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Ágrip 

Myndun greinóttrar formgerðar í brjóstkirtli er stjórnað af innan- og utanfrumu 

boðum, meðal annars boðefnum sem seytt er frá frumum í nærumhverfi 

kirtilsins. Bandvefsumbreyting þekjufrumna (e. epithelial to mesenchymal 

transition, EMT) og viðsnúningur á því ferli, þekjufrumuumbreyting 

bandvefsfruma (e. mesenchymal to epithelial transition, MET) eru ferlar sem 

taldir ýta undir sveigjanleika í svipgerð frumna og leika stórt hlutverk í 

myndun meinvarpa og lyfjaónæmi krabbameinsfrumna, sérstaklega þar sem 

EMT  eykur frumuskrið og þol/viðnám gegn anoikis, stýrðum frumudauða 

sem framkallast þegar fruma missir tengsl við millifrumuefnið. 

Markmið þessa verkefnið var að rannsaka stjórnun innan- og 

utanfrumu boða á EMT-MET ferlinu í þrívvíðri rækt. D492 frumulínan var 

notuð í samrækt með æðaþeli sem og dótturfrumulína hennar, D492M (EMT 

frumulína). Einnig var markmiðið að skoða nænmi þessara frumulína við 

hindrun á PTP1B fosfatasanum, með tilliti til anoikis, þar sem viðnám við 

anoikis er eitt af lykil þáttum EMT ferlisins. 

Í samrækt með D492 að þá örvuðu æðaþelsfrumur myndun 

greinóttrar formgerðar og EMT-umbreytingu D492 fruma. Tjáning á ncRNAs í 

bandvefslíku dótturfrumulínunni D492M var mjög frábrugðin D492 

móðurlínunni.  Mestur var munurinn á niðurslætti miR-200 fjölskyldunnar og 

aukin tjáning á ncRNAs (ókóðandi-RNA) á DLK1-DIO3 lókusnum, þar á 

meðal á MEG3.  Yfirtjáning á miR-200c-141 í D492M olli MET, og stýrði 

frumum í átt að sérhæfingu kirtilþekjufruma. Við yfirtjáningu á miR-200c-141 

og og umritunarþættinum ∆Np63 í D492M endurheimti frumulínan 

eiginleikann til að mynda greinótta formgerði í 3D rækt. Yfirtjáning á miR-

200c-141 í D492 og D492M hindraði EMT. MEG3 tjáning eykst við 

bandvefsumbreytingu D492 og er meira tjáð í bandvefsfrumum brjóstkirtilsins. 

MEG3 tjáning var tengd skertri lifun brjóstakrabbameinssjúklinga. Rannsóknir 

á hindrun PTP1B með lyfjahindra sýndi stýrðan frumudauða í D492, með 

svipgerð anoikis. D492M er næmari fyrir PTP1B hindrun en D492  Og PTP1B 

hindrun dregur einnig úr tjáningu viðloðunarpróteina í D492 og truflar fjölliðun 

actins stoðgrindarpróteina.  

Samantekið var sýnt fram á að utanfrumuboð frá æðaþelsfrumum 

geta haft mikil áhrif á vöxt  og formgerð þekjuvefjar brjóstkirtilsins, þ.m.t. 

EMT. Ég fann ncRNAs sem eru breyta tjáningu við áhrif æðaþelsfrumna.   Ég 

sýni jafnframt fram á að PTP1B virðist hafa áhrif á lifun frumna gegnum 

frumu-frumu tengsl. 

 

Lykilorð: Greinótt formgerði, brjóstastofnfrumur, æðaþelsfrumur, EMT, MET, 

ókóðuð-RNA, anoikis. 
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Abstract 

Branching morphogenesis in the mammary gland is controlled by intrinsic 

factors and extrinsic signals from the microenvironment, including factors 

released from the vascular-rich stroma. Epithelial to mesenchymal 

transition (EMT) and its reversed process mesenchymal to epithelial 

transition (MET) are believed to promote cellular plasticity which plays a 

major role in metastasis and therapy resistance, in particular through 

increased mobility of cells and resistance to anoikis.  

The aim of my study was to explore the extrinsic and intrinsic 

regulation of EMT-MET processes in 3D culture using the breast 

progenitor cell line D492 cocultured with endothelial cells and its 

mesenchymal-derivative D492M. I also wanted to explore the difference 

between these cell lines in terms of anoikis a special form of programmed 

cell death, as resistance to anoikis may be vital step in the EMT process. 

 I have shown that endothelial cells promote branching and induce 

EMT in D492 in 3D culture.  An EMT subline, D492M shows drastic 

differences in non-coding RNA expression compared to D492.  The most 

profound changes were downregulation of miR-200C-141 and 

upregulation of noncoding RNAs on the DLK1-DiO3 locus, including the 

lncRNA MEG3.  Ectopic expression of miR-200C-141 in D492M induced 

MET, however, only the luminal epithelial phenotype was seen.  Co-

expression of miR-200c-141 and the myoepithelial transcription factor 

∆Np63 in D492M restored the branching morphogenesis in 3D culture. 

Overexpression of miR-200C-141 in D492 and D492M inhibited 

endothelial induced EMT. Additionally, I identified MEG3 as a stromal 

marker and an independent marker for poor prognosis in breast cancer. 

Finally, I showed that treatment of the D492 and D492M with a specific 

PTP1B inhibitor induced anoikis with D492M being more sensitive to 

PTP1B inhibition. I also provide evidence that inhibiting PTP1B affects the 

expression of cell adhesion proteins and actin polymerization.     

 Collectively, my data indicates that extracellular signals from 

endothelial cells can have profound effect on epithelial phenotype and I 

have identified noncoding RNAs both upregulated and downregulated as 

a response to those signals.  Finally I show that through adhesion 

complexes PTP1B could be an important regulator of anoikis in breast 

epithelial cells. 

