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Abstract 

It is becoming increasingly clear that the molecular mechanisms that maintain and 

promote pluripotency during development reemerge as important mediators of 

tumorigenicity. Bone morphogenetic proteins (BMPs) and their modulators play 

numerous and diverse roles during development and, as recent evidence suggests, in 

cancer. One key modulator of BMP signaling during craniofacial and mammary gland 

development is the glycoprotein Twisted gastrulation-1 (TWSG1). The loss of Twsg1 

results in craniofacial malformations, a delay in mammary gland development and 

lactation defects.  

TWSG1 has been shown to function both in the positive and negative regulation 

of BMP signaling. This dual nature may be explained first by TWSG1’s ability to bind 

BMPs and prevent their interaction with receptors. This function is similar to other 

extracellular BMP antagonists such as Noggin and Gremlin. Additionally, the TWSG1: 

BMP ligand complex can be joined by Chordin and when this tripartite complex is 

formed Tolloid can cleave Chordin releasing BMPs into the extracellular space at some 

concentration. The timing of this release and availability of other extracellular partners 

may, in part, dictate the influence TWSG1 has on BMP signaling.  Interestingly, TWSG1 

overexpression has been detected in tumors of tissues in which it also plays a key role in 

development such as the oral cavity and breast.  It therefore provides an interesting model 

by which to investigate the tenuous balance between pluripotency and tumorigenesis.  
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Chapter 1: Background and Significance 

Mammary Gland Development 

 It is becoming increasingly clear that the inappropriate reactivation of 

developmental signaling pathways play a significant role in the development and 

progression of breast and other cancers (Lu et al., 2013; Riggs et al., 2012; Vogelstein 

and Kinzler, 2004).  Understanding normal mammary gland development and the 

required molecular interaction provides insight into the detection and treatment of breast 

cancer.  In both human and mouse, the mammary gland is a dynamic organ that responds 

and develops over the lifetime of the female. Embryonic development establishes the 

rudimentary ductal tree that during puberty, pregnancy and lactation undergoes complex 

morphological changes. Precise molecular control and timing of these signaling pathways 

is required at all stages.  

  In the mouse, mammary gland development begins around embryonic day 10.5 

with the formation of the presumptive mammary line along each flank of the developing 

embryo, running between fore and hind limb buds (Watson and Khaled, 2008). Over the 

next 24 hours, placodes, consisting of a thickened and slightly raised lens shaped patch of 

morphologically distinct ectodermal cells, arise in a spatially and temporally restricted 

manner.  The specification and spatial location of placode formation is dependent upon 

interactions between the epithelial and mesenchymal compartments.    

 As development progresses, the cells of the placode arrange themselves 
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concentrically and at embryonic day 12 can be seen as small elevations along the milk 

line known as mammary buds (Watson and Khaled, 2008). The bud begins to invaginate 

into the underlying mesenchyme and at which time the mesenchymal cells condense, 

elongate and orient in a radial fashion around the invading epithelium. At the end of 

invagination, the epithelium resembles a hanging ball with a stalk of epidermal like cells 

maintaining a connection to the future nipple closely surrounded by mammary 

mesenchymal cells (Figure 1). Interactions between epithelial and mesenchymal cells 

continue to be critical at this stage of development. The bud remains rather static for the 

next 48 hours and then at embryonic day 16.5 the bud forms a primary sprout, which is 

the first step in forming the rudimentary ductal tree. At about the same time, the fat pad 

begins to condense. As the embryonic developmental period draws to a close the 

mammary bud has invaginated into the mesenchyme, further elongated to sprout into the 

stromal fat pad and has begun branching to form a rudimentary ductal tree with 

approximately 13-20 branches. As in humans, the mammary gland remains relatively 

quiescent until the onset of ovarian hormone production during puberty. 

 

Figure 1: Mammary gland development in the mouse during embryogenesis. Mammary gland 

development at E11.5, E13.5 and E18.5 highlighting the formation and elongation of the epithelial duct. 
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  At the onset of puberty, around 5-6 weeks of age, the ductal tree within the 

mammary gland responds to sex hormones by forming terminal end buds that elongate 

and branch, filling the fat pad. These buds consist of bipotent cap cells, which are thought 

to generate both myoepithelial and luminal epithelial cells. The luminal epithelial cells 

generate the mass of the duct and some subset of these cells undergo apoptosis to form 

the lumen. Further development of the ductal tree occurs in response to pregnancy 

hormones (Figure 2). After parturition and the cessation of lactation, involution of the 

ductal network occurs returning the gland to a near virgin morphology. The dynamic 

changes seen in mammary gland are regulated by a diverse set of morphogens, growth 

factors, and hormones. Integration and regulation of these signals is required for the 

proper establishment of mammary gland anlagen and subsequent development through 

puberty and pregnancy. 

  

Figure 2: Mammary gland development in the mouse. Wholemount haematoxylin staining of the 

developing mammary gland highlighting the increasing complexity of the ductal tree in response to the 

secretion of hormones at puberty and pregnancy. 
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Breast Cancer 

 

According to the Center for Disease Control and the National Cancer Institute, 

220,097 women and 2,078 men were diagnosed with breast cancer in 2011. For women, 

over 200,000 new cases are predicted for 2014 and 1 in 8 women will be diagnosed with 

invasive breast cancer in her lifetime (Group, 2014). While many advances have been 

made in understanding and treating the disease, it remains a serious health threat to 

women with significant side effects from available treatments. 

One advance that has helped to inform more personalized and targeted treatment 

is molecular subtyping. Transcriptional profiling studies were able to identify five 

molecular subtypes of breast cancer (Perou et al., 2000). Luminal A has a low 

proliferative index and expresses estrogen and progesterone-receptors and is not 

enriched for human epidermal growth factor receptor-2.  This is the most common tumor 

type and in general responds well to treatment. Luminal B tumors are estrogen and 

progesterone receptors (+) and human epidermal growth factor receptor-2 enriched or if 

human epidermal growth factor receptor-2 negative, has a high proliferative index. 

Human epidermal growth factor receptor-2 type tumors are typically estrogen and 

progesterone receptors (–) and human epidermal growth factor receptor-2 (+) but may 

be human epidermal growth factor receptor-2 (-). These tumors have a high proliferative 

index, confer poorer prognosis than luminal tumors and a high percentage of these tumors 

contain p53 mutations. Triple negative breast cancer, often referred to as basal, is 

estrogen and progesterone receptors (–) and human epidermal growth factor  
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receptor 2 (-) and the prognosis for women with this type of cancer is not as good as 

those with tumors of luminal origin due to its heterogeneity and paucity of therapeutic 

targets (Elsamany and Abdullah, 2014). Claudin-low tumors are triple negative breast 

cancers and are characterized by involvement of the immune response and the presence 

of a cancer stem cell signature, meaning the cells are more stem like (Romero et al.). The 

molecular subtypes describe large classes of tumors and not all tumors within each 

subtypes responds to treatment in the same way. In order to continue to refine and 

advance treatment, the subclasses within subtypes will need to be identified. 

Bone morphogenetic proteins (BMPs) have been shown to play a role in breast 

cancer but results have been contradictory as in some studies BMP acted as a tumor 

suppressor (Buijs et al., 2011a; Chen et al., 2012) and in others as a tumor promoter 

(Owens et al., 2011). We are just beginning to understand that time of expression, which 

BMP ligand is expressed and the extracellular milieu are key determinants in the ultimate 

cellular response (Masuda et al., 2011; Rodriguez-Martinez et al., 2011; Takahashi et al., 

2008) 
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BMP signaling and its regulation by TWSG1.  

 

BMPs are members of the 

Transforming growth factor β 

superfamily and have diverse functions 

during development, including 

regulation of cell proliferation, 

migration, differentiation and apoptosis 

(Sieber et al., 2009). Binding of BMPs to 

their receptors activates both Smad-dependent and Smad independent pathways 

(Miyazawa et al., 2002). Classically, BMP binding leads to phosphorylation of 

cytoplasmic SMAD1/5/8 proteins and their subsequent binding with SMAD4. This leads 

to nuclear translocation where the complex acts as transcription factors to activate or 

repress target genes (Miyazawa et al., 2002; Wotton and Massague, 2001). BMP 

signaling is tightly regulated at many levels and can be modulated in the extracellular 

space by the secreted proteins Chordin, Noggin, and TWSG1 (Figure 3) among others 

(Table 1) (Gazzerro and Canalis, 2006). 

 

 

 

 

Figure 3: Schematic of Twisted gastrulation-1 

with bone morphogenetic protein and Chordin 

in a tripartite complex. 
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TABLE 1: Selected BMP antagonists and their role in development. 

Common 

Name 

Gene 

Symbol 

Human 

Chromosome 

Locus 

Role in Development 

 
 

Chordin    Chrd 3q27 Multiple roles in skeletal, ear, pharyngeal, 

cardiovascular development (Bachiller et 

al., 2000). 

Chordin-

like1 

Neuralin-1  Xq22.1-q23 
Secondary axis forms; Expressed in 

mesenchymal lineages (Nakayama et al., 

2001) 

Cerberus Cer1 9p23–p22 
Head-inducing ability in Xenopus 

(Bouwmeester et al., 1996), although 

apparently non-crucial in knockout Mus 

musculus studies (Bachiller et al., 2000). 

Noggin Nog 17q21–q22 Dorsoventral patterning, limb formation, 

neural tube morphogenesis (Brunet et al., 

1998). 

Twisted 

gastrulation 

Twsg1 18p11.3 

Dorsoventral patterning (Walsh et al.), 

salivary gland morphogenesis (Melnick et 

al., 2006) , postnatally viable in knockout 

mice, with intermittent skeletal 

complications. In Xenopus, reduced Tsg 

expression results in ventralized 

development and lack of forebrain (Wills 

et al., 2006). 

Gremlin Grem1 15q13–q15 
Crucial for kidney formation (Michos et 

al., 2004);  and limb outgrowth and 

digitation homozygous (Zuniga et al., 

1999)  null mouse is postnatal lethal. 

Usag1 Sostdc1 7p21.1 
 Expressed in uterine tissues, although 

crucial for proper dental formation and 

numeration in mice (Simmons and 

Kennedy, 2002). 

Sclerostin Sost 17q11.2 

Responsible for sclerosteosis; crucial for 

control of bone mass and outgrowth 

(Brunkow et al., 2001). Postnatally 

viable, although with increased mortality 

and morbidity. 

Coco Dand5 19p13.2 
Left–right body symmetry (Walsh et al.). 

DAN 
Nbl1 

4 D3; 4 70.0 

cM 
No abnormal phenotype associated with 

DAN null mouse. 
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TWSG1 inhibits BMP signaling by binding BMP ligands and preventing the 

ligand from binding to its receptor. TWSG1 can also promote BMP signaling as 

previously discussed. Currently, it is not known how BMP signaling is regulated in the 

mammary gland. 

 

 Very little is known about BMPs during mammary gland development beyond 

early embryonic development where BMP4 is required for placode specification (Hens et 

al., 2007). However, there are a few studies that suggest a role for BMPs in lumen 

formation (Montesano, 2007) and lactogenic differentiation (Perotti et al., 2012). Further 

elucidation of BMPs role in mammary gland development is hampered by the fact that 

BMP knockout mouse models tend to be embryonic lethal and tissue specific models may 

miss critical dose and timing requirements. Twsg1 null mice are informative as BMPs are 

expressed in the right tissues at the right time but the dosage is modulated by the absence 

of this extracellular BMP binding protein. 

