCTNNGAGA GGATCCTCGA TGAGCCTGGC  
MEC (2-9) TGCACGGTGT TGGGTGTCCT TTCTGAAGGG AGGAGCCTTT CTCTTGGAGA GGATCCTCGA TGAGCCTGGC  
MEC (2-7) TGCACGGTGT TGGGTGTCCT TTNNNNNNGG AGGAGCCTTT CTCTTGGAGA GGATCCTCGA TGAGCCTGGC 
    
                
Dab1  CGAGGCCCGG GGTCTGTGTG AAGAGGACTA AGGATTAAGT AGGATGTCAA CTGAGACAGA ACTTCAAGTA 
Brain  CGAGGCCCGG GGTNTGTGTG AAGAGGANTA AGGATTAAGT AGGATGTCAA CTGAGACAGA ACTTCAAGTA  
MEC (2-9) CGAGGCCCGG GGTCTGTGTG AAGAGGACTA AGGATTAAGT AGGATGTCAA CTGAGACAGA ACTTCAAGTA 
MEC (2-7) CGAGGCTCGG GGTCTGTGTG AAGAGGACTA AGGATTAAGT AGGATGTCAA CTGAGACAGA ACTTCAAGTA 
 
 
Dab1   GCTGTGAAAA CCAGCGCCAA GAAAGACTCC AGGAAGAAAG GTCAGGATCG CAGCGAAGCC ACTTTGATAA 
Brain  GCTGTGAAAA CCAGCGCCAA GAAAGACTCC AGGAAGAAAG GTCAGGATCG CAGCGAAGCC ACTTTGATAA  
MEC (2-9) GCTGTGAAAA CCAGCGCCAA GAAAGACTCC AGGAAGAAAG GTCAGGATCG CAGCGAAGCC ACTTTGATAA 
MEC (2-7) GCTGTGAAAA CCAGCGCCAA GAAAGACTCC AGGAAGGAAG GTCAGGATCG CAGCGAAGCC ACTTTGATAA 
 
 
Dab1  AGAGGTTTAA AGGCGAAGGG GTCCGGTACA AAGCCAAGCT GATTGGGATT GATGAAGTGT CCGCAGCTCG  
Brain  AGAGGTTTAA AGGCGAAGGG GTCCGGTACA AAGCCAAGCT GATTGGGATT GATGAAGTGT CCGCAGCTCG  
MEC (2-9) AGAGGTTTAA AGGCGAAGGG GTCCGGTACA AAGCCAAGCT GATTGGGATT GACGAAGTGT CCGCAGCTCG  
MEC (2-7) AGAGGTTTAA AGGCGAAGGG GTCCGGTACA AAGCCAAGCT GATTGGGATT GATGAAGTGT CCGCAGCTCG 
 
 
Dab1  GGGAGACAAG TTATGTCAAG ATTCCATGAT GAAGCTCAAG GGTGTTGTTG CTGGCGCACG TTCCAAGGGA  
Brain  GGGAGACAAG TTATGTCAAG ATTCCATGAT GAAGCTCAAG GGTGTTGTTG CTGGCGCACG TTCCAAGGGA  
MEC (2-9) GGGAGACAAG TTATGTCAAG ATTCCATGAT GAAGCTCAAG GGTGTTGTTG CTGGCGCACG TTCCAAGGGA  
MEC (2-7) GGGAGACAAG TTATGTCAAG ATTCCATGAT GAAGCTCAAG GGTGTCGTTG CTGGCGCACG TTCCAAGGGA 
 
 
Dab1  GAACACAAAC AGAAAATCTT TTTAACCATC TCCTTTGGAG GAATCAAAAT CTTTGATGAG AAGACGGGGG  
Brain  GAACACAAAC AGAAAATCTT TTTAACCATC TCCTTTGGAG GAATCAAAAT CTTTGATGAG AAGACGGGGG  
MEC (2-9) GAACACAAGC AGAAAATCTT TTTAACCATC TCCTTTGGAG GAATCAAAAT CTTTGATGAG AAGACGGGGG          
MEC (2-7) GAACACAAAC AGAAAATCTT TTTAACCATC TCCTTTGGTG GAATCAAAAT CTTTGATGAG AAGACGGGGG  
 
  
Dab1  CCCTTCAGCA TCACCATGCT GTTCATGAAA TTTCCTACAT TGCGAAGGAC ATCACAGATC ATCGGGCTTT  
Brain  CCCTTCAGCA TCACCATGCT GTTCATGAAA TTTCCTACAT TGCGAAGGAC ATCACAGATC ATCGGGCTTT  
MEC (2-9) CCCTTCAGCA TCACCATGCT GTTCATGAAA TTTCCTACAT TGCGAAGGAC ATCACAGATC ATCGGGCTTT 
MEC (2-7) CCCTTCAGCA TCACCATGCT GTTCATGAAA TTTCCTACAT TGCGAAGGAC ATCACAGATC ATCGGGCTTT 
 