 

Keywords: Breast morphogenesis, breast epithelial stem cells, endothelial 

cells, EMT, MET, ncRNA,  anoikis. 
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1  Introduction  

1.1 Stem cells, breast morphogenesis and cancer 

The human female breast gland is a highly dynamic organ that goes through 

repeated cycles of proliferation, terminal differentiation and involution through 

every pregnancy, and to some extent during every menstruation cycle 

(Macias & Hinck, 2012). Distinct from other organs, which mostly maintain 

their basic structure throughout the adult life, the mammary gland maturation 

pauses after birth, continues to develop at puperty and reaches maturation 

during lactation. Each stage of development is controlled by distinct gene 

expression and extrinsic signaling factors such as Epidermal growth factor 

(EGF), estrogen, progesterone and prolactin (Hennighausen & Robinson, 

2001). Dramatic changes in mammary gland development are fueled by 

tissue stem cells of the breast, forming both the luminal and myoepithelial 

cells (Gudjonsson et al., 2002; Petersen & Polyak, 2010; Villadsen et al., 

2007). The stem cells within the mammary gland have profound regenerative 

capacity, shown by the continuous tissue remodeling throughout the 

reproductive period and the epithelial expansion and branching 

morphogenesis seen during pregnancy and lactation (Visvader, 2009). The 

Figure 1. Histology of human mammary gland 

The epithelial tissue of the breast gland is in close proximity to the extracellular matrix (left). 

Schematic figure of the TDLU, shows how the stroma is comprised of connective tissue fibers, 

microvessels and multiple cell types such as fibroblasts and leukocytes (right).Addapted from: 

National Cancer Institute, AV-8500-3626 (left.)  
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human breast is composed of a highly branching epithelial ductal system 

terminating in structures commonly referred to as the terminal duct lobular 

units (TDLUs) (fig.1). The luminal epithelial cells are surrounded by 

contractile myoepithelial cells lined with a basement membrane that 

seperates the epithelium from the extracellular matrix. In lactation, the luminal 

cells react to prolactin stimulus to secrete milk to the lumen and myoepithelial 

cells contract in response to oxytocin (Da Costa et al., 1995). 

The two epithelial cell types in the breast, the luminal- and myoepithelial 

cells can be distinguished by several markers. Luminal epithelial markers 

include EpCAM K18, K19, and sialomucin (Péchoux et al., 1999; Gudjonsson 

et al., 2002). In turn myoepithelial cells can be distinguished with distinct 

markers, including p63, α-smooth muscle actin, p-cadherin, vimentin, K5/6, 

K14 and K17 (Dewar, Fadare, Gilmore, & Gown, 2011). The transcription 

factor p63 is highly expressed in the basal layer of epithelial cells in the 

breast and is vital for mammary gland development, and for the survival and 

maintenance of mammary epithelial stem cells during pregnancy, lactation 

and involution (Forster et al., 2014; Yallowitz et al., 2014). p63, encoded by 

the gene TP63, is located on chromosome 3 in humans and is a member of 

the p53 family. p63 has two major isoforms a full length TAp63, which is 

primarily expressed during development, and a truncated ∆Np63 isoform 

which is expressed in the breast (Candi et al., 2007; Sethi et al., 2015). 

1.1.1  Extracellular matrix in the breast 

The mammary gland is formed from two cellular components, epithelial and 

mesenchymal cells (Su et al., 2011). The intralobular stroma/mesenchyme, 

commonly referred to as the microenvironment, is comprised of connective 

tissue and cells from the immune system, fibroblasts and endothelial cells. In 

the human breast gland there is constant crosstalk between the epithelium 

and the vascular-rich stroma and increasing evidence suggests that epithelial 

differentiation including branching morphogenesis is regulated by the 

surrounding vascular network (Hovey et al., 2001; Rossiter et al., 2007).  

Indeed in the initial development of the mammary gland in the embryo the 

epithelial differentiation and rudimentary duct formation is directed by the 

mesenchyme (Hennighausen & Robinson, 2001). Signals from the 

microenvironment are increasingly being recognized as an important factor in 

malignant growth in cancer research as they can have profound effects on 
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tumor cell behavior, as a facilitator of tumor growth and progression, and 

possibly as initiator of malignant formation (Cretu & Brooks, 2007; Quail & 

Joyce, 2013; Zalatnai, 2006). Although breast cancer originates in the 

epithelial cells of the breast gland, multiple studies show that the stroma 

plays an important role in cancer progression (Wiseman & Werb, 2002; Miles 

& Sikes, 2014). 

In breast cancer conserved developmental pathways are often 

circumvented or hijacked by tumor cells (Sternlicht, 2006; Wiseman & Werb, 

2002). Thus understanding intrinsic and extrinsic signals in the highly 

conserved process of branching morphogenesis in normal development 

could prove to be a pivotal step in improving our knowledge of cancer 

formation (Jamie A. Davies, 2002). 

1.1.2 Breast Cancer 

Breast cancer is the most common cancer in women in the world and the 

second most fatal, after lung cancer (Ferlay et al., 2015). On average about 

10% of Icelandic women will develop breast cancer in their lifetime 

(Tryggvadottir et al., 2006), but with increased screening and mainly by 

improved treatment, death due to breast cancer has been declining for the 

last 30 years (Park et al., 2015). There are multiple ways of subtyping breast 

cancer, the most widely used being subgroups published by Perou and Sørlie 

15 years ago (Perou et al., 2000; Sørlie et al., 2001) where breast cancer 

was divided into four subgroups based on gene expression. These subtypes 

have been termed: triple-negative, HER2, and luminal types A and B (Sims et 

al., 2007) where luminal tumors generally express the estrogen receptor (ER) 

and the progesterone receptor (PR). HER2 positive tumors have 

overexpression or amplification of the HER2 receptor, while triple negative do 

not express any of these receptors (fig.2a). 

Patients with triple-negative (TN) breast cancer show lower overall 

survival and increased risk of a relapse after treatment and metastasis 

formation (Abramson et al., 2015; Agarwal et al., 2016).  With increased 

understanding of breast cancer heterogeneity, and more vigorous screening 

methods, efforts have been made to further classify the TN subtype (fig.2b). 