 

 

Twsg1 Mouse Models 

 

Of the Twsg1 mouse models that have been generated skeletal and craniofacial 

defects were the most common phenotype reported (Gazzerro et al., 2006; Nosaka et al., 

2003; Zakin and De Robertis, 2004). The model generated by our lab deleted the fourth 

exon by LoxP-flanking and in a C57Bl/6 syngenic background, midline craniofacial 
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defects characteristic of holoprosencephaly were seen (Petryk et al., 2004). While jaw 

defects, micrognathia to agnathia, were the most common, anterior truncation and cleft 

lip and palate were also observed. The craniofacial defects were not 100% penetrant with 

44% percent of homozygous pups showing defects of the face and jaw. We also observed 

a high percentage of phenotypically normal animals born live to homozygous dams but 

not surviving beyond 48 hours. These pups were examined and found to have no gross 

anatomical malformations but curiously no milk spot was observed in the abdomen. To 

rule out subtle defects such as impaired sucking, these animals were fostered to wild type 

dams and wild type pups were fostered to Twsg1-/- dams. Milk spots were observed in all 

pups fostered to wild type dams regardless of pup’s genotype and no milk spot was 

observed in pups fostered to Twsg1 -/- dams (Figure 4).  Homozygous pups fostered to 

wild type dams survived to adulthood while wild type pups fostered to Twsg1-/- dams 

died within 48 hours.  These fostered wild type pups lacked a milk spot suggesting that 

Twsg1-/- dams have a mammary gland defect that prevents production and/or secretion of 

milk. 
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         Figure 4: Milk spot observtion of pups fostered to wild type and Twsg1-/-  dams. 
 

 

Objective, rationale, summary 

 

The objective of this thesis project has been to identify the molecular mechanism 

for Twsg1 in mammary gland development and its role in breast cancer.  

 

The rationale for these investigations lies in our understanding that developmental 

pathways reemerge in the development and progression of cancer. Therefore, we must 

first discover the developmental role for Twsg1 in order to understand the consequences 

of misregulation during disease.  

 

This thesis examines first the role of Twsg1 in the development of the mammary 

gland in Chapter 2 and Chapter 3 explores Twsg1 role in breast cancer with a focus on 

cell behavior.  
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Specific Aims: 

 

Aim 1: Characterize the defect in Twsg1-/- mammary glands and identify molecular 

mechanisms. 

 

Aim 2: Determine the role of Twsg1 in breast cancer cell behavior. 
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Chapter 2: BMP-binding protein Twisted gastrulation 

is required in mammary gland epithelium for normal 

ductal elongation and myoepithelial 

compartmentalization 
 

Introduction 

 

BMPs, members of the Transforming growth factor β  superfamily, are 

morphogens that play diverse roles during embryonic development and postnatal life 

(Wagner et al., 2010). BMPs have been implicated in regulating tissue homeostasis in 

physiological states as well as pathological ones, such as cancer, by mediating basic 

biological processes including cell proliferation, migration, differentiation, apoptosis, and 

epithelial-stromal interactions (Buijs et al., 2011b; Singh and Morris, 2010; Virtanen et 

al., 2011; Wang et al., 2011b). There is growing evidence that developmental programs 

that are important during embryonic development and adult homeostasis can be 

inappropriately reactivated during the initiation and progression of cancer (Bowman and 

Nusse, 2011; McEvoy et al., 2011; Wang et al., 2011c). Specifically, BMPs play 

important roles during embryonic mammary gland development and have been shown to 

be dysregulated in breast and other cancers often acting as a tumor suppressor or tumor 

promoter depending on dosage, time and tissue of expression (Bailey et al., 2007; Beppu 

et al., 2008; Cho et al., 2006; Liu et al., 2008). Given that developmental programs, such 

as BMP mediated processes, are co-opted or exploited by tumorigenic cells, it is 
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important to understand what roles BMPs play during normal mammary gland 

development and how their activity is regulated. 

 

In both humans and mice, the mammary gland is a dynamic organ that responds 

and develops over the lifetime of the female. Embryonic development establishes the 

rudimentary ductal tree that during puberty, pregnancy and lactation undergoes complex 

morphological changes (Hens and Wysolmerski, 2005 and Hovey and Trott, 2004). As 

described earlier, the mouse, mammary gland development begins around embryonic day 

10.5 when epithelial thickenings form placodes, which further thicken and invaginate as 

they respond to inductive signals from the underlying mesenchyme at around embryonic 

day 13.5. At approximately embryonic day 16.5, the primary bud epithelium proliferates 

and elongates into the developing fat pad forming a rudimentary tree. Development is 

arrested at this point until puberty. At puberty, terminal end buds form at the leading edge 

of the duct and are the site of active proliferation and apoptosis (Dulbecco et al., 1982 

and Humphreys et al., 1996). The terminal end bud consists of bipotent cap cells that 

generate both cytokeratin-18 positive luminal and cytokeratin-14 positive myoepithelial 

cells. The latter remain in contact with the extracellular matrix while the luminal cells 

polarize with their apical aspect oriented towards the lumen. In the terminal end bud, 

proliferation creates excess body cells, which generate the mass of the duct as it elongates 

and a subset of these cells undergo apoptosis to form the lumen. Clearing of excess cells 

is complete and the mature ductal structure can be seen beginning at the shoulder of the 
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terminal end bud (Humphreys et al., 1996). A mature duct consists of a layer, one to two 

cells wide, of cytokeratin-18 positive luminal cells and a single cell layer of 

cytokeratin14 positive myoepithelial basal cells. Once the ducts reach the edges of the fat 

pad, terminal end buds are reabsorbed and elongation ceases. Concomitant with 

elongation, the ductal tree is further elaborated by a tightly regulated process of 

secondary and tertiary branching. 

 

The dynamic changes seen in the mammary gland are regulated by morphogens 

(Jardé and Dale, 2012 and Schwertfeger, 2009), cytokines/growth factors (McNally and 

Martin, 2011 and Watson et al., 2011) and hormones (McNally and Martin, 2011). 

Integration and regulation of these signals is required for the proper establishment of the 

mammary gland anlagen and subsequent development through puberty and pregnancy. 

Past studies have suggested that BMP2 and 4 play a role during mammary gland 

development, including bud formation, epithelial mesenchymal communication, 

proliferation and lumen formation (Hens et al., 2007, Montesano, 2007, Phippard et al., 

1996 and van Genderen, I. van Genderen et al. (1994). et al., 1994), but understanding of 

the regulation of BMP signaling during mammary gland development is limited. 

 

The BMP specific intracellular signal transducers of BMPs are SMAD 1/5/8 

proteins, which become phosphorylated upon binding of BMPs (BMP 2, 4, 6 or 7 among 

others) to their receptors (BMP receptor 1A, BMP receptor 1B and BMP receptor 2). This 

binding can be facilitated by crossveinless 2 (CV2) (Zhang et al., 2010) or other receptor 
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complex proteins. Phosphorylated pSMAD 1/5/8 binds SMAD4 and translocates to the 

nucleus where the complex acts as a transcription factor (Massague et al., 2005 and 

Miyazono et al., 2005). In the extracellular space, availability of BMPs for binding to 

their receptors is regulated by the secreted proteins Chordin , Chordin-like 1, Chordin-

like 2, Noggin and TWSG1 among others (Balemans and Van Hul, 2002). While Chordin 

and Noggin are antagonists of BMP action, TWSG1 has a dual role, acting as either a 

BMP antagonist or as an agonist (Oelgeschlager et al., 2000 and Ross et al., 2001) which 

has been shown in Danio rerio, Drosophila melanogaster and Xenopus laevis (Little and 

Mullins, 2004, Oelgeschlager et al., 2000 and Shimmi et al. (2005). Chordin can be 

cleaved by the matrix metalloproteinase BMP1, also known as tolloid, which can release 

ligand into the extracellular space. Cleavage of Chordin by BMP1 is enhanced when 

TWSG1 participates in the complex of Chordin and BMP ( Xie and Fisher, 2005). 

 

Mice deficient for TWSG1 have a number of developmental defects, including 

craniofacial malformations (Billington et al., 2011b, MacKenzie et al., 2009 and Zakin 

and De Robertis, 2004), defects of the vertebrae, kidneys, thymus (Nosaka et al., 2003), 

and other organs that require branching morphogenesis such as salivary glands (Melnick 

et al., 2006). Given the role of TWSG1 in the development of branched organs, the goal 

of this study was to understand the role of TWSG1 during postnatal ductal maturation in 

the mammary gland and to determine how perturbations in BMP signaling may affect 

that maturation. 
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Materials and methods 

 

Mice 

 

Generation and genotyping of mice deficient for Twisted gastrulation 1 (C57BL/6 

background) and heterozygous gene targeted Twsg1/Lac-Z knock-in mice have been 

previously reported (Gazzerro et al., 2006 and Petryk et al., 2004). Use and care of the 

mice in this study were approved by the University of Minnesota Institutional Animal 

Care and Use Committee. 

 

Inguinal mammary glands (#4) were harvested from female mice in early puberty 

(Nelson et al., 1990) (day of vaginal opening, about six weeks of age). Some mice were 

allowed to recover and the contralateral mammary gland was harvested at 10 weeks and 

stained as previously described (Li et al., 2002). Mammary glands from 3 wk old females 

were also collected. Mammary glands that were collected from 10 wk animals were 

staged for metestrus by vaginal observation and vaginal smears. Briefly, whole glands 

were fixed in 4% paraformaldehyde (Polysciences, Inc., Warrington, PA) for 2 h on ice, 

defatted with acetone and stained with hematoxylin (Fischer Scientific, Waltham, MA), 

cleared with xylenes and the gland flattened between two slides for image capture. For 

whole-mount lacZ staining, fat pads containing the mammary glands were isolated, fixed 

in ice-cold 2% formaldehyde, 0.2% gluteraldehyde, 0.01% sodium deoxycholate, 0.02% 

Nonidet-P40 (NP40) in PBS for 5 min, washed with 2 mM MgCl2 in PBS, and stained in 
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X-gal solution [0.1 M phosphate pH 7.3, 2 mM MgCl2, 0.01% sodium deoxycholate, 

0.02% NP40, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6] supplemented with 1 mg X-Gal 

(Promega) on a rotating wheel, at room temperature, in the dark and overnight. Following 

washing in PBS and refixing in 2% formaldehyde, 0.2% gluteraldehyde, the pads where 

photographed or dehydrated and processed for paraffin embedding and sectioning. The 

extent of fat pad colonization, secondary branching and terminal end bud area were 

calculated as previously described (Khialeeva et al., 2011, McCaffrey and Macara, 2009 

and Richards et al., 2004). Briefly, the length and width of the ductal tree were measured 

as well as the length and width of the stromal fat pad. Areas were calculated for both, and 

a ductal tree:fat pad ratio was calculated. The extent of secondary branching was 

calculated by counting branch points within a 2×3-mm2 area within 1 mm of the lymph 

node and terminal end bud area was calculated by using the freehand tool in ImageJ 

(Rasband, 1997–2011) to trace the terminal end bud, diameter was also calculated using 

the straight line tool. 

 

Immunohistochemistry 

 

Female mice at the onset of puberty were injected intraperitoneally (30 ng/g 

bodyweight) with bromo-2′-deoxy-uridine (BrdU) (Roche, Indianapolis, IN) and 

sacrificed 3 h later. Inguinal mammary glands (#4) were harvested and fixed in 4% 

paraformaldehyde on ice for 2 h, embedded in paraffin and sectioned at 5 μM. Sections 

were deparaffinized in xylenes, rehydrated through a series of graded ethanols. For 
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pSMAD1/5/8, GATA-3, Epithelial cadherin, cytokeratin-18 and cytokeratin-14 staining, 

antigen retrieval was performed. Slides were placed in Antigen Unmasking Solution 

diluted to manufacturer's recommendation (Vector Laboratories, Burlington, CA) and 

microwaved for 20 min. Once cooled, slides were washed and then blocked in PBS 

containing 5% goat serum (Invitrogen, Carlsbad, CA) and 0.3% Triton X-100 (Fisher 

Scientific) for 60 min at room temperature. Sections were incubated with anti-

pSMAD1/5/8 (Cell Signaling Technology Inc., Danvers, MA) 1:50, anti-GATA-3 (BD 

Pharmigen, San Diego, CA) 1:50, anti-E-Cadherin (Cell Signaling Technology Inc.) 