 
Dab1  CGGATACGTT TGCGGGAAGG AAGGGAATCA CAGATTTGTG GCCATCAAAA CAGCCCAGGC GGCTGAACCT  
Brain  CGGATACGTT TGCGGGAAGG AAGGGAATCA CAGATTGGTG GCCATCAAAA CAGCCCAGGC GGCTGAACCT 
MEC (2-9) CGGATACGTT TGCGGGAAGG AAGGGAATCA CAGATTTGTG GCCATCAAAA CAGCCCAGGC GGCTGAACCT 
MEC (2-7) CGGATACGTT TGCGGGAAGG AAGGGAATCA CAGATTTGTG GCCATCAAAA CAGCCCAGGC GGCTGAACCT 
 
 
Dab1  GTTATCCTGG ACTTGAGAGA TCTCTTTCAA CTCATCTATG AGCTGAAGCA AAGAGAAGAA TTGGAAAAAA 
Brain  GTTATCCTGG ACTTGAGAGA TCTCTTTCAA CTCATCTATG AGCTGAAGCA AAGAGAAGAA TTGGAAAAAA  
MEC (2-9) GTTATCCTGG ACTTGAGAGA TCTCTTTCAA CTCATCTATG AGCTGAAGCA AAGAGAAGAA TTGGAAAAAA 
MEC (2-7) GTTATCCTGG ACTTGAGAGA TCTCTTTCAA CTCATCTATG AGCTGAAGCA AAGAGAGGAA TTGGAAAAAA 
 
 
Dab1  AGGCACAAAA GGATAAGCAG TGTGAACAAG CTGTGTACCA GACCATTTTG GAAGAGGATG TGGAAGATCC 
Brain  AGGCACAAAA GGATAAGCAG TGTGAACAAG CTGTGTACCA GACCATTTTG GAAGAGGATG TGGAAGATCC  
MEC (2-9) AGGCACAAAA GGATAAGCAG TGTGAACAAG CTGTGTACCA G--------- ---------- ---------- 
MEC (2-7) AGGCACAGAA GGATAAGCAG TGTGAACAAG CTGTGTACCA GACCATTTTG GTAGAGGATG TGGAAGATCC 
 
 
Dab1  CGTGTACCAG TACATTGTGT TTGAGGCTGG ACATGAGCCA ATCCGTGATC CTGAAACAGA AGAGAACATT 
Brain  CGTGTACCAG TACATTGTGT TTGAGGCTGG ACATGAGCCA ATCCGTGATC CTGAAACAGA AGAGAACATT  
MEC (2-9) ---------- ---------- ---------- ---------- ---------- ---------- ---------- 
MEC (2-7) CGTGTACCA 
 
 
Dab1  TACCAGGTTC CCACCAGCCA AAAGAAGGAA GGTGT 
Brain  TACCAGGNNN NCACCAGCCA AAAGAAGGAA GGTGT 
MEC (2-9) ------GTNN NCACCAGCCA AAAGAAGGAA GGTGT 
MEC (2-7) 
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Figure 3.2. Sequence alignment of RT-PCR amplification products. 
Positions of exons 2-9 are indicated above the sequences. Dab1 – mRNA sequence of murine 
Dab1 (accession number NM_177259.4). Brain – RT-PCR amplification product of Dab1 exons 
2-9 from E13.5 brain RNA. MEC (2-9), MEC (2-7) – RT-PCR amplification products of Dab1 
exons 2-9 and 2-7 from adult virgin MEC RNA.   
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Figure 3.3. Alternative splicing of Dab1 during puberty, pregnancy, and lactation.   
(A) RT-PCR analysis of alternatively spliced Dab1 variants using RNA from MECs and E13.5 
brain.  Proximal and distal – MECs isolated from proximal and distal portions of the mammary 
gland #4, 6 week-old mice. Virgin – MECs isolated from adult virgin mice. Pg 12.5 – MECs 
isolated from mammary glands at gestation day 12.5. Lact. – MECs isolated from lactating 
mammary glands. Adult virgin, pregnant, and lactating mice were 10 weeks old. Exon 5 forward 
and exon 11 reverse primers were used. (B) Dab1 and reelin mRNA expression levels in MECs 
from 6 week-old mammary glands (Proximal, Distal), as well as MECs from adult virgin, 
gestation day 12.5 and 18.5, lactating mammary glands, and the E13.5 brain, analyzed by 
qPCR. Gene expression levels are relative to those in adult virgin MECs.  
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Exon 7 Exon 8 Exon 9b Exon 9c Predicted Size (bp) 

- - - - 403 

+ - - - 442 

- - + + 502 

+ + - - 508 

+ + + + 607 
 
Table 3.1. Possible Dab1 alternative splice variants present in MECs. 
Presence or absence of alternatively spliced exons 7, 8, 9b, and 9c in each variant observed by 
RT-PCR analysis are indicated by “+” and “-“, respectively. Our analysis precludes the 
distinction between the 502 bp and 508 bp variants, one or both of which may be present in 
MECs.  
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Dab1 amplification primers (5'-3') 