This includes basal like A and B and Claudin-low subtypes (Lehmann et al., 

2011; Sabatier et al., 2014) and will hopefully result in better treatment 

options for patients with triple-negative breast cancers in the future. In breast 
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cancer epithelial to mesenchymal transition (EMT) conversion occurs 

preferentially in the triple-negative breast cancer subtype, which also is 

characterized by a transcriptional profile resembling a breast epithelial stem 

cell signature (Sabatier et al., 2014; Sarrió et al., 2008) 

1.2 Epithelial to mesenchymal transition 

Developmental events underlying branching morphogenesis in the breast are 

closely related to pathways important for cancer progression, i.e. epithelial 

plasticity and epithelial-mesenchymal transition (EMT). EMT is a process 

where epithelial cells lose epithelial characteristics and gain mesenchymal 

traits. EMT is important in development, e.g. gastrulation, neural crest 

formation and wound healing in adults (Yang & Weinberg, 2008). The reverse 

process, mesenchymal to epithelial transition (MET) is also a developmental 

process seen during development (J. A. Davies, 1996; B. Li, Zheng, Sano, & 

Taniguchi, 2011), but is thought to facilitate the growth of metastatic cells in 

distant organs from the primary cancer site (discussed below). 

Figure 2. Molecular classification of breast cancer subtypes and patient prognosis 

A) Overview of marker expression in different breast cancer subtypes.  

B) Triple negative breast cancer can be further classified into subtypes that represent 

different survival prognosis. ER, estrogen receptor; PR progesterone receptor. 

Adapted from: Flemban, A., & Qualtrough, D. (2015). Cancers, 7(3), 1863–1884; and 

Sioshansi et al., (2011). Frontiers in Oncology, 1, 12.  
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Although still debated, EMT is widely considered to be a key process in 

metastasis formation in breast cancer which is the leading cause of cancer 

deaths (fig.3) (Vanharanta & Massagué, 2013). A major factor contributing to 

the controversy regarding the role of EMT in metastasis is that identifying 

tumor cells that have undergone EMT can be challenging as they can not 

easily be distinguished from stromal cells in the microenvironment (Fischer et 

al., 2015).  EMT is a transient condition where cancer cells can hijack a 

developmental phenotype to invade through the basement membrane and to 

adjacent tissue. Thus EMT is believed to play an important role in cancer 

progression, invasion, formation of metastasis and resistance to cancer 

treatment (B. N. Smith & Bhowmick, 2016).  Identifying factors that induce – 

or inhibit EMT is likely to be one of the key factors that can improve cancer 

treatment in the future. 

1.2.1 Inducers of epithelial to mesenchymal transition 

The EMT program can be initiated through intrinsic factors (genetic changes) 

and extrinsic factors (microenvironment-derived such as, hypoxia, 

inflammatory responses, myofibroblasts etc.) (Faurobert et al., 2015;  Zhang 

et al., 2013;  Zhang et al., 2014; Zhou et al., 2012). EMT is orchestrated by 

expression of a number of transcription factors (TFs), mainly by SNAI1, 

SNAI2, TWIST, ZEB1 and ZEB2, which leads to increased expression of 

mesenchymal and decreased expression of epithelial markers (Moustakas & 

Heldin, 2007).  A key factor in EMT is E-Cadherin suppression and a 

Figure 3.Schematic figure of the proposed role of EMT-MET in formation of 

metastasis 

Hallmarks of EMT include loss of polarization, increased mobility and altered gene 

expression. MET is considered to facilitate colonization at secondary tumor site and 

reverse cell characteristics back to the epithelial state. Hilmarsdottir et al.,(2014). 

Genes, 5(3), 804–820. 
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subsequent downregulation of epithelial cell-cell adhesion proteins and 

acquisition of expression of the mesenchymal marker N-Cadherin 

(Moustakas & Heldin, 2007). N-Cadherin is not expressed in stromal cells in 

the breast and is thus one of few proteins capable of distinguishing between 

a cancer cell that has gone through EMT and a stromal cell. In addition 

expression of epithelial cell adhesion molecule (EpCAM) and epithelial 

specific cytokeratins (K) is often greatly reduced in EMT while cells show 

increased expression of mesenchymal markers such as vimentin, α-smooth-

muscle actin and fibronectin 1 (FN1) (Luo et al., 2015). Also miRNA 

expression is frequently altered (discussed below). EMT cells have higher 

mobility, shown by increased migration and invasion and resistance to 

apoptosis. In breast cancer, Mani et al. have shown that cells that have 

undergone EMT switch from a CD44
high

/CD24
high

 phenotype to a 

CD44
high

/CD24
low

 phenotype and, although the significance of this finding is 

debated, the CD44
high

/CD24
low 

signature has since its publication in 2008 

been widely used to identify EMT . 

Accumulating evidence suggests that branching morphogenesis and EMT 

are regulated through similar pathways. Studies show that during branching 

morphogenesis cells at a migrating tip of a branching structure go through 

partial EMT (p-EMT) or collective migration (Lee et al, 2006; Friedl & Gilmour, 

2009). The ability to go through EMT/MET, partially or fully indicates a high 

degree of cellular plasticity. Epithelial plasticity is the ability to temporarily or 

fully assume different cellular phenotypes, often in response to changes in 

the microenvironment (Nieto, 2013). These mechanisms involve critical 

pathways of cell signaling and non-coding/miRNA networks. In vivo and in 

vitro models are critical to capture the temporal and spatial aspects involved 

in these important cellular and pathologic events.  

1.2.2 EMT induces acquisition of stem cell properties 

There is emerging evidence connecting EMT to acquistion of stem cell 

properties and EMT could be the mechanism behind, or contributing factor, in 

formation of cancer stem cells (CSCs) or cancer initiating cells (CICs). 

Cancer stem cells are cells within a tumor with characteristics associated with 

normal stem cells and can give rise to all cell types found within a tumor while 

CICs have been defined as cells capable of initiating cancer growth in low 

cells numbers (Al-Hajj et al., 2003; McCubrey et al., 2012). Most likely these 
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two cell traits often overlap in the same cell. Cancer stem cells are thus 

tumorigenic, but that is not the case for every cell within a tumor. One of the 

major challenges in cancer treatment is tumor heterogeneity. Within one 

tumor multiple cell populations can be present, and that could be the reason 

for drug resistance followed by later relapse of that particular tumor. A 

conventional treatment can kill the bulk of the tumor, but quiescent cells that 

resist treatment can induce tumor growth again ( Li & Bhatia, 2011). These 

cells are likely to be cells that harbor EMT characteristics, and targeting these 

cells is a major focus of cancer research today (Dave et al., 2012; Wilson et 

al., 2014).    