1:100, anti-Keratin-14 (Covance, Princeton, NJ) 1:200, anti-Keratin-18 (TROMA-I) 

(Developmental Studies Hybridoma Bank, Iowa City, IA) 1:200 or anti-Progesterone 

receptor (Sigma) 1:50. Sections were developed either with Alexa Fluor (Invitrogen) or 

DyLight (AbCam, San Francisco, CA) species-appropriate fluorophore conjugated 

secondary antibodies. Fluorescence was visualized on a Zeiss 710 LSM Confocal 

Microscope using an Argon12 laser (excitation 488 nm), a HeNe laser (excitation 543 

nm) a HeNe laser (excitation 633). Images were taken under identical conditions and 

post-acquisition manipulations were also identical. 

 

Cell culture 

 

HC11 mouse mammary cells (Danielson et al., 1984) (a gift from Dr. 

Schwertfeger), derived from pregnant BALB/c mouse mammary gland were cultured in 

RPMI 1640 medium (ATCC, Manassas, VA) supplemented with 10% fetal calf serum 
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(ATCC), 5 μg/ml insulin (Sigma) and 10 ng/ml epidermal growth factor (Invitrogen). 

Cells were cultured in a humidified atmosphere of 5% CO2 in air at 37 °C. Prior to BMP 

treatment cells were serum starved for 24 h, and then treated with either BSA or 

recombinant BMP7 50 ng/ml (R&D Systems). 

 

Cell proliferation and apoptosis 

 

BrdU incorporation was visualized using bromo-2′-deoxy-uridine Labeling and 

Detection Kit II (Roche) following manufacturer's instruction and double stained with 

anti-cytokeratin-18 (Developmental Studies Hybridoma Bank) 1:200. Five terminal end 

buds per section (n=5) from five mammary glands were image captured. The number of 

BrdU positive cells and the total number of cytokeratin-18 positive cells were counted by 

two independent scorers who were blinded to genotype and the total number of BrdU 

positive cells are presented as a fraction of total nuclei. Using the same method, apoptotic 

cells were visualized with Terminal Uridine Nick-End Labeling staining (Gavrieli et al., 

1992) using a DeadEnd Fluorometric Terminal Uridine Nick-End Labeling System 

(Promega, Madison, WI) following manufacturer's instructions. The total number of 

Terminal Uridine Nick-End Labeling positive nuclei within a terminal end bud structure 

was expressed as a percentage of all nuclei within that structure. 

 

cDNA generation, RT-PCR and qRT-PCR 

 

Whole inguinal mammary glands (#4) were collected from wild type and 

Twsg1−/− virgin female mice at the onset of puberty, lymph node removed, and mammary 
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gland lysed in TRIzol reagent (Invitrogen). Furthermore, inguinal mammary glands were 

collected and lysed in TRIzol from wild type mice at 3 weeks, 10 weeks and early 

pregnancy (10.5 days past coitus). After extraction with TRIzol, RNA was isolated using 

RNeasy micro kit (Qiagen, Germantown, MD) following manufacturer's instructions. A 

similar procedure was followed to obtain total RNA from HC11 cells. Reverse 

transcription was carried out with the Thermoscript RT-PCR System (Invitrogen) priming 

with Oligo (dT)20, followed by RT and qRT-PCR (Q-PCR, MX3000p, Agilent, LaJolla, 

CA) for BMP pathway components. Primers for BMP pathway components have been 

previously published (Sun et al., 2010). Our approach, given the expected reduced 

epithelium within the Twsg1−/− gland, was to first calculate a ratio between GAPDH and 

cytokeratin-18 and then use this ratio to normalize the signal of the gene of interest. This 

allowed us to look both at relative whole gland expression as well as relative epithelial 

expression. 

 

Western blotting 

 

Whole inguinal mammary glands were collected from virgin, female mice at the 

onset of puberty, lymph node removed and lysed in modified RIPA buffer (250 μl of 140 

mM NaCl, 0.4 mM Tris–HCl pH 8.0, 1% Glycerol, 1% NP40, 2% BSA with Complete 

Protease Inhibitor Cocktail (Roche) and PhosSTOP (Roche)). SDS-PAGE was used to 

separate proteins and separated proteins were transferred to PVDF membrane. The 

membranes (Invitrogen) were blocked with Odyssey blocking buffer (LI-COR, Lincoln, 
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NE, USA) containing 0.1% v/v Tween 20. Membranes were incubated overnight at 4 °C 

with anti-p-Smad1/5/8 (Cell Signaling Technology Inc.) 1:250, anti-Total SMAD (Santa 

Cruz Biotechnology, Santa Cruz, CA) 1:100 and anti-GAPDH (ABCam, Cambridge, 

MA) 1:5000 antibodies and washed before incubation with species-appropriate 

fluorescent conjugated secondary antibodies for 1 h at room temperature. After washing 

to remove trace detergent, membranes were analyzed using an Odyssey Infrared Imaging 

System (LI-COR; Millennium Science, Surrey Hills, Australia) using the manufacturer's 

protocol. Relative pSMAD1/5/8 was calculated by first normalizing the signal intensity 

for total SMAD to GAPDH to control for loading. Then pSMAD1/5/8 signal was 

expressed as a percentage of the total SMAD pool. To detect GATA-3 membranes were 

incubated overnight at 4 °C with anti-GATA-3 antibody at 1:50 dilution (AbCam, San 

Francisco, CA), probed with anti-mouse HRP-conjugated secondary antibody (Cell 

Signaling Technology Inc.), and visualized with SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Scientific, Rockford, IL). 

 

 

Mammary gland transplantation 

 

Mammary glands from 3 wk old Twsg1−/− host females or wild type host females 

were cleared of endogenous epithelium as described ( DeOme et al., 1959). Donor 

mammary tissue was collected from adult wild type (wild type) and Twsg1−/− mice and 

minced into small fragments. wild type and Twsg1−/− mammary fragments were 

transplanted into the cleared host fat pads, with each host (both wild type and Twsg1−/− 
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mouse receiving a wild type transplant and a contralateral Twsg1−/− transplant. Host fat 

pads containing transplanted epithelium were removed and processed for wholemount 

haematoxylin staining as described above. Approximately 80% of all transplants were 

able to colonize and elongate into the host fat pad. 

 

Statistical analyses 

 

Gene expression levels were normalized to cytokeratin-18/GAPDH and 

significance calculated using a Student's t-test with significance set at p<0.05. pSMAD 

signal intensity was normalized to total SMAD which was first normalized to GAPDH. 

Significance was calculated using a Student's t-test with significance set at p<0.05. 

 

Results 

 

TWSG1 and other BMP signaling pathway components are present in the 

mammary gland during postnatal development 

To determine the presence and timing of Twsg1 expression during mammary 

gland postnatal development, LacZ staining of mammary glands from heterozygous mice 

with LacZ inserted into the Twsg1 locus and RT-PCR for BMP pathway components was 

performed. Twsg1 was detected by LacZ staining in the myoepithelium and in a subset of 

body cells within the canalizing terminal end bud (Figure 5A and B) at 6 weeks. In the 

mature gland, Twsg1 was expressed throughout the ductal tree and was primarily 

expressed in the myoepithelium (Figure 5C and D). Given that TWSG1 modulates BMP 

signaling, components of the BMP pathway were assessed by RT-PCR across 
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developmentally relevant time points (Figure 5E). mRNA for BMP1, BMP2, BMP6, 

BMP7, BMP receptor-1a, BMP receptor-2, and Smad4 were expressed across all time 

points. The Type1 receptor BMP receptor-1b was barely detectable. BMP4 was detected 

at 10 weeks and at pregnancy. Among genes encoding BMP-binding proteins, Twsg1 

mRNA was expressed at all time points while others were more temporally expressed. 

Chordin was undetectable at 6 weeks and barely detectable at other stages, while 

Chordin-like 1 was strongly expressed at each time point. Noggin was expressed only 

during pregnancy while Chordin-like 2 was undetectable (Figure 1). Crossveinless 2 (an 

extracellular BMP binding protein) mRNA was not detected during pregnancy, but was 

present at other time points. 
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Figure 5: Twsg1 and BMP pathway components are expressed in the mammary gland at important 

postnatal developmental time points. (A–D) LacZ staining of whole mount (A and C) and sectioned (B 

and D) mammary glands isolated from heterozygous 6 and 8 wk old virgin female carrying LacZ reporter 

gene in the Twsg1 locus. (A) Twsg1 is present in ducts and terminal end buds at 6 weeks (B) and in a subset 

of body cells in the canalizing terminal end bud. (C) Twsg1 expression is present in the mature ducts (2 mm 

scale bar). (D) This expression is observed primarily in the myoepithelium at 8 weeks. (E) RT-PCR 

showing temporal expression of BMP pathway members in mammary glands at different postnatal 

developmental time points.Actb, beta-actin, Chrd, chordin; Chrdl1, chordin-like 1; Chrdl2, chordin-like 

2; Cv2, crossveinless 2. 

 

TWSG1 is required for timely ductal elongation and fat pad colonization 

 

Mammary glands from wild type and Twsg1−/− female mice were examined at 3, 6 

and 10 weeks. The ductal trees were comparable at 3 weeks with the establishment of a 

rudimentary tree (Figure 6A and D) although terminal end buds appeared atypical in the 

Twsg1−/− mammary gland (Figure 6G). At 3 weeks, terminal end buds were smaller than 

wild type and in some cases it appeared as if terminal end buds were not established. At 6 
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weeks, the wild type ducts had elongated well past the lymph node while the Twsg1−/− 

ducts showed little elongation. In most cases, the ducts did not reach or just reached the 

lymph node (Figure 6B and E). The terminal end buds in the Twsg1−/− were larger than 

wild type terminal end buds at this time point (Figure 6H). At 10 weeks, the wild type 

ducts had completely elongated, were well branched and the terminal end buds had 

reabsorbed. In Twsg1−/− ducts, terminal end buds were still present and the ductal tree 

was not as robustly branched (Figure 6C and F). At 10 weeks, the wild type terminal end 

buds had reabsorbed while terminal end buds were still found in the Twsg1−/− mammary 

gland (Figure 6I). A reduction in secondary branching in Twsg1−/− mammary glands at 10 

weeks was also observed. The most striking difference between wild type and Twsg1−/− 

ductal morphogenesis was found at 6 weeks and this stage was assessed further. 
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Figure 6: Loss of Twisted gastrulation 1 results in a delay of ductal elongation 
(A, B, C) Whole mount mammary gland from 3 week, 6 week and 10 week old wild type (wild type) virgin 

female mouse. (D, E, F) Whole mount mammary gland from 3 week, 6 week and 10 week old Twsg1−/− virgin 

female mouse. (G, H, I) Distal ends of ductal tree from the mammary gland of 3 week, 6 week and 10 week 

wild type and Twsg1−/− virgin female mouse. Arrow indicates poorly formed terminal end bud (2G) and 

terminal end buds still present at 10 weeks (2I) in the Twsg1−/− mammary gland. Magnified distal ends are 

boxed. LN, lymph node. Scale bar 2 mm. 

 

Mammary glands from Twsg1−/− female mice were examined on the first day of 

vaginal opening, approximately 6 weeks of age. Mammary glands from wild type animals 

contained ducts that extended past the lymph node and were robustly branched. In 
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contrast, Twsg1−/− mice showed a significant decrease in fat pad colonization (Figure 7A) 

with 38% of fat pad being occupied by the ductal network in Twsg1−/− mammary glands 

(n=5) compared to 64% in wild type mammary glands (n=5, p=0.0032) at 6 weeks of age. 

In addition, secondary branching was significantly reduced in mammary glands from 6 

wk old virgin Twsg1−/− animals compared to wild type (Figure 7B) and terminal end buds 

were significantly larger in Twsg1−/− ducts (Figure 7C). 