Exon 2 forward TGCACGGTGTTGGGTGTCCTTTC 

Exon 5 forward CGGGCTTTCGGATACGTTTG 

Exon 7 reverse GGTACACGGGATCTTCCACATCCTC 

Exon 8 reverse CAGGATCACGGATTGGCTCATGTCC 

Exon 9 reverse ACACCTTCCTTCTTTTGGCTGGTGG 

Exon 11 reverse AGGGTACAGCAGCAGTGCCGAA 
 
Table 3.2. Primers used for RT-PCR analysis. 
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CONCLUSIONS 

 During organ development, a relatively small number of signaling pathways orchestrate 

a variety of functions that include cellular proliferation, differentiation, epithelial to mesenchymal 

transition (EMT), and migration. The studies completed in the last two decades identified the 

reelin signaling pathway as an important regulator of cellular migration in the central nervous 

system. However, more recent studies suggest a set of diverse functions for reelin in 

development of many other organs. We now know that the reelin signaling pathway is involved 

in migration, proliferation, and homeostasis of different cell types in multiple non-neuronal 

tissues. The energy expended by cells to produce and secrete the large reelin protein, and its 

ubiquitous expression in multiple organs implies strong likelihood of its functional relevance 

during developmental processes and in tissue homeostasis. Interestingly, alterations in reelin 

expression are observed in injury and pathologies of several tissues. One such example is seen 

in the liver, and since this organ has an ability to regenerate, it is likely that the pathways 

needed for development of the liver, including the reelin signaling pathway, are utilized for repair 

in order to return the tissues to their normal state.  

 Our results indicate that the reelin signaling pathway plays a prominent role in the 

development of the mammary gland. Reelin and its adaptor Dab1 are critical players in 

regulation of mammary gland morphogenesis and ductal elongation. One question that remains 

to be addressed is whether Reelin and Dab1 function via the canonical lipoprotein receptors 

ApoER2 ad VLDLR, or if alternative receptors for reelin are involved during mammary gland 

development. Studies of the mechanisms controlling neuronal migration identified integrins as 

additional receptors for reelin. Reelin can bind to α3β1 integrin via its N-terminal domain, 

leading to recruitment of Dab1 to the intracellular portion of β1 integrin (Schmid et al., 2005). 

Mice lacking β1 integrin fail to form a normal radial glial scaffold and display abnormalities in 

neuronal migration (Förster et al., 2002). Moreover, reelin controls terminal translocation of 

neurons and promotes neuronal adhesion to the extracellular matrix via activation of α5β1 
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integrin (Sekine et al., 2012). In the mammary gland, integrins regulate growth and 

differentiation of mammary epithelial cells and promote cell anchorage, survival and migration 

(Taddei et al., 2003). Given that reelin is expressed in the extracellular matrix of the mammary 

gland, and the absence of reelin leads to disorganized mammary epithelium and defects in 

ductal elongation, integrins may contribute to reelin signaling during mammary gland 

morphogenesis.  

 In addition, it is still not clear whether reelin signaling regulates proliferation and 

differentiation of mammary epithelial cells during pregnancy and lactation. Several alternatively 

spiced variants of Dab1 exist in the mammary gland, and the predominant Dab1 variants 

change in pregnant and lactating mice. However, we do not know whether these changes are 

functionally significant. The proliferation and differentiation of the alveolar cells during 

pregnancy and lactation is controlled by prolactin and placental lactogens (Hennighausen and 

Robinson, 2005). Alternative splicing of Dab1 may be modulated in response to changing 

hormone levels during pregnancy, providing a mechanism by which the mammary epithelial 

cells can fine-tune the response to the reelin signal.  

 Our studies showed that global deficiency in reelin is protective against tumor growth 

and metastatic progression of breast cancer. We found that reelin may regulate polarization of 

macrophages in the tumor microenvironment, and this effect of reelin seems to be independent 

of Dab1. It is likely that the impact of reelin on the tumor microenvironment via modulation of the 

innate immune cells is independent of the mechanisms by which reelin signaling regulates the 

development of the mammary gland. If this is the case, it will be interesting to examine whether 

reelin deficiency is protective against other solid cancers in which the innate immune cells of the 

host are employed for tumor cell survival, such as melanoma or lung cancer (Tham et al., 2014; 

Yuan et al., 2015). 

  The alteration in reelin expression levels in various cancers further strengthens the idea 

that the reelin signaling pathway is a broader regulator of development than assumed 
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previously. Similar to other developmental pathways, the reelin signaling mechanism may be 

used by cancer cells to promote their growth and migration, and to spread to distant organs. In 

fact, it is possible that the reelin pathway plays a dual role in cancer progression. Cancer cell 

growth may be promoted via activation of the PI3K/Akt signaling axis by reelin, while a decrease 

in reelin expression may be necessary to promote EMT and increase migratory properties of 

cancer cells and subsequent metastasis.  

 Although we now recognize the diversity of reelin, further studies are needed to address 

the exact mechanisms of reelin function, and to establish the non-canonical players in the reelin 

signaling cascade. In addition, it is still unclear how reelin functions in malignancies, and 

whether it could be used as a therapeutic target. The use of tissue-specific knockouts of the 

reelin signaling pathway components will be imperative to understanding the exact mechanisms 

by which reelin impacts tumor growth and metastasis.  
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