There is a number of papers describing the relation of EMT to stem cell 

like characteristics (Battula et al., 2010; Creighton et al., 2009; M.-H. Xu et 

al., 2014; Asli & Harvey, 2013). The ability of the EMT program to generate 

cells with stem cell characteristics was described in 2008 by Mani et al where 

induction of EMT in HMLE (Human Mammary Epithelial) cells resulted in 

induction of both mesenchymal and stem cell characteristics (Mani et al., 

2008). Moreover EMT cells formed tumors more efficiently implicating the 

cells as cancer initiating cells (CICs).  

More recently, using patient derived xenograft (PDX) models of human 

breast cancer, Lawsen et al have shown that metastatic cells from low-

burden tissue (early metastasis) where distinct from cells from high-burden 

tissue (more advanced metastasis) which resembled more the primary tumor 

(Lawson et al., 2015). Low-burden metastasis had increased expression 

signature of stem cells, EMT and dormancy-associated genes, and moreover 

they were significantly enriched with tumor initiating cells.  Most recently, Ye 

et al. showed that EMT occurring during development and in cancer is 

controlled by two distinct programs. In this study they demonstrated that 

SLUG is natively expressed in basal cells in the normal breast gland in mice 

where it controls the EMT program in normal epithelial cells. In contrast, 

SNAIL is primarily expressed in the mesenchyme and is an important TF in 

cancer related EMT and could be a major contributor in the formation of 

cancer initiating cells (Ye et al., 2015). Thus, whether the EMT program in 

normal cells is being hijacked by cancer cells, or if there should be a 

distinction between EMT induced by different TFs remains to be elucidated.  

There are studies showing formation of metastasis without EMT induction 

(Han et al., 2005), but rather through collective migration of epithelial cells or 
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neighboring fibroblasts (Wicki et al., 2006; Gaggioli et al., 2007). Also EMT 

has been proposed to play a role in cancer treatment resistance rather than 

metastatic colonization (Zheng et al., 2015). Most recently Fischer et al. used 

a mouse EMT lineage-tracing system in a spontaneous breast-to-lung 

metastasis models to show that metastasis was formed primarily by cells with 

epithelial characteristics. For example, overexpression of an EMT inhibiting 

miRNA family, miR-200 did not inhibit formation of metastatic lesions.  

However, EMT had significant contribution to lung metastasis after 

chemotherapy, implicating the EMT program in tumor recurrence and 

treatment resistance (Fischer et al., 2015). 

1.2.3  Mesenchymal to epithelial transition 

The reversion of EMT is when a cell, normal or cancerous reverts to the 

epithelial phenotype, referred to as mesenchymal to epithelial transition 

(MET).  Studies show that for a mesenchymal cell to colonize and grow at a 

secondary cancer site it needs to revert back to the epithelial phenotype 

(Brabletz et al., 2005; Tsai & Yang, 2013).  Thus, studies suggesting that 

EMT plays a role in metastatic dissemination, also propose induction of MET 

to revert the EMT phenotype (Tsai et al., 2012).  

Recently, Tsai et al. showed that although EMT was implicated in the 

dissemination and intravasation of tumor cells, MET was essential for 

proliferation and metastasis formation at distant sites (Tsai et al., 2012). Also, 

miR-200 overexpression in a mouse model of breast cancer metastasis 

promoted metastatic colonization (Korpal et al., 2011). This data implies that 

reversing the EMT phenotype could be a poor choice in a cancer treatment 

after tumor cells have entered the circulation, but rather the focus should be 

on finding drugs targeting dormant EMT cells or at the initial steps in tumor 

progression. 

1.3 NonCoding RNAs 

Up to 75% of the genome is trancribed, of which only 2% are protein coding 

genes (Alexander et al. 2010; Feng et al., 2014). The realization of the low 

number of protein coding genes in higher organisms was a puzzle for many 

years, and to some extent ignored.  In recent years however, scientists have 

shown that the number of noncodingRNAs (ncRNAs) correlates with the 

complexity of a species, which implies that ncRNAs could account for the 
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complexity of higher eukaryotic organisms (Prasanth & Spector, 2007). 

Although it is increasingly apparent that the non-coding portion of the 

genome is crucial in normal development and disease, its function is still 

largely unknown (Wapinski & Chang, 2011; Fatica & Bozzoni, 2014; Eades et 

al., 2014; Sahu et al., 2015). Although fairly recently discovered, gene 

silencing by microRNAs (miRNAs) has rapidly emerged as a fundamental 

regulation of gene expression at the post transcriptional level through 

sequence-specific base pairing, involved both in development and disease 

(N. Li et al., 2013). 

1.3.1 microRNAs 

The first miRNA, lin-4 from Caenorhabditis elegans (C. elegans), was 

discovered by Ambros et al. twenty-tree years ago (R. C. Lee et al, 1993), 

five years later Fire and Mellow reported on a double stranded RNA working 

as a gene silencer in C. elegans (Fire et al., 1998) and in the year 2000 the 

miRNA let-7 was reported to be conserved throughout a wide range of animal 

species, including humans, putting RNA interference (RNAi) in the spotlight 

of biological research (Pasquinelli 

et al., 2000). Since then miRNAs 

have been widely studied and 

increasingly recognized as 

regulators of protein expression 

through their ability to bind and 

silence mRNA transcripts.  The 

consequence may include 

changes in the cell phenotype 

Figure 4. The canonical miRNA 

biogenesis pathway  

After transcription by RNA pol II, pri-

miRNAs are processed to pre-miRNA 

by the Drosha/Pasha complex. The 

pre-miRNA is transported to the 

nucleus where it is processed to a 

mature miRNA. Only one strand of the 

double stranded RNA is usually 

incorporated into RISC where miRNA 

binds to its target mRNA.  Jakob, P., 

& Landmesser, U. (2012). Role of 

microRNAs in stem/progenitor cells 

and cardiovascular repair. 

Cardiovascular Research, 93(4), 614–

622.  
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and fate. In recent years, miRNAs have been shown to be both tumor 

promoting and tumor suppressing depending on context and cancer type 

(Carthew & Sontheimer, 2009). miRNAs are ncRNAs, 20-30nt long, that act 

as post transcriptional regulators of gene expression through gene silencing 

(Bartel, 2004)). miRNAtarget recognition is based on a sequence-specific 

base pairing, and regulate the expression of mRNAs containing 

complementary sequences (Pasquinelli, 2012). 