 
 
Figure 7: Loss of Twisted gastrulation 1 results in impaired ductal elongation, reduced secondary 

branching and enlarged terminal end buds. (A) Percentage of fat pad colonization by the ductal tree in 

wild type and Twsg1−/− virgin female mouse. (B) Side branching is significantly reduced 

in Twsg1−/− mammary gland. (C) terminal end buds are significantly larger in Twsg1−/− mammary glands at 

6 weeks. **p<0.001 

 

Delay in elongation is intrinsic to the mammary gland 

 

To determine whether the delay in ductal elongation and fat pad colonization was 

intrinsic to the mammary gland rather than secondary to other factors, for example 

alterations in hormonal milieu, we performed transplantation experiments. We 

transplanted Twsg1−/− epithelium into the fat pads, cleared of endogenous epithelium, of 3 

week old wild type animals. The mammary glands were analyzed 3 weeks later and there 

was either a significant delay (n=2) or no measurable outgrowth (n=1) of Twsg1−/− 
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mammary gland tissue when compared to contralaterally transplanted wild type tissue 

(Figure 8 A and B). Conversely, wild type mammary gland tissue transplanted into the 

cleared fat pad of Twsg1−/− had outgrowth that was similar to wild type tissue 

transplanted into wild type fat pad (data not shown). The terminal end buds in the 

Twsg1−/− transplanted tissue were similar in morphology to terminal end buds in 3 week 

Twsg1−/− mammary glands (Figure 8 C and D).  

 

 
Figure 8: Elongation defect is intrinsic to the mammary gland. (A) wild type epithelium transplanted 

into cleared fat pad of 3 week old wild type mouse shows adequate elongation (n=3) as measured from 

center of transplanted epithelium to distal end of longest primary duct. Longest primary duct is bracketed 

and farthest distal end is boxed. (B) Twsg1−/− epithelium transplanted into cleared fat pad of 3 week old 

wild type mouse shows impaired elongation (n=3) as measured from center of transplanted epithelium to 

distal end of longest primary duct. Longest primary duct is bracketed and farthest distal end is boxed. (C) 

Magnified view of transplanted wild type distal ends. (D) Magnified view of transplanted Twsg1−/− distal 

ends. 
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BMP signaling is reduced in the mammary gland epithelium 

 

To further investigate BMP signaling within the Twsg1−/− mammary gland, a 

western blot was performed to detect pSMAD1/5/8. BMP signaling via pSMAD was 

significantly reduced in the Twsg1−/− mammary gland (Figure 9A). Co-localization 

studies demonstrated that in the wild type mammary gland pSMAD1/5/8 was localized to 

nuclei of cells within the terminal end bud and pSMAD1/5/8 signal could not be detected 

in the Twsg1−/− terminal end bud (Figure 9B). We also observed that BMP downstream 

targets, Msx1, Msx2 and Gata-3, were downregulated in Twsg1−/− mammary gland 

(Figure 9C).  

 
Figure 9: BMP signaling is reduced in mammary glands from Twsg1−/− animals. (A) Western blot, 

showing two representative samples per group, detecting the levels of total SMAD, pSMAD1/5/8 and 

GAPDH in mammary gland lysates from wild type and Twsg1−/− 6 week old virgins. Total SMAD was 

normalized to GAPDH and a ratio of SMAD to pSMAD1/5/8 was calculated; p<0.002. (B) 

Immunofluorescence staining for epithelial marker keratin 18 (green) and pSMAD1/5/8 (red). 

pSMAD1/5/8 is absent in Twsg1−/− mammary glands. (C)-PCR for BMP downstream targets, Msx1, Msx2 

and Gata3, shows reduced expression in Twsg1−/− mammary glands. Scale bar 2 um. 
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TWSG1 mediates lumen formation and luminal identity 

 

Whole mount light microscopy of Twsg1−/− mammary glands showed a density of 

staining in the duct that was suggestive of a difference in cell density between wild type 

and Twsg1−/− mammary glands. To investigate this further we sectioned mammary glands 

from 6 week old virgin females and stained with cytokeratin-18, cytokeratin-14 and 

Trichrome and assessed mature ducts. Wild type mammary glands at 6 weeks had mature 

ducts with a clear, well-defined lumen (Figure 10A–C, G–I, M and N) with no cells 

visible within the lumen. Conversely, the Twsg1−/− mammary glands contained a mix of 

ducts containing cell islets (Figure 10D–F), completely occluded ducts (Figure 10J–L) as 

well as single cells shed into the lumen (Figure 10Q and R) and clear lumens. 

Approximately 60% of the mature ducts in the Twsg1−/− mammary gland had either 

complete or partial occlusion. When occluded ducts were stained for cytokeratin-14, the 

cells within the lumens contained an organized structure that consisted of a secondary 

cytokeratin-14 positive compartment surrounding a mass of cytokeratin-14 negative cells 

(Figure 10D–F). This “duct within a duct” structure was only observed in Twsg1−/− 

mammary glands. Wild type, mature ducts consisted of a clearly defined luminal 

compartment that was cytokeratin 18 positive (Figure 10G–I). Using a blood vessel 

landmark, the luminal compartments of Twsg1−/− ducts were further examined. In many 

cases, the duct remained occluded until out of the plane of sectioning and not all cells 

within the occlusion were cytokeratin 18 positive (arrows) (Figure 10J–L). To look more 

closely at Twsg1−/− myoepithelial compartment, cytokeratin 14 stained sections were 
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interrogated for the presence of basal body cells, which are cytokeratin-14 positive cells 

within the luminal compartment. In wild type ducts, no basal body cells were observed 

(Figure 10M and N), consistent with previous reports (Mailleux et al., 2007). Within 

Twsg1−/− mammary glands ∼60% of the ducts observed contained cytokeratin-14 positive 

basal body cells. To further characterize the cells within the luminal compartment ducts 

were stained for smooth muscle actin and a similar distribution of smooth muscle actin 

positive cells were seen in the Twsg1−/− mammary gland (data not shown). Additionally, 

we observed cell shedding in Twsg1−/− but not wild type mature ducts. Usually these were 

single or small groups of cells within the lumens of mature ducts and these shed cells 

were cytokeratin=14 positive (Figure 10Q and R). 
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Figure 10: Twsg1−/− mammary glands have abnormal epithelial organization, occluded lumens and 

cell shedding at puberty. (A–C) wild type mammary glands (D–F) Twsg1−/− mammary glands stained 

with cytokeratin-14 have occluded lumens, which can be organized with a secondary myoepithelial 

compartment surrounding a mass of cytokeratin-14 negative cells. (C and F) Trichrome staining reveals 

cleared lumens of wild type ducts and an organized cell mass within some lumens of the Twsg1−/− maturing 

duct. (G–I) wild type ducts with a well formed lumen. (J–L) Using a blood vessel to mark the location 

within the mammary gland, serial sections of an occluded Twsg1−/− duct were stained for cytokeratin-18. 

Not all the cells that occlude the lumen are cytokeratin-18 positive (arrows). (M and N) cytokeratin-14 

stained wild type mature ducts showing cytokeratin-14 positive cells in the basal compartment, but not the 

luminal compartment of the epithelium at puberty. (O and P) cytokeratin-14 positive cells are found in the 

luminal compartment of Twsg1−/− mature ducts (arrow). (Q and R) Cell shedding in Twsg1−/−ducts. Cells 

shed into the lumen were preferentially cytokeratin-14 positive. All images were taken at 20×. 
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Apoptotic defect may lead to accumulation of cells and poor lumen formation in 

Twsg1 mutant ducts 

 

The terminal end buds of mammary glands from Twsg1−/− animals are larger than 

wild type controls suggesting hyperplasia. To assess this further we counted the number 

of cells within terminal end bud structures (five animals, five sections per animal) in wild 

type and Twsg1−/− mammary glands. There was a significant increase in the number of 

cytokeratin-18 positive cells within the Twsg1−/− terminal end buds (Figure 11A). To 

determine if this was due to an increase in proliferation or a decrease in apoptosis we 

stained for Bromodeoxyuridine and performed a Terminal deoxynucleotidyl transferase 

assay. Bromodeoxyuridine incorporation revealed no significant difference in 

proliferation between wild type and Twsg1−/− terminal end buds (Figure 11B and D). To 

determine if known regulators of proliferation are changed in our model, we assessed the 

expression of insulin-like growth factor 1, amphiregulin and estrogen receptor alpha by 

Q-PCR. There were no significant differences detected (data not shown). Furthermore, 

amphiregulin and progesterone receptor were visualized by immunofluorescence and no 

differences in distribution were observed (data not shown). However, there was a marked 

decrease of nearly four-fold in apoptosis within the Twsg1−/− terminal end buds (Figure 

11C and D). 
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Figure 11: Twsg1−/− terminal end buds show an increase in luminal epithelial (cytokeratin-18) cell 

number and a decrease in apoptosis. (A) cytokeratin-18 positive cells were counted within terminal end 

buds and compared between wild type and Twsg1−/−. A significant increase in cell number was observed in 

Twsg1−/− compared to wild type. (B) Bromodeoxyuridine positive cells were counted within the same 

compartment and no significant change in proliferation was observed. (C) Terminal deoxynucleotidyl 

transferase staining revealed a significant decrease in the number of apoptotic cells within the terminal end 

bud of Twsg1−/− mammary glands. (D) Representative images for Bromodeoxyuridine (pink), cytokeratin-

18 (green) and Terminal deoxynucleotidyl transferase (green) staining. *p<0.05, ***p<0.001. 

 

 

 

TWSG1 plays a role in restricting cytokeratin-14 positive cells to the basal 

compartment 

 

Gata-3 is required for luminal identity in the mammary gland and is a 

downstream target of BMP signaling in various tissues (Bonilla-Claudio et al., 2012). In 

wild type terminal end buds (Figure 12A–D) and mature ducts (Figure 12I–L) almost all 

luminal cells expressed GATA-3. In contrast, Twsg1−/− mammary glands consisted of 

terminal end buds (Figure 12E–H) and mature ducts (Figure 12M–P) that were a mosaic 

of GATA-3 positive and GATA-3 negative cells. In Twsg1−/− mammary glands, single 

cells that were shed into the lumen were GATA-3 negative (Figure 12P). To confirm that 
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BMPs could induce Gata-3 expression in mammary epithelial cells, HC11 cells were 

treated with BMP7 50 ng/ml and Gata-3 mRNA expression measured by Q-PCR. BMP7 

induced Gata-3 expression over two-fold (p=0.0004) (Figure 13A). We also assessed 

Gata-3 expression and protein content and found that Gata-3 expression (Figure 13B) as 

well as protein level (Figure 13C) were reduced in Twsg1−/− mammary glands. 
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Figure 12: GATA-3, required for luminal identity, is reduced in Twsg1−/− mammary glands. GATA-3 

expression is reduced in Twsg1−/− mammary glands. ECAD was used to mark luminal epithelial cells 

and most ECAD positive cells in the wild type terminal end bud express GATA-3 (A–D) and mature duct 

(I–L) while the Twsg1−/− terminal end bud (E–H) and mature duct (I–L) consist of a mosaic of GATA-3 

positive and GATA-3 negative luminal cells. Most cells shed into the lumen are GATA-3 negative (P). All 

images were taken at 40×. Boxes in C, G, K, and O correspond to the magnified images in D, H, L, and P, 

respectively. 
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Figure 13: GATA-3, required for luminal identity, is reduced in Twsg1−/− mammary glands. (A) Gata-

3 expression is significantly upregulated in HC11 cells that have been treated with BMP7 (50 ng/ml). 

(B) Gata-3 expression is significantly downregulated, in Twsg1−/−mammary glands from 6 week old virgin 

mice. (C) There is reduced GATA-3 protein in Twsg1−/− mammary glands (n=3) compared to wild type 

(n=3). 

 

 

 

 

Discussion 

 

TWSG1 is a positive regulator of BMP signaling during postnatal mammary 

gland development. Studies in Drosophila melanogaster, Danio rerio, Xenopus laevis, 

and Mus musculus have shown that TWSG1 is a highly conserved extracellular 

modulator of BMP signaling with important roles during embryonic development (Ross 

et al., 2001, Scott et al., 2001 and Zusman and Wieschaus, 1985). Recent studies have 

demonstrated that TWSG1 continues to be an important BMP regulator in adult 

mammalian tissues, including bone homeostasis (Sotillo Rodriguez et al., 2009), 

regeneration following ischemic kidney injury (Larman et al., 2009), immune responses 
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(Tsalavos et al., 2011), and, as this study shows, postnatal mammary gland ductal 

maturation. 