In the canonical miRNA pathway, genes are transcribed by RNA 

polymerase II and encoded into primary-miRNA (pri-miRNA) with a cap on 

the 5end and poly (A) tail at the 3end (Carthew & Sontheimer, 2009). Pri-

miRNAs are then cut by Drosha to precursor-miRNAs (pre-miRNAs) to ~70nt 

transcripts. Each pri-miRNA can contain one or several pre-miRNAs. Pre-

miRNA is transported into the cytoplasm where Dicer cuts the pre-miRNA 

into ~ 22nt mature miRNAs which are then piled on RNA-induced silencing 

complex (RISC), a RNA- endonuclease complex (Aigner, 2006) (fig.4). 

miRISC pairs with its target sequence, with 6, 7 or 8 complementary base 

pairs, which are most frequently located at the of 3'UTR end of the mRNA. 

The mRNA is subsequently either degraded or translation repressed and the 

mRNA transported into p-bodies for storage (Rana, 2007). In the newest 

release of mRBase (v21; http://www.mirbase.org/), the primary miRNA 

sequence repository, there are over 2500 mature miRNA sequences listed 

(Kozomara & Griffiths-Jones, 2011). 

1.3.2 miR-200 family 

The miR-200 family is a fundamental regulator of EMT, where its expression 

has been shown repeatedly to be downregulated in mesenchymal cell lines. 

The miR-200 family is comprised of five miRNAs divided in two clusters of 

pri-RNAs, miR-200bc-429 on chromosome 1 and miR-200c-141 on 

chromosome 12 (Korpal et al., 2008).  Its role is to maintain epithelial integrity 

in epithelial cells and it is commonly expressed in conjunction with miR-205 

(Wiklund et al., 2011). The miR-200 family is a powerful antagonist of EMT 

and an inducer of MET, both in development and adult tissue (Gregory et al., 

2008; Rebustini et al., 2012). It is highly expressed in epithelial tissue 

(Bockmeyer et al., 2011; Hilmarsdottir et al., 2014 (paper#4)). A key factor in 

EMT induction is the repression of E-Cadherin and the miR-200 family plays 

an imperative role in maintaining E-Cadherin expression by repressing EMT-
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TFs, such as ZEB1 and ZEB2 (Gregory et al., 2008), SNAI1 (Perdigão-

Henriques et al., 2016) and SNAI2 ( Liu et al., 2013) (fig.5).  

 

It has also been shown that ZEB1 can bind directly at the miR-200 

promoter creating a feedback loop (Bracken et al., 2008). Other important 

direct EMT targets of the miR-200 family are fibronectin 1 (FN1) and moesin 

(MSN) (Howe et al., 2011). Through these targets miR-200c mediates 

decreased cell motility and resistance to anoikis. 

The miR-200 family has been proposed to be a suppressor of tumor 

formation and metastasis through their ability to maintain epithelial integrity, 

and beyond that through several mechanisms such as inhibition of tumor 

angiogenesis (Pecot et al., 2013), by BMP4 depletion in lung 

adenocarcinoma cells (Kim et al., 2015), by targeting Flt1 in lung 

adenocarcinoma (Roybal et al., 2011) and through MSN dependent pathways 

(Li et al., 2013).   

Other studies have implicated the miR-200 family to be a facilitators of 

metastatic formation through their ability to induce MET. An example of that 

is a study published in 2011 where Korpal et al. reported that miR-200 can 

promote metastatic colonization by targeting Sec23a, a suppressor of 

metastatic proteins (Korpal et al., 2011). Additionally, miR-200 members 

present in extracellular vesicles from metastatic cells have been shown to 

promote metastasis of poorly metastatic cell lines when transplanted into 

nude mice (Le et al., 2014). miRNAs in extracellular vesicles are also 

interesting biomarkers in cancer detection, and there are indications that the 

miR-200 family could be an usable marker in that regard (Bryant et al., 2012; 

Toiyama et al., 2014). 

Figure 5. miR-200 family in EMT 

The miR-200 family members silence the expression of ZEB1/2 which can reciprocally repress miR-

200 expression via a negative feedback loop. ZEB1/2 are upregulated in EMT and repress the 

expression of E-Cadherin. 
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1.3.3 lncRNAs 

With massively parallel sequencing technology (or Next generation 

sequencing) a new chapter in biological research has begun where 

researchers can now study uncharacterized transcripts of low abundance. 

This technique has put another class of ncRNA, long noncoding RNAs 

(lncRNAs) into the spotlight (Mattick & Rinn, 2015). lncRNAs, defined as a 

ncRNA transcripts longer than 200nt form a large portion of the 

transcriptome. Despite their abundance in the genome and ehtir involvement 

to be involved in many biological processes they are probably the least 

understood ncRNAs yet discovered (Derrien et al., 2012; Gloss & Dinger, 

2016). 

lncRNas have been described to be master regulators of gene expression 

(Nie et al., 2012). It has been demonstrated that lncRNA play a role in 

different aspects of gene regulation in development, especially in epigenetic 

mechanisms (Cao, 2014) and functions in other molecular mechanisms have 

also been described. Generally, lncRNAs may influence gene expression 

through chromatin remodeling, transcription interference and post-

transcriptional processing (Goff & Rinn, 2015). The majority of lncRNAs is 

transcribed by RNA polymerase II and the are polyadenylated, spliced and 5’-

capped. lncRNA gene expression has been shown to be controlled both with 

transcription factors and epigenetic modifications.  Gencode V.7 database 

has published the most complete lncRNAs annotation to date, comprising of 

9277 annotated lncRNA genes producing 14.880 transcripts (Derrien et al., 

2012). However, the functional relevance of individual lncRNAs is still under 

debate and only a small fraction of these lncRNAs have a confirmed function 

(Bánfai et al., 2012). lncRNAs are in general subject to much less 

conservation than mRNAs, but this does not necessarily indicate lack of 

function (Gloss & Dinger, 2016). The secondary and tertiary structure of a 

particular lncRNA is likely to be tied to its primary function and thus the 

nucleotide sequence of secondary importance  (Smith et al., 2013).  