 

It is known that TWSG1 interacts with BMP2, BMP4, and BMP7 (Billington et 

al., 2011a, Blitz et al., 2003, Chang et al., 2001, Ross et al., 2001 and Scott et al., 2001), 

either directly or by forming complexes with Chordin (Larrain et al., 2001). While in 

Xenopus laevis and Denio rario TWSG1 can act as a BMP antagonist as well as an 

agonist (Blitz et al., 2003, Ross et al., 2001 and Xie and Fisher, 2005), the latter function 

has not been directly demonstrated in mammals. In this study, BMP signaling is reduced 

in the murine mammary gland in the absence of TWSG1, suggesting an agonist role for 

TWSG1 in the postnatal mammary gland. Chordin was not detected in the mammary 

gland at 6 weeks, suggesting that Chordin-independent mechanisms may play a role (Xie 

and Fisher, 2005) A potential binding partner is Chordin-like-1, which is highly 

expressed in the developing mammary gland and has been shown to bind BMPs and 

TWSG1. Intriguingly, in cells of the proximal tubule of the kidney, Chordin-like-1 

amplifies BMP4 signaling in the presence of TWSG1 (Larman et al., 2009). 

 

Reduced expression of the BMP targets Msx1, Msx2, Gata-3, and decreased levels 

of pSMAD1/5/8 all indicate a reduction of BMP signaling in the Twsg1−/− mammary 

gland. Mutations in Msx1 and Msx2 result in impaired mammary gland development. 

Mammary glands of Msx2-deficient mice arrest at the mammary sprout stage while the 

epithelium of the Msx1/Msx2 double-deficient mice fails to form a bud with subsequent 
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regression of the mammary gland anlagen (Satokata et al., 2000). BMP2 and BMP4 

mutants are embryonic lethal (Lawson et al., 1999 and Zhang and Bradley, 1996) and no 

studies have specifically addressed the effects of deletion of these genes in the postnatal 

mammary gland. Thus, the Twsg1−/− mouse provides a model in which to evaluate the 

consequences of perturbated BMP signaling during postnatal ductal maturation. 

 

TWSG1 is essential for postnatal ductal maturation in the murine mammary gland. 

Postnatal mammary gland development is orchestrated by numerous hormones, 

growth factors, cytokines, and transcription factors including MSX1, MSX2 and GATA-

3, which regulate proliferation, apoptosis, and differentiation (McNally and Martin, 

2011). Although BMPs are known to regulate proliferation through Msx1 (Zhang et al., 

2002) and the expression of Msx1 was decreased in the Twsg1−/− mammary gland, 

proliferation was not significantly altered suggesting that other pathways are involved in 

regulating proliferation in the elongating duct. In contrast, apoptosis was reduced in 

Twsg1−/− mammary gland, indicating a role for BMP-induced apoptosis in lumen 

formation. Furthermore, Twsg1 is expressed in a subset of body cells within the terminal 

end bud making it available for regulation of BMP signaling within the canalizing 

terminal end bud. The classical mediator of the pro-apoptotic effects of BMPs is Msx2 

(Graham et al., 1996). Indeed, reduced Msx2 expression was seen in the Twsg1−/− 

mammary gland. The reduced apoptosis in the terminal end bud could explain the 

observation that 60% of the mature ducts in the Twsg1−/− mammary gland were occluded 
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or had cell islets present in the lumen. It has been shown that disrupted apoptosis can be 

accompanied by lumen filling and cell shedding in the mammary gland (Mailleux et al., 

2007). However, it is also possible that cells shed into the lumen repopulate the lumen 

with a mass of cells that is later cleared by some unknown mechanism. 

 

GATA-3 is directly induced by BMP signaling during facial skeletal development 

(Bonilla-Claudio et al., 2012), preplacodal ectoderm specification (Kwon et al., 2010), 

and hair follicle morphogenesis (Kobielak et al., 2003). In the mammary gland, GATA-3 

deficiency results in impaired placode formation, elongation defect as a result of the 

failure of terminal end buds to stably form, and a reduction in side branching (Asselin-

Labat et al., 2007). Additionally, GATA-3 can induce apoptosis in a luminal tumor model 

(Kouros-Mehr et al., 2008) and upregulate pro-apoptotic genes such as caspase-14 

(Asselin-Labat et al., 2011). In mice with mammary gland specific GATA-3 deficiency 

lumens are irregular and cell shedding is observed (Asselin-Labat et al., 2007). In the 

Twsg1−/− mammary gland, loss of Twsg1 reduces BMP signaling perhaps by reducing 

BMP availability. As a result, not all cells reach the BMP signaling threshold required for 

Twsg1−/− induction and subsequent adoption of a luminal cell fate. The cells that fail to 

induce Gata-3 will remain in the luminal compartment or be shed into the lumen. It is 

possible that this mosaic of cell types in the advancing duct inhibits elongation but as 

cells are lost into the lumen cell:cell contacts are reestablished and elongation can again 

proceed in the absence of Twsg1−/−. 
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We also observed a decrease in secondary branching in Twsg1−/− mammary gland. 

As the ducts invade into the fat pad, secondary branching occurs in areas where there is 

low Transforming growth factor-β expression (Pierce et al., 1993) and high Msx2 

expression (Satoh et al., 2004). A recent study demonstrated that BMP2/4 can induce 

branching in the mammary gland via Msx2 upregulation (Fleming et al.). When Twsg1 is 

deleted, some cells receive adequate BMP while others do not and in those regions with 

reduced BMP, Msx2 expression is also reduced and branching is not initiated, thus 

leading to an overall reduction in secondary branching in the Twsg1−/− mammary gland. 

 

Contribution of TWSG1 to maintaining basal vs. luminal epithelial identity 

The mammary gland epithelium is composed of the basal myoepithelial cells and 

polarized luminal epithelial cells. It is thought that the different cell populations arise 

from multipotent progenitors, or mammary stem cells (Stingl et al., 1998). Interestingly, 

in Twsg1−/− mammary gland, cytokeratin-14 positive cells are present within the luminal 

compartment among cytokeratin-18 positive cells. This suggests that BMP signaling 

plays a role in establishing and/or maintaining epithelial identity as opposed to 

myoepithelial, for example through GATA-3 (Metallo et al., 2008 and Wilson and 

Hemmati-Brivanlou, 1995). In Twsg1−/− mammary glands, the cytokeratin-14 positive 

cells within the luminal compartment may represent those cells whose BMP exposure 

was not sufficient to induce Gata-3 expression preventing progression towards a terminal 
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luminal fate. In line with this, cells shed into the lumen of Twsg1−/− mammary glands are 

cytokeratin-14 positive whereas a previous study demonstrated that deleting Gata-3 after 

luminal specification did not reduce cytokeratin-18 expression showing that GATA-3 is 

not required for maintenance of cytokeratin-18, only its induction ( Kouros-Mehr et al., 

2006). This suggests that Twsg1 acts upstream of GATA-3 to regulate 

epithelial/myoepithelial cell fate. 

 

In summary, this study sheds light on the role of the extracellular regulation of 

BMP signaling by TWSG1 during postnatal mammary gland development. It shows that 

BMP signaling is reduced in mammary gland leading to a decrease in Msx2 and Gata-3 

expression. In the absence of TWSG1, delayed ductal elongation, impaired branching and 

lumen formation, incomplete myoepithelial restriction, and shedding into the lumen are 

observed. Understanding how TWSG1 regulates normal ductal maturation can provide 

insight into what role it may be playing during carcinogenesis, especially in light of the 

recent data suggesting tumor suppressor effects of BMPs (Loh et al., 2008, Owens et al., 

2011 and Ye et al., 2009). There is some evidence that the expression of Bmps, Msx2, 

and Twsg1 is altered in breast cancer (Finak et al., 2008, Malewski et al., 2005 and 

Phippard et al., 1996), but the mechanisms for this differential regulation are unknown. 

Future studies will further elucidate the mechanism by which the lumens are eventually 

cleared in the absence of TWSG1. This may provide insight into how cells within the 
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mammary gland that escape targeted apoptosis at one point in development are identified 

and eventually cleared from the mammary gland. 
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Chapter 3: Overexpression of Twisted gastrulation, 
an extracellular regulator of bone morphogenetic 
protein signaling, promotes cell migration and 
invasion in breast cancer cells 

 

 
 

Introduction 

 

Developmental signaling pathways, such as bone morphogenetic proteins (BMPs), 

are often co-opted, dysregulated and/or inappropriately reactivated during the initiation, 

progression and invasion of cancer (Clement et al., 2000; Katsuno et al., 2008; Steinert et 

al., 2008). It is becoming increasingly clear that the molecular mechanisms, that maintain 

and promote pluripotency during development, reemerge as important mediators of 

tumorigenicity (Balboni et al., 2013; Buijs et al., 2012). Understanding of how this 

reactivation occurs (Godfrey et al., 2012; Neman et al., 2013) and what the cellular 

consequences of reactivation are (Ghosh et al., 2012; Maemura et al.), will provide a solid 

basis for advances in cancer diagnosis and future therapeutics that target these pathways 

(Langenfeld et al., 2013). 

BMPs have been shown to be indispensable for normal embryonic development of 

mammary gland, lung, kidney, colon, prostate and other organs and tissues (Bellusci et al., 

1996; Beppu et al., 2008; Forsman et al., 2012; Hogan, 1996; Petryk et al., 2004; Simic 

and Vukicevic, 2005) and are integral to basic biological processes such as cell 

proliferation, stem cell maintenance, migration, differentiation, apoptosis and stromal-
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epithelial interactions (Lind et al., 1996; Marazzi et al., 1997; Massagué, 1998; 

Mukhopadhyay et al., 2006; Xia et al., 2012; Ying et al., 2003). Intriguingly, in tissues 

where BMPs are integral for proper development, BMPs and/or BMP pathway components 

are often dysregulated in cancers of that tissue (Alarmo et al., 2006; Blish et al., 2008; 

Langenfeld et al., 2005).  

The diverse and varied set of BMP-dependent processes are only possible through 

precise modulation of target cell response by controlling both timing of BMP exposure and 

signal intensity (Arnold et al., 2006; Bonilla-Claudio et al., 2012; Obradovic Wagner et al., 

2010).  Establishing and maintaining the correct timing and signal intensity requires 

controls at multiple levels including regulating BMP in the extracellular environment. One 

of the major extracellular regulators of BMP signaling is Twisted gastrulation-1 (TWSG1) 

protein (Oelgeschlager et al., 2000; Petryk et al., 2004; Ross et al., 2001). We have 

previously shown that the loss of TWSG1 in the developing mammary gland leads to a 

reduction in BMP signaling and a delay of ductal elongation, occluded lumens and 

incomplete myoepithelial compartmentalization (Forsman et al., 2012) highlighting its role 

in normal mammary gland development. Whether TWSG1 can also regulate the behavior 

of breast cancer cells is currently unknown.  

Several studies have identified aberrant BMP signaling in breast cancer (Alarmo 

and Kallioniemi, 2010; Buijs et al., 2011a; Davies et al., 2008). Additionally, expression 

studies have shown that TWSG1 is also misregulated in breast cancer, most often being 

significantly overexpressed (Finak et al., 2008). Because TWSG1 is an important regulator 
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of BMP signaling, this study sought to determine if TWSG1 overexpression can directly 

influence breast cancer behavior and whether altered BMP signaling is involved.  

As shown in transcriptional profiling studies, breast cancer is molecularly diverse, 

with individual tumors showing different expression profiles (Perou et al., 2000). Using 

these profiles, the following molecular subtypes of breast cancer have been identified: 

Luminal A, Luminal B, Human epithelial growth factor receptor 2 enriched (HER2+), 

triple negative (TN) and claudin-low. Luminal A tumors have a low proliferative index and 

express estrogen and progesterone receptors (ER/PR+) and are not enriched for human 

epidermal growth factor receptor 2 HER2 (HER2-). Luminal B tumors are ER/PR+ and 

HER2+ and if HER2- they have a high proliferative index. The luminal subtypes are the 

most differentiated of the subtypes and successful therapeutic strategies have been 

developed (von Minckwitz et al.). The HER2 enriched subtype is typically ER/PR- and 

triple negative breast cancer, often referred to as basal, is ER/PR- and HER2-. Claudin-low 

subtype is also a triple negative breast cancer with stem cell features. The triple negative 

subtype often has a poor prognosis as there are limited therapeutic options for these tumors. 

(For a summary of subtypes, receptor complement, prognosis and established cell lines see 

Table 2.) Since there is a great need to better understand the mechanisms regulating the 

biology of this breast cancer subtype, we focused this study on the effects of TWSG1 

overexpression on triple negative breast cancer cell behavior. 
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Table 2: Breast cancer molecular subtypes and established cell lines.  

Molecular 

Subtype 
Receptor expression Prognosis Cell lines References 

Luminal A 
Progesterone 

Estrogen 
Good 

MCF-7, 

T47D, 

(Gatza et 

al.) 

Luminal B 

Progesterone 

Estrogen 

Human epidermal growth factor 2 

Fair 
BT474, 

ZR-75 

(Finetti et 

al.) 

Human 

epidermal 

receptor 

type 

Human epidermal growth factor 2 Fair 

SKBR3, 

MDA-MB-

453 

(Ades et al.) 

Triple 

negative 

breast 

cancer 

 Poor HCC-38 (Dieci et al.) 

Claudin-low Stem cell like Poor 

Bt549, 

MDA-MB-

231,  

Hs578t, 

SUM1315 

(Liu et al.) 

 

Materials and Methods 

Cell culture and reagents 

 Breast cancer cell lines MCF10A (non-transformed), and triple negative breast 

cancer cell lines HCC 38, Hs578T MDA-MB-231 and Bt549 were maintained according 

to American Type Culture Collection guidelines. Briefly, growth medium for MCF10A 

was Mammary Epithelial Basal Media (MEBM) with MEBM SingleQuot additives 

(Bovine Pituitary Extract 13mg/ml; hydrocortisone 0.5mg/ml; human epidermal growth 

factor 10mg/ml; insulin 5 mg/ml) included in the MEBM Bullet kit (Lonza/Clonetics, 

Allendale, NJ) and 100 ng/ml cholera toxin (Millipore, Billerica, MA). The cell line HCC-
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38 was maintained in Roswell Park Memorial Institute 1640 (Sigma-Aldrich, St. Louis, 

MO.), 10% fetal bovine serum (FBS) (Clontech, Mountain View, CA) and 1% 

penicillin/streptomycin (CellGro, Manassas, VA). Bt549 used the same medium as HCC-

38 with the addition of 0.01mg/ml insulin.  The cell line MDA-MB-231 was grown in 

Dulbecco’s modified epithelial medium (DMEM) (Sigma-Aldrich) with 10% FBS and 1% 

penicillin/streptomycin. Hs578T used the same medium as MDA-MB-231 with the 

addition of 0.01 mg/ml insulin. All cell lines were grown at 37°C in 5% CO2. 

 

Biopsy Samples 

Normal breast tissue shown in Figure 14B and papillary cancer shown in Figure 

14G were obtained using tissue microarray (TMA) slides (a gift from Dr. Schwertfeger). 

Specimens and associated clinical data were obtained from the University of Minnestoa 

(UMN) BioNet core facility (www.bionet.umn.edu) after approval from the UMN 

Institutional Review Board (IRB). Coded specimens and data were provided for this study 

and slides containing both normal breast tissue and papillary cancer were used for 

immunohistochemistry. Patient identifiers were not available to the authors, but were held 

by the BioNet office per the BioNet IRB approval. Archival formalin-fixed paraffin-

embedded tissues from patients with breast cancer treated at the UMN were collected and 

areas of invasive carcinoma were verified by a pathologist. The TMA core size used was 

1.5 mm in diameter. 
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Invasive breast carcinoma samples shown in Figure 14C-F were obtained from the 

University of Alberta Hospital and approved by the institutional Human Research Ethics 

Board (University of Alberta, Edmonton, Canada and operationally by the provincial 

Health Care Provider (Alberta Health Services). The TMAs were made using the Beecher 

tissue microarrayer (model TMA-1, Estigen, Estonia) according to vendor’s instructions. 

The TMA core size used was 1.5 mm in diameter. Archived slides stained with H&E were 

reviewed by two pathologists to assess tissue viability and consistency of diagnosis.  

 

cDNA generation, RT-PCR and qRT-PCR   

 Total RNA was isolated from primary tumor biopsies as previously described, 

(Sladek et al., 2002) or cell lysates using RNeasy micro kit (Qiagen, Germantown, MD) 

following manufacturer's instructions. Reverse transcription was carried out with the 

Thermoscript RT-PCR System (Invitrogen, Carlsbad, CA) priming with an equal mix of 

Oligo (dT)20 and random hexamers, followed by RT and qRT-PCR (Q-PCR, MX3000p, 

Agilent, LaJolla, CA) for BMP pathway components. Primer sequences can be found in 

Table 3. 
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Table 3: BMP pathway components primer sequences 

 

Gene Forward (5’-3’) Reverse (5’-3’) 

BMPR1A tagccacatcttggaggagtcg gagtctgatttcatcccagtgcc 

BMPR1B gctcttgccgtcttgctcattc gatagtgccaacctcgcttatgg 

BMPR2 gctaaaatttggcagcaagc cttgggccctatgtgtcact 

BMP2 gtcctgagcgagttcgagtt gcatcttgcatctgttctcg 

BMP4 tgagcctttccagcaagttt cttccccgtctcaggtatca 

BMP7 tagccatttcctcaccgacg tggagcacctgataaacgctg 

MSX1 gctagaggccatgtctcctg ccccagagcaaatgttttgt 

MSX2 aatggctgcaaaacctatgc agggagaggaaaccctttga 

ID1 cgcctcaaggagctggtgcc caggaacgcatgccgcctcg 

ID2 tgcccagcatcccccagaaca cagaagcctgcaaggacaggatg 

ID3 cgctgagcttgctggacgaca cggctgtctggatgggaaggtg 

chrdl1 catcgcagttatagcgaccg  agggtgctcaaacaggacac 

CHRDL1 ttcagaatcggcaacccaatc  agtgagagcggtggtaagaatgtc     

TWSG1 cgacccggcggggatctagg cagcactcgtcccaaagggcc 

CYPB tgagaccagcagatagagccaagc  tccctgccaatttgacatcttc 
 

 
Immunohistochemistry 

 

 Tissue sections from normal breast shown in Figure 14B and papillary cancer 

shown in Figure 14G (a gift from Dr. Schwertfeger) were deparaffinized with xylenes, 

and rehydrated through graded alcohols (70% to 100%). Rehydrated sections were 

equilibrated in PBS and washed with ddH2O, then PBS and placed in 3% H2O2 for 10 

minutes to block endogenous peroxidases. Slides were then blocked in PBS containing 

5% goat serum (Invitrogen) and 0.3% Triton X-100 (Fisher Scientific, Waltham, MA) for 

60 min at room temperature. Sections were incubated with anti-TWSG1 (Abnova) 1:50 

overnight at 4°C, washed and then incubated with Vectastain Elite ABC reagent (PK-
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7100) and subjected to colorimetric detection with DAB substrate (Vector Laboratories, 

SK-4105).  Tumor tissue sections shown in Figure 14C-F were incubated with a 

monoclonal antibody against human TWSG1 (Abnova Corporation, Taipei, Taiwan) at 

1:25 dilution at 37°C for 32 min and automatically stained using a Discovery XT 

Ventana autostainer. 

 

 

Immunofluorescence 

 

Cells were grown on chamber slides and fixed at room temperature for 6 minutes 

with 4% paraformaldehyde (PFA). The slides were washed with phosphate buffered 

saline (PBS) and blocked in 5% Goat serum in PBS. Slides were incubated with anti-

pSMAD1/5/8 (Cell Signaling Technology Inc., Danvers, MA) 1:50 washed and 

developed either with Alexa Fluor (Invitrogen) or DyLight (AbCam, San Francisco, CA) 

species-appropriate fluorophore conjugated secondary antibodies. Fluorescence was 

visualized on a Zeiss 710 LSM Confocal Microscope using an Argon12 laser (excitation 

488 nm), a HeNe laser (excitation 543 nm) a HeNe laser (excitation 633). Images were 

taken under identical conditions and post-acquisition manipulations were also identical. 

 

 

Adenovirus Expressing TWSG1 

 

A double cassette was created using the adenovirus type 5 (Ad5) vector and the 

AdEasy system (Agilent) following manufacturer’s instructions. Briefly, the CMV 

promoter-driven TWSG1 and CMV promoter-driven eGFP double cassette was inserted 
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in place of the deleted E1 region of a common Ad5 vector. This vector was cloned into 

pShuttle CMV plasmid. The resultant plasmid, pShuttle CMV-TWSG1;CMV-eGFP, was 

linearized with PmeI digestion and subsequently co-transformed into E. coli. After 

selection of recombinants, the recombinant DNA was linearized with PacI digestion and 

transfected into transformed human embryonic retina 911 cells to generate Ad-T. The 

virus was propagated in HEK293 cells, dialyzed in phosphate-buffered saline with 10% 

glycerol, and stored at −80°C. Titering was performed with a plaque-forming assay using 

911 cells (pfu/mL) and optical density-based measurement (Vp/mL). An identical 

replication-incompetent CMV promoter-driven eGFP expression vector (Ad-C) was used 

as a control. 

 

Adenovirus Infection of Breast Cancer Cell lines 

 

 Cells were serum starved 24 hours prior to infection. Starved cells were treated 

with TrypleLE (Life Technologies, Grand Island, NY), suspended in 5ml starvation 

media and counted. Infection was carried out at 100pf/100cells. Cells were plated at 

required density for the given assay and the transduction medium was removed after 12 

hours and replaced with serum free medium.  

 

Western blotting 

 Cells were digested with TrypleLE (Life Technologies) with 0.5mM EDTA, 

incubated until cells detached, pelleted, and washed with PBS. Cells were lysed in 

modified mammalian protein extraction reagent (MPER) (Thermoscientific) using Halt 
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Protease Inhibitor (Thermoscientific) and PhosSTOP (Roche, Madison, WI). SDS-PAGE 

was used to separate proteins (Life Technologies) on a Nextgel 12% polyacrylamide gel 

(AMRESCO, Solon, OH). Proteins were transferred to PVDF Immobilon membrane 

(Millipore) and blocked for 1 hour in 0.1% casein buffer (Bio-Rad, Hercules, CA). 

Membranes were incubated overnight at 4°C with anti-pSMAD1/5/8 (Cell Signaling) 

1:1000, or anti-Total SMAD1/5/8 (Cell Signaling) 1:1000, or anti-TWSG1 1:500, or anti-

GAPDH (Cell Signaling) 1:5000 antibodies and washed 3 x 20 min with tris buffered 

saline and 1% Tween 20 (TBST) before incubation with HRP or fluorescent conjugated 

species specific antibodies. Membranes were analyzed using an Odyssey Infrared 

Imaging System (LI-COR Biosciences, Lincoln, NE) using the manufacturer's protocol. 

pSMAD signal intensity was normalized to Total SMAD which was first normalized to 

GAPDH.  

 

 

Proliferation Assay 

 

Cell proliferation was measured using CellTiter 96 AQueous One Solution Cell 

Proliferation Assay (Promega) following manufacturer’s instruction. Briefly, transduced 

cells were plated in a 96 well plate at 1.6 x 105 cells/well in triplicate and serum starved 

for 24 hours in 100μl of serum free medium. After starvation 20μl CellTiter 96 AQueous 

One Solution Reagent was added to the well and incubated for 4 hours at 37°C in a 5% 

CO2 atmosphere. Absorbance at 490nm was recorded at 1 and 4 hours. Absorbance from 

a no cell control well was subtracted from all readings.  
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Apoptosis 

 Annexin V APC Apoptosis Detection Kit (eBioSciences, San Diego, CA) was used 

following manufacturer’s instructions. Briefly, 1 x 106 cells were suspended in 100μl of 

Binding Buffer and 5μl of APC conjugated Annexin V added and incubated for 15 minutes 

at room temperature in the dark. Cells were washed 2X with binding buffer and 

resuspended in 200μl of binding buffer. Propidium iodide was added and cells analyzed by 

cytometry. A population of transduced control cells, either GFP:MCF10A, GFP:HCC 38 

or GFP:MDA-MB-231, were treated with 50% dimethyl sulfoxide and used as a positive 

control. Fluorescence was measured using BD FACSCalibur and analyzed using FlowJo 

version 7.6.5 (Tree Star Inc., Ashland, OR). In addition to cytometry, ApoTox-Glo Triplex 

Assay (Promega) was used following manufacturer’s instructions. Briefly, 1x105 cells were 

plated in a 96 well plate in serum free media. Cells were grown for 24-30 hours. After 24-

30 hours and 20µl Viability/Cytotoxicity Reagent was added and cells were incubated 

90min at 37°C and fluorescence measured 400/505 and 485/520. Finally, 100µl of the 

provided Caspase-Glo 3/7 Reagent was added and cells and luminescence measured. 