1.3.4 DLK1-DIO3 locus 

The DLK1-DIO3 locus is located at chromosome 14 in humans. It is 

imprinted, which allows genes to be expressed in a parent of origin specific 

manner using a epigenetic mechanism, approximately 1Mb long and contains 

three paternally expressed protein-coding genes and many maternally 
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Figure 6. Schematic figure of the DLK1-DIO3 locus 

The DLK1-DIO3 locus consists of three paternally expressed protein coding genes 

(dark green) and  numerous non-coding RNA genes, expressed from the maternal 

chromosome (light green), including the lncRNAs MEG3 and MEG8,  and 54 miRNAs. 

Differentially methylated regions (DMR) are colored orange.  Figure adapted from: 

Zhou, Y., Zhang, X., and Klibanski, A. (2012). J. Mol. Endocrinol. 48, R45–R53. 

 

expressed non-protein coding genes, including the lncRNA MEG3 and a 

cluster of over 54 miRNAs (fig.6) (Seitz et al., 2004; Benetatos et al., 2014). 

Liu et al. have showed that the degree of activation of the maternally 

inherited homolog of this region is positively correlated with the pluripotent 

ability of stem cells in mice (L. Liu et al., 2010). Also, the maternal ncRNAs 

from the DLK1-DIO3 locus are amongst the rare features in the transcriptome 

able to discriminate between induced pluripotent stem cells (iPSCs) and 

embryonic stem cells (ESCs), thereby linking this locus to the maintenance of 

stem cell character (Stadtfeld et al., 2010).  In that study the expression of 

Gtl2 (mouse homolog of MEG3) and several maternally expressed miRNAs 

was only found in ESCs and was controlled by methylation at the differentially 

methylated region (DMR) and by activation associated chromatin marks at 

the Gtl2 promoter. As a result, the activational status of the DLK1-DIO3 locus 

has been proposed to be a marker for pluripotency status of iPS cells (Kang 

& Gao, 2012). It should be noted, howeverm that fully pluripotent iPSCs with 

intact expression of the locus can be made, and thus reduced expression of 

the maternal genes at the locus could also be viewed as a marker of 

differentiation (Choi et al., 2015; Mo et al., 2015).   
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1.3.5 DLK1-DIO3 locus in cancer 

There is growing understanding that tissue stem cells and cancer stem cells 

share many properties, such as resistance to apoptosis, self-renewal, and 

multi differentiative potential (Medema, 2013). Genes crucial in embryonic 

development and ESCs are frequently also expressed in cancer stem cells 

(CSCs) (Liu et al., 2013). CSCs are speculated to contribute to  metastasis, 

and to be the major source of resistance to cancer treatment and patient 

relapse where a small number of cells escape cancer treatment (Saxena at 

al., 2011; Colak & Medema, 2014; Yoshida et al., 2016). 

The role of the largest lncRNA at the DLK1-DIO3 locus, MEG3 has been 

studied in cancer progression, primarily as a tumor suppressor (Y. Zhou, 

Zhang, & Klibanski, 2012). MEG3 interacts with p53 and stabilizes it. MEG3 

has been reported to be downregulated in tumors, and to inhibit cell 

proliferation in different cancer models through the p53 pathway in multible 

studies (Qin et al., 2013; Ying et al., 2013; G. Luo et al., 2015; C. Li et al., 

2016). However, little has been reported on the effect of high MEG3 

expression on patient survival. At least studies report negative correlation 

between low MEG3 expression and patient survival in non-small cell lung 

carcinoma (Lu et al., 2013) and colorectal cancer (Yin et al., 2015) and high 

MEG3 expression has been shown to be a negative prognosis factor in 

hepatocellular carcinoma (Z. Yang et al., 2015).  

The miRNAs at the DLK1-DIO3 locus have been less studied, although 

they could be equally important in cancer growth and progression. Several 

papers have found upregulation of the miRNAs at the locus in cancer. 

Recently, the cluster was reported to be upregulated in a mouse model for 

lung adenocarcinoma (Valdmanis et al., 2015). Upregulation of the DLK1-

DIO3 locus has also been identified as a marker for stem-like subtype of 

hepatocellular carcinoma and to be associated with poor survival (Luk et al., 

2011). Additionally the ncRNAs at the locus where recently identified as a 

possible marker for liver cancer progression in mice (Lempiäinen et al., 

2013). A common individual target or targeted pathway has not been 

identified within the miRNAs at the DLK1-DIO3 locus. If the miRNAs are key 

players in pluripotency and cancer it could either be that only a subset of 

miRNAs within the locus are involved in those processes or that existing 

methods and algorithms do not suffice to predict target mRNA collectively 

and accurately. In any case it is a major challenge to reveal the function of 

miRNAs on one of the largest miRNA locus of the human genome. 
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1.4 Remodeling of cell adhesion during EMT 

During EMT intracellular contacts change. In contrast to epithelial cells 

mesenchymal cells rarely form intercellular contacts. During the 

transformation from a polarized epithelium to the mesenchymal state there is 

loss of tight junctions and adhesion molecules (Huang et al., 2012). miR-200c 

directly affects cell-cell adhesion, in part through upregulation of E-Cadherin. 

Morover, Bracken et al. recently identified hundreds of miR-200 targets to be 

mainly in control of actin cytosceleton dynamics and thereby targeting the 

ability of cells to migrate and invade, which includes affecting invadopodia 

formation in cancer cells (Bracken et al., 2014).  miR-200c expression has 

also been shown to induce anoikis sensitivity and suppresses cell migration 

(Howe et al., 2011). A key protein in cell adhesion is protein tyrosine 

phosphatase 1B (PTP1B). PTP1B is an activator of Src kinase activity and 

also interacts with E- and N-Cadherin through b-catenin complexes (Bjorge, 

Pang, & Fujita, 2000; G. Xu, Arregui, Lilien, & Balsamo, 2002; Sheth et al., 

2007). 