 

Migration and Invasion 

BD transwell 8μm pore inserts or BD BioCoat Matrigel Invasion Chambers (BD 

Biosciences) were used according to the manufacturer’s instructions. Transduced cells 

(5×104) were treated with the BMP specific inhibitor, dorsomorphin, (Sigma-Aldrich) or 
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vehicle in serum free media for 12 hours. Cells were seeded on top of cell inserts 

(migration) or rehydrated Matrigel inserts (invasion). As a chemoattractant, MEBM or 

DMEM containing 2 % FBS was used. Cells were incubated for 18 h at 37°C. After 18 

hours the noninvading cells were removed and GFP+ cells counted in 10 random fields per 

well.  

 

Zymography 

  Cells were lysed directly in the well with 500µl MPER (Thermoscientific) in the 

absence of reducing agent. After collection, 60µg of total protein were loaded onto Tris-

Glycine gelatin gels and separated by electrophoresis. Gels were renatured for 60 minutes 

in Renaturing Buffer (Invitrogen) at room temperature. The gels were then placed in 

100ml of Developing Buffer (Invitrogen) and allowed to develop for 16 hours at 37°C. 

Gels were then stained with Simply Blue (Invitrogen) and destained with ddH2O. Gels 

were digitized using a Cannon flatbed scanner. 

 

Statistical Analysis 

pSMAD signal intensity was normalized to total SMAD which was first 

normalized to GAPDH. Significance was calculated using a Student's t-test with 

significance set at p<0.05. 
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Results 

Twisted gastrulation is expressed in breast carcinomas and normal breast tissue.

 Published expression studies suggest that TWSG1 is overexpressed in many 

primary tumors and cell lines (Finak et al., 2008). To confirm this, primary tumor cDNA 

was queried for TWSG1 expression.  In many primary tumors, TWSG1 transcript was 

elevated, 1.0 to 3.0 fold, when compared to normal breast with no correlation of expression 

level to ER/PR status (Figure 14A). Additional information regarding molecular subtypes 

was either not collected or not known for these women.  

As in mouse, TWSG1 is restricted to the myoepithelium in the normal breast as 

shown by immunohistochemistry (Figure 14B). However, it is widely expressed in 

invasive ductal carcinoma (Figure 14C), invasive lobular carcinoma (Figure 14D), invasive 

papillary carcinoma (Figure 14E & G) and ductal carcinoma in situ (Figure 14F). In 

invasive carcinoma, TWSG1 does not remain restricted to the myoepithelium.  
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Representative cell lines from each molecular subtype were assayed for TWSG1 

expression and we found that some triple negative breast cancer cell lines, including MDA-

MB-231 and Bt549, expressed significantly more TWSG1 than non-transformed cells, 

suggesting that TWSG1 may be increased in a subset of triple negative breast cancers. Due 

to the difficulty of treatment and poor prognosis of these types of tumors, the remainder of 

our study focused on this molecular subtype. Of the triple negative breast cancer cell lines 

Figure 14: TWSG1 is expressed in breast cancer tissue.           

           A. cDNA libraries were generated from breast tumors that were collected from women diagnosed with 

invasive carcinoma. These libraries were then queried for TWSG1 expression. TWSG1 expression was 

elevated in a subset invasive cancers when compared to normal tissue. Normal tissue (N) was obtained 

from a breast biopsy and expression levels were normalized to RPLPO. TWSG1 was detected by 

immunohistochemistry in B. normal breast tissues (400X), arrows show myoepithelial expression of 

TWSG1 C. invasive ductal carcinoma D. invasive lobular carcinoma E. invasive papillary carcinoma (C, 

D and E 200X, scale bar= 10 micrometers, B and G 400X) F. ductal carcinoma in situ (50X) G. papillary 

carcinoma. 
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that were assayed (Figure 15A), we selected a low TWSG1 expression line, HCC 38, and a 

high TWSG1 expressing cell line, MDA-MB-231, for our functional studies. 

  

BMP pathway components are variably expressed in triple negative breast cancer 

cell lines 

 To understand which components of the BMP pathway are present in normal and 

breast cancer cells, RTPCR was used to evaluate the BMP pathway transcriptome in 

normal and selected triple negative breast cancer cell lines: HCC 38, Hs578T, MDA-MB-

231, and Bt549 (Figure 15B). MCF10A cells were used as a non-transformed control. 

The BMP ligands and extracellular partners were differentially expressed between control 

and triple negative breast cancer cell lines. For example, the extracellular BMP antagonist 

CHORDIN was only detectable by RTPCR in non-transformed controls, but not breast 

cancer cells. TWSG1 high expressing cell lines expressed another Chordin family 

member, CHORDIN-LIKE 1. Additionally, most of the triple negative breast cancer cell 

lines queried preferentially expressed BMP 4, but not BMP 2 except for Bt549 (Figure 

15B,C). This is in line with previously published studies (Alarmo et al., 2007; Rodriguez-

Martinez et al., 2011) We also assayed for well-defined BMP target genes (MSX1, MSX2, 

ID1, ID2 and ID3) and found no clear difference between tumor cell lines and non-

transformed control (Figure 15B). 
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Figure 15. In some triple negative breast cancer cells TWSG1 expression is elevated.  A. qRTPCR comparing 

TWSG1 transcript in MCF10A control cells and triple negative cell lines. (* = P< 0.05) B. RTPCR showing the BMP 

pathway transcriptome. C. qRTPCR showing that BMP 2 is expressed in MCF10A but not MDA-MB-231 and BMP4 

is expressed in MDA-MB-231 but not MCF10A.  

 

Overexpression of TWSG1 positively regulates pSMAD1/5/8 

BMPs signal by phosphorylating their intracellular signal transducer, pSMAD 

1/5/8. To determine what effect overexpression of TWSG1 had on BMP signaling, cells 

were interrogated for pSMAD 1/5/8. First, adenovirus mediated overexpression of 

TWSG1 was confirmed by western blot and qRT-PCR (Figure 16A,B). Non-transformed 
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controls (MCF10A), TWSG1 low expressing cells (HCC 38) and TWSG1 high expressing 

cells (MDA-MB-231) had significant increases in pSMAD 1/5/8 when normalized to the 

total SMAD 1/5/8 pool, indicating an increase in BMP signaling. To determine cellular 

localization, cells were stained for pSMAD 1/5/8 and DAPI. We found an increase in 

nuclear localization of pSMAD 1/5/8, as observed by signal intensity, in cells 

overexpressing TWSG1 for both the control and triple negative breast cancer (Figure 17). 

Some GFP control cells also had pSMAD 1/5/8 localized to nucleus. However, the signal 

intensity and/or the number of pSMAD 1/5/8 positive cells was noticeable between GFP 

controls and TWSG1 overexpressing cells. 

  
 

 
 

 

 

Figure 16. Transduction with CMV-eGFP,CMV-TWSG1 (+) leads to a significant increase in TWSG1 transcript 

and protein as well as pSMAD 1/5/8. A. There was more TWSG1 in cells transduced with CMV-eGFP,CMV-TWSG1 

(+) when compared to cells transduced with CMV-eGFP (-)  B. quantification of TWSG1 transcript by qRTPCR (p< 

0.01) C. an immunoblot showing an increase pSMAD 1/5/8 in those cells overexpressing TWSG1. Total SMAD 1/5/8 

and GAPDH were used as normalizers  D. pSMAD 1/5/8 signal intensity is significantly increased in cells 

overexpressing TWSG1 (GAPDH/Total SMAD 1/5/8)(pSMAD 1/5/8) p< 0.05. 
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            Figure 17. pSMAD 1/5/8 localization. Cells were tranduced with either CMV-       

            eGFP or CMV-eGFP, CMV-TWSG1. A. There was an increase in pSMAD 1/5/8    

            localized to the nucleus in TWSG1 overexpressing MCF10A cells B. pSMAD 1/5/8  

            localized to the nucleus in TWSG1 overexpressing HCC 38 cells C. TWSG1  

            overexpressing MDA-MB-231 cells also saw an increase in pSMAD 1/5/8 localized  

            to the nucleus. 



 

 

62 

 

 

 

 

Apoptosis is increased but proliferation remains unchanged in cells overexpressing 

TWSG1 

 BMPs regulate numerous biological processes including proliferation. In cancer, 

proliferation is a prerequisite for tumor formation. To investigate if increased BMP 

signaling led to an increase in proliferation, a dimethyl thiazolyl diphenyl tetrazolium salt 

(MTT) assay was completed. There was no significant difference in proliferation in any of 

the cell lines measured (Figure 18A). BMP signaling also regulates apoptosis and we found 

that overexpression of TWSG1 in non-transformed controls and in HCC 38 led to a 

significant increase in apoptosis in those cell lines (Figure 17B). However, there was no 

significant difference in apoptosis in TWSG1 overexpressing MDA-MB-231 cells (Figure 

17B), possibly due to the already high levels of TWSG1 present in these cells.  
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TWSG1 promotes migration and invasion in a BMP dependent manner 

BMPs play a significant role in cell migration during normal development 

(Christiaen et al., 2010) and can induce the expression of early epithelial mesenchymal 

transition (EMT) genes, an early step in invasion. (Gonzalez and Medici, 2014). To 

examine the migratory and invasive potential of breast cancer cells over expressing 

TWSG1, serum starved TWSG1 overexpressing cells were plated into transwell inserts with 

and without matrigel.. TWSG1 overexpressing cells migrated significantly better than 

control transduced cells (Figure 19A). Additionally, all cell lines overexpressing TWSG1 

Figure 18. Apoptosis was increased in both the non-transformed control and low TWSG1 

expressing tumor cells (HCC 38). Proliferation was unchanged A. MTT assay showed no 

difference in proliferation between control and TWSG1 overexpressing cells B. Cytometric analysis 

of cells that were both GFP+ and Annexin V+ indicating those cells in early apoptosis. * p<0.05 
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invaded significantly better than control (Figure 19B). The increases in migration and 

invasion is a BMP-dependent process as cells that were treated with the BMP specific 

inhibitor, dorsomorphin, (Figure 19B) migrated and invaded no better than GFP expressing 

controls when. Significance was determined by comparing control to TWSG1 

overexpressing cells, then comparing TWSG1 overexpressing cells to dorsomorphin treated 

cells. Finally, control cells were compared to dorsomorphin treated TWSG1 overexpressing 

cells using a Student’s t-test. 