Dynamic regulation of phosphorylation in physiological processes is a key 

regulatory element in the majority of cellular functions and dysregulation in 

phosphorylation status can lead to various diseases (Feldhammer et al.,  

2013). Protein tyrosin phosphorylation is controlled by protein tyrosine 

kinases and protein tyrosine phosphatases (Hubbard & Till, 2000; Tonks, 

2006) .  Until recently the primary focus of researchers has been on receptor 

tyrosine kinases (RTKs) in development and disease and multiple inhibitors 

of kinase activity are already used in the clinic (Hunter, 2009).  However, for 

the last 10-15 years protein tyrosine phosphatases (PTPs) have gained 

increased attention and are being considered as a possible drug targets in 

multiple diseases (He, Yu, Zhang, & Zhang, 2014).  

PTP1B is encoded by the PTPN1 gene and is one of the most studied 

phosphatases to date. It is mainly located at the endoplasmic reticulum, but 

can be found in complexes at the cell membrane (Feldhammer et al., 2013). 

PTP1B is a promising therapeutic target in diabetes 2 and obesity, as PTP1B 

is a negative regulator of the insulin and leptin pathway (Zhang & Lee, 2003). 

Mice with whole-body PTP1B knock out show increased insulin sensitivity 

and resistance to high-fat diet induced obesity (Elchebly et al., 1999; Klaman 

et al., 2000). As a result PTP1B inhibitors have been extensively studied and 

drugs have already entered clinical trials (Cho, 2013; Nguyen et al., 2013). It 
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Figure 7. PTP1B activates Src by 

dephosphorylation of tyrosine 529. 

PTP1B is the key protein-tyrosine 

phosphatase capable of activating Src by 

dephosphorylating the inhibitory 

phosphorylation site Y529. Src phosphorylates 

FAK thereby affecting integrin signaling and 

cell adhesion. Thus, through Src PTP1B can 

affect actin and adhesion dynamics and 

survival signaling. Figure adapted from: 

Arregui, C. O., Balsamo, J., & Lilien, J. (1998). 

The Journal of Cell Biology, 143(3), 861–873.  

 

has also turned out during PTP1B drug development that PTP1B could be 

beneficial for other diseases than diabetes.  Recently, PTP1B has gained 

increased attention as a possible therapeutic target in liver diseases, (Chen 

et al., 2015), the neurological disorder Rett syndrome (Krishnan et al., 2015) 

and breast cancer (discussed below). 

 

 

 

 

1.4.1 PTP1B in cell adhesion 

PTP1B is the key protein-tyrosine phosphatase capable of activating Src and 

controling its kinase activity via dephosphorylation of an inhibitory tyrosine 

(Y529) (Bjorge et al., 2000; Monteleone et al., 2012).  Src is a non-receptor 

tyrosine kinase and a well-known proto-oncogene (Parsons & Parsons, 

2004). The Src pathway is upregulated in up to 50% of various cancer types 

(Dehm & Bonham, 2004).  Src activation leads to increased proliferation and 

angiogenesis and promotes cell survival (Thomas & Brugge, 1997; Eliceiri et 

al., 1999).  Increased catalytic activity of Src has repeatedly been shown to 

induce resistance to cell death, thus identifying Src as a survival factor that 

protects cells from apoptosis and anoikis (Golubovskaya et al., 2003; Lopez 

et al., 2012; Beauséjour et al., 2012). PTP1B has a major role in cell 

adhesion, migration and integrin complex formation, both independently and 
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in conjunction with Src kinase (Arregui et al., 2013). Also PTP1B contributes 

to lamellar formation, directional migration, alpha-actinin mediated 

cytoskeletal anchorage and integrin dependent activation of FAK/Src 

signaling pathway (Burdisso et al., 2013) (fig.7). PTP1B is crucial for 

adherens junction formation through interactions with Cadherins (E- and N-

Cadherin) and β-catenin complex formation (Balsamo et al., 1996; 

Hernández et al.,  2006). In addition PTP1B has been shown to act on cell 

matrix adhesion and positively regulate cell adhesion to FN1 (Hernández et 

al., 2006). 

1.4.2 The role of PTP1B in cancer 

Since the observation, reported by Zhai et al in 1993, that overexpression of 

ErbB2 in a human breast cancer cell line increased PTP1B expression, the 

relation between ErbB2 and PTP1B in cancer has been a subject of interest 

in cancer biology (Zhai et al., 1993).  

Overexpression of ErbB2 (HER2) through gene amplification or 

overexpression is present in 20-30% of breast cancer (Mitri et al., 2012). In 

2007, two papers showed that PTP1B is a positive mediator of the ErbB2-

induced signals that trigger breast tumorigenesis in murine in vivo models 

(Bentires-Alj & Neel, 2007; Julien et al., 2007). Moreover, Arias-Romero et al. 

confirmed that activation of ErbB2 increased PTP1B expression in the MCF-

10a cell line, and that ErbB2 malignant transformation in the cell line was 

mediated trough PTP1B (Arias-Romero et al., 2009).  These effects where 

mediated through the activation of Src.  In breast cancer samples PTP1B 

expression has been associated with ErbB2 overexpression (Wiener, Kerns, 

et al., 1994) and high PTP1B expression has been observed in other cancers 

types such as ovarian and gastric cancer (Wiener, Hurteau, et al., 1994; N. 

Wang et al., 2015). However, the usefulness  of PTP1B as a predictor of poor 

survival is debated (Yip, Saha, & Chernoff, 2010; Soysal et al., 2013) and 

decreased expression of PTP1B has also been reported in some cancers 

including esophageal cancer and lymphoma (Warabi et al., 2000; Dubé et al., 

2005). Importantly, PTP1B has been shown to promote metastasis in 

esophageal squamous cell carcinoma (X.-M. Wang et al., 2013), lung cancer 

(H. Liu et al., 2015) and breast (Julien et al., 2007). Downregulation of 

PTP1B has recently been shown to induce apoptosis in at least two papers 

(H. Liu et al., 2015; N. Wang et al., 2015). 
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1.5 Models of breast morphogenesis and cancer 

Cell cultures and in vivo models are important tools in breast cancer 

research. Regarding in vivo models much emphasis has been on the mouse 

mammary gland due to easy access and manipulation and the fact that 

mouse tissue/cells can be replanted in their physiologically relevant 

microenvironment (Fridriksdottir et al., 2011). However, there are 

fundamental differences between the mouse and human mammary gland 

(Visvader, 2009). Firstly, lobules form at different time points and mice lack 

TDLUs, the primary site for breast cancer origin in humans. Also the 

composition of the epithelial microenvironment is different, where mouse 

epithelium is embedded in adipose tissue but, human epithelium has more 

fibrous connective tissue and denser network of  blood vessels (Fridriksdottir 

et al., 2011).  However evidence support that their stem cell hierarchies are 

highly comparable (Reviewed in (Visvader, 2009)). This means that although 

using mice in breast cancer studies is highly beneficial and relevant, it is also 

important to use human cell models. In that regard 3D modeling of human 

mammary gland in vitro has proven very useful (Barcellos-Hoff, et al., 1989; 

Vidi, Bissell, & Lelièvre, 2013). 