 

 

 

Figure 19. Invasion and Migration are increased as a result of TWSG1 overexpression.  A. Transwell 

migration assay shows increased migration in TWSG1 overexpressing cells. B. Transwell invasion assays 

show an increase in migration in TWSG1 overexpressing cells. When cells are treated with 

dorsomorphin, invasion was inhibited. *p<0.05, **p<0.01 
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TWSG1 regulates MMP expression  

 In order for invasion to occur, cells must breakdown the extracellular matrix 

(ECM) and they accomplish this by secreting matrix metalloproteinases (MMP). It has 

been shown that BMPs can induce MMP expression (Ampuja et al., 2013) thereby 

facilitating invasion. Given the significant increase in invasion observed in TWSG1 

overexpressing cells, and the requirement for MMP activity for invasion, we assayed 

expression and activity of selected MMPs. One of the MMPs important in cancer 

metastasis is MMP 3 and it is activated early in invasion. MMP 9 and MMP 2 are 

collagenases that break down ECM during invasion. Interestingly, MMP 3 expression 

was undetectable in MCF10A GFP transduced cells and barely detectable in HCC 38 

GFP transduced cells but was present in MCF10A and HCC 38 cells overexpressing 

TWSG1 (Figure 20A.) We also investigated MMP activity by zymography and found 

both MMP 2 and MMP 9 were more active in all TWSG1 transduced cells (Figure 20B) 

except for MMP 9 in MDA-MB-231 cells. This is not surprising as this cell line is 

reported as being metastatic. 
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Discussion 

  
BMPs are developmentally important molecules that regulate numerous processes 

during embryogenesis such as proliferation, differentiation and apoptosis. Current studies 

show that the BMP signaling pathway is reawakened during tumor initiation and 

progression (Rodriguez-Martinez et al., 2011; Ye et al., 2009) and mutations in the 

components of the BMP pathway, such as BMP receptor type IA and SMAD4, have been 

implicated in juvenile polyposis syndrome (Montesano, 2007) but are rare in cancer. It is 

not uncommon for BMPs to be reported as both tumor promoting and tumor suppressing 

(Owens et al., 2011; Shon et al., 2009). It is thought that early on BMPs may play a 

Figure 20. MMP 3 expression is increased in TWSG1 overexpressing cells A.RTPCR shows absence and/or 

presence of MMP 3 in MCF10A and HCC 38 cells but not MDA-MB-231 cells. B. Zymography showing MMP 9 

and MMP 2 activity increases in TWSG1 overexpressing cells except for MMP 9 in MDA-MB-231 cells. 
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suppressive role by limiting proliferation and in later disease become tumor promoting by 

facilitating invasion. Ultimately, BMP signaling outcomes are dependent on which 

ligands are being expressed and which extracellular BMP binding partners are also being 

expressed such as TWSG1. 

In the present study, we show that TWSG1 is overexpressed in invasive breast 

cancer including ductal, lobular, and papillary carcinoma. Furthermore, expression of 

TWSG1 is no longer restricted to the myoepithelium as it is in the normal breast. Using 

adenovirus mediated TWSG1 overexpression in selected triple negative breast cancer cell 

lines we show that TWSG1 is acting, as it does during normal development in the 

mammary gland, to positively regulate BMP signaling via pSMAD 1/5/8 (Forsman et al., 

2012). In cancer, there is a requirement for uncontrolled proliferation and cell survival 

BMP regulated processes. We determined that while proliferation was unaffected, the 

apoptotic rate changed significantly upon overexpression of TWSG1. Cells that basally 

express low levels of TWSG1, HCC 38 and MCF10A, the apoptotic rate was significantly 

increased when TWSG1 was overexpressed. Conversely, the apoptotic rate in triple 

negative breast cancer cells that basally express high levels of TWSG1 (MDA-MB-231) 

remained unchanged when TWSG1 was overexpressed. It may be that in cells that 

already have a high level of TWSG1, the net increase in TWSG1 mediated BMP 

signaling is insufficient to trigger apoptosis while cells that express low levels of TWSG1 

experience a larger net increase in BMP signaling thus triggering a different cellular 

response (Nishinakamura and Sakaguchi, 2014).  
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Our study also demonstrates that TWSG1 mediated BMP signaling increases the 

invasive behavior of triple negative breast cancer cells. Interestingly, we show that 

blocking BMP signaling returns invasive behavior of TWSG1 overexpressing cells to that 

of controls. It is possible that other pathways also contribute to the invasive phenotype as 

invasion was not completely abolished by BMP inhibition. However, we did observe that 

MMP 3 expression and MMP 2 and MMP 9 activity were all enhanced in TWSG1 

overexpressing cells with one exception. MMPs are required for ECM degradation 

allowing tumor cells to migrate out from the primary tumor. Tumor cells that overexpress 

TWSG1 may be more malignant via increased BMP signaling leading to an increase in 

MMP expression and activation.  

This study elucidates a role for TWSG1 in promoting BMP signaling leading to 

an increase in migration and invasion. Curiously, while there was a significant increase in 

pSMAD 1/5/8 levels and pSMAD 1/5/8 was localized to the nucleus well-defined BMP 

target genes did not appear to be changed. However, an increase in MMP activity was 

demonstrated. Future studies will focus on the extracellular BMP binding proteins and 

the different ligand interactions. We need to understand the functional consequences of 

expressing a particular ligand or a particular extracellular BMP binding partner.  

Finally, changes in the BMP transcriptome may be useful in predicting 

aggressiveness and/or disease progression. The utility of TWSG1 immunoreactivity as a 

marker of invasive breast carcinoma also deserves further study. 
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Chapter 4: Conclusion and Future Directions 

 
Development and Cancer 

Studies over the last decade have shown that key developmental pathways such as 

BMP, wingless-related integration, transforming growth factor β, fibroblast growth factor, 

retinoic acid, notch and sonic hedgehog are reactivated during tumorigenesis (Bailey et al., 

2007; Bocchinfuso et al., 1999; Lewis and Visbal, 2006; Piek et al., 1999). This is not 

unexpected as tumor cells exhibit many of the same behaviors as embryonic cells such as 

proliferation, migration, invasion, colonization of distant sites and modification of the 

microenvironment to support survival and growth (Friedl and Gilmour, 2009; Howard and 

Lu, 2014; Kaufhold and Bonavida, 2014). Cancer, viewed through the lens of development, 

looks remarkably like dysregulated morphogenesis.  

In this study we highlight a link between mammary gland development and breast 

cancer. First, we identified a role for TWSG1 in mammary gland development through its 

ability to modulate BMP signaling. TWSG1’s positive regulation of BMP signaling is 

required for complete luminal cell fate determination through GATA-3. Extending our 

findings, we hypothesized that TWSG1 may also have a role in breast cancer. 

Overexpression of TWSG1 in triple negative breast cancer cells led to an increase in 

invasive behavior and upregulation of MMP expression and activity. In the developing 

mammary gland, further analysis will focus on clarifying the molecular players that lead 

to the loss of myoepithelial compartmentalization, occluded lumens and delayed 
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elongation. In breast cancer, future studies will investigate TWSG1 mediated BMP 

signaling in tumor formation and invasion. 

In Twsg1-/- mammary glands, we observed reduced BMP signaling and subsequent 

reduction in GATA-3 expression. Quite striking was the observation of GATA-3 negative 

cells residing in the luminal compartment. GATA-3 is a transcription factor that is 

necessary and sufficient for the differentiation of bipotent progenitors into mammary 

luminal cells (Figure 21) (Kouros-Mehr et al., 2008). Our next step will need to 

determine if GATA-3 negative cells disrupt cell:cell contacts in the luminal compartment.  

This disruption, if it exists,  may account for the delay in elongation as mechanical force 

generated by luminal cells contribute to elongation (Shebanova and Hammer, 2014). To 

test this theory, GATA-3 could be knocked down in luminal cells and the rate of 

elongation monitored.  
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 In our previous study, we were unable to determine if GATA-3 negative cells 

within the luminal compartment had once expressed GATA-3 but lost expression in the 

low BMP environment or if that particular cell never received sufficient BMP signaling 

to express GATA-3. The latter suggests that BMP is upstream of GATA-3 and is required 

for luminal specification. The former would suggest that BMPs are needed to maintain 

luminal identity. Future studies will repress GATA-3 in cells that are resident in the 

luminal compartment, treat those cells with BMP to see if GATA-3 can be restored. In 

cancer, GATA-3 expression is positively correlated with relapse free survival and a good 

Figure  21: Schematic of terminal end bud. The terminal end bud is that site of extensive proliferation and 

apoptosis in the elongating duct. Bipotent progenitors give rise to GATA3 negative myoepitheal cells and GATA3 

positive luminal cells. 
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prognosis. Reestablishing luminal identity in cancer cells may provide additional 

therapeutic avenues.  

  In the normal mammary gland, TWSG1 expression is restricted to the 

myoepithelium but observed pSMAD 1/5/8 nuclear localization was seen in the luminal 

compartment (Figure 9B) suggesting paracrine signaling. It would be interesting to 

construct a membrane bound version of TWSG1, express it in the myoepithelium and 

determine if pSMAD 1/5/8 continues to be present in the luminal compartment. We 

suspect that the ability of TWSG1 to bind BMP and diffuse is critical for luminal cell fate 

determination and that a membrane bound TWSG1 would be unable to diffuse and 

therefore luminal specification would be dysregulated.  

Interestingly, we did not see an expansion of the myoepithelial layer rather 

GATA-3 negative cells were found within the luminal compartment or being shed into 

the lumen. Simply put, it has been shown that developmental programs can be used to 

induce pluripotent cells from terminally differentiated cells (Wang et al., 2011a). 

Therefore, it may be possible to use developmental programs to drive tumor cells back 

towards terminal differentiation and perhaps make them vulnerable to immune 

surveillance or targeted therapeutics. 

Apoptosis was delayed but ducts were eventually cleared and lumens formed. 

Future studies will focus on the mechanism(s) by which the lumens are eventually 

cleared in the absence of TWSG1. This may provide insight into how cells within the 
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mammary gland that escape targeted apoptosis at one point in development are identified 

and eventually cleared.  

In human breast cancer very few mutations, amplification and/or deletions were 

detected in the BMP pathways (Peltoketo et al., 2004). However, BMP pathway 

dysregulation occurs in a large percentage of breast cancer despite lack of direct gene 

mutations. (Kuhl and Kuhl, 2012). .   

Developmental studies can help refine our understanding of tissue specific 

molecular action. For example, our lab has previously shown that TWSG1 acts primarily 

as an antagonist in the developing face (Billington et al.; MacKenzie et al., 2009) but as an 

agonist in the developing mammary gland (Forsman et al., 2012). When we overexpressed 

TWSG1 in triple negative breast cancer cells we saw that it remained an agonist and 

pSMAD1/5/8 was significantly increased (Figure 16C-D). To test the idea that TWSG1 

retains its developmental function, agonist or antagonist, we assessed oral squamous cell 

carcinoma. Lesions were stained for TWSG1by immunohistochemistry and we observed 

that TWSG1was expressed in the proliferative zone and in migrating epithelial rafts (Figure 

22). When the lesions were interrogated for pSMAD1/5/8 we found expression 

dramatically reduced in the proliferative zone in SCC. This finding seems to be consistent 

with the role TWSG1plays during craniofacial development. 
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Figure 22: TWSG1is expressed in normal oral tissue as well as SCC. TWSG1is present in the normal 

oral epithelium at the site of proliferation. In squamous cell carcinoma (SCC), TWSG1was observed in the 

migrating epithelial rafts.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: pSMAD is reduced in SCC. In the proliferative zone of normal oral epithelium many cells 

were positive for nuclear pSMAD. That signal seems to be diminished in SCC. 
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Future Directions    

Using breasts cancer cells future studies will focus on the functional consequences 

of expressing different BMP ligands, BMP binding proteins and their interactions in 

regulating aggressiveness and/or disease progression. We know that ligand composition 

can influence the cellular response, we also know that preformed complexes can change 

the signaling intensity and thus the cellular outcome.  Defining the microenvironment in 

terms of BMP and BMP binding proteins will provide insight into the different role 

TWSG1 plays in breast cancer when compared to other tissues. One can imagine that the 

extracellular partners may be different. Once the partners are identified, it would be 

intriguing to create a breast tumor niche and observe how squamous cells respond and 

conversely how BCCs respond in an oral niche.  If changes in pSMAD1/5/8 occur are there 

also changes in migratory and invasive behavior. 

Conclusion 

Our considerable understanding of normal development and the molecular 

mechanisms that govern these numerous and integrated processes, will allow us to better 

understand how these mechanisms are circumvented and/or coopted during tumorigenesis. 

Like some cells during development, tumor cells have the ability to proliferate, go through 

epithelial to mesenchymal transition, migrate through the body and influence distant tissues 

to provide a suitable environment for colonization and growth by, as one author quipped, 

“tumoral abuse of the developmental [pathway]” (Sailer et al., 2013). Leveraging our 
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understanding of development could provide novel and effective cancer treatments thereby 

improving the outcome for those afflicted with this disease. 
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