In studies presented in this thesis, 3D cell models are used to represent in 

vivo conditions better than monolayer culture. Most commonly collagen 

and/or laminin rich gels are used in 3D cell culture. Here, reconstituted 

Basement Membrane (rBM, matrigel), was used for 3D cultures. Matrigel is a 

solubilized basement membrane extracted from the Engelbreth-Holm-Swarm 

(EHS) mouse sarcoma, a tumor rich in extracellular matrix proteins (Kleinman 

& Martin, 2005). It is used to imitate basement membrane in normal tissue 

and consists mainly of laminin, collagen IV, proteoglycans, and growth 

factors (Vukicevic et al., 1992). Primary cells and cell lines with normal 

epithelial phenotype form polarized well organized structures in 3D matrigel 

culture, while cancer cells form disorganized solid or spindle-like colonies 

(Petersen et al., 1992; Gudjonsson et al., 2002; Villadsen et al., 2007). Thus 

matrigel is an excellent tool to reveal the morphogenic phenotype of cells in 

culture.   
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Figure 8. D492 is an immortalized epithelial cell line with stem cell properties 

A) D492 progenitor cell line forms elaborate branching structures in 3D rBM culture and 

B) cells with luminal (K18) and myoepithelial (K14) marker expression in monolayer. 

Adapted from: Gudjonsson, T., Villadsen, R., Nielsen, H. L., Rønnov-Jessen, L., Bissell, 

M. J., & Petersen, O. W. (2002). Genes & Development, 16(6), 693–706. 

 

The major cell lines used in this Ph.D study was D492, an immortalized 

epithelial cell line with stem cell properties and its mesenchymal subline 

D492M.  D492 was isolated from a subpopulation in the human breast that is 

EpCAM positive, but Sialomucin (MUC1) negative and resides in the basal 

compartment of the acini. When D492 is seeded into rBM it forms branching 

structures similar to the TDLU found in normal breast (fig.8a). Moreover, 

D492 retains a bipotential phenotype demonstrated in by its ability to form 

both luminal- and myoepithelial cells in 2D culture (fig.8b). 
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2 Aims 

Developmental events underlying cellular remodeling and branching 

morphogenesis in the breast are closely related to pathways important to 

cancer progression, i.e. epithelial plasticity, epithelial-mesenchymal transition 

(EMT) and resistance to cell death.  EMT can be induced by both extrinsic 

and intrinsic factors and research shedding light on factors that control these 

processes is vital to improve cancer treatment and to find new therapeutic 

targets. In my study I have focused on endothelial cells as extrinsic inducers 

of EMT and distinct miRNAs as intrinsic regulators (see specific aims). 

Metastasis is a major factor in the malignancy of cancers and a leading 

cause of cancer deaths. EMT is a process that is believed to be necessary 

for migration and intravasation.  The reversed process, mesenchymal to 

epithelial transition (MET) is believed to be necessary for extravasation and 

colonization of metastatic cells in distant organs. Understanding EMT and 

MET may be crucial for a new horizon in cancer treatment.  Anoikis is a form 

of programmed cell death, induced in anchorage-dependent cells when they 

detach from the surrounding extracellular matrix (ECM). Resistance to 

anoikis is essential for a cancer cell to enter the blood stream and survive. A 

key factor in understanding the process of metastasis is how cancer cells 

avoid anoikis. Resistance to anoikis may allow survival of cancer cells in the 

circulation, thereby facilitating secondary tumor formation at distant sites. 

Finding targets that will restore sensitivity to anoikis could serve as the basis 

for therapeutic adjuncts that prevent metastasis. 

 

The aim of this thesis was to explore the EMT-MET process in 3D 

culture using the breast progenitor cell line D492 and its mesenchymal-

derivative D492M.  In addition to characterization of the molecular and 

phenotypic changes in these processes I also aim to explore the 

difference between these cells in terms of anoikis as resistance to 

anoikis may be a vital step in the EMT process. 
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Specific aims: 

1) Explore the morphogenic effect of endothelial cells on breast epithelial 

stem cells. Paper #1 

2) Explore the role of miR-200-141 in EMT and epithelial differentiation. 

Paper #2 

3) Explore the expression of the ncRNAs at the DLK1-DIO3 locus in EMT 

and breast cancer. Unpublished data 

4) Explore the role of PTP1B in cell death and anoikis. Paper #3 
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3 Materials and methods 

In this chapter I will brifely go over main methods used in this thesis. More 

detailed methods can be found in the materials and methods chapter of each 

paper or manuscript. 

 

 

 

 

Cell line Phenotype Reference Media 

D492 Epithelial progenitor  (Gudjonsson et al., 2002) H14 media 

D492M Mesenchymal (Sigurdsson et al., 2011) H14 media 

HMLE Basal epithelial progenitor  (Elenbaas et al., 2001) HMLE media 

HMLEmes Mesenchymal Unublished HMLE media 

D492
miR-200c-141-∆Np63

 Epithelial progenitor cell line (Hilmarsdóttir et al., 2015) H14 media 

D492M
miR-200c-141

 Luminal epithelial (Hilmarsdóttir et al., 2015) H14 media 

D492M
∆Np63

 Myoepithelial/mesenchymal (Hilmarsdóttir et al., 2015) H14 media 

D492M
miR-200c-141-∆Np63

 Luminal - and myoepithelial (Hilmarsdóttir et al., 2015) H14 media 

D492
p63KD

 Luminal epithelial (Hilmarsdóttir et al., 2015) H14 media 

D492M
HER2

 Mesenchymal (Ingthorsson et al., 2015) H14 media 

D382 Luminal epithelial breast (Gudjonsson et al., 2002) H14 media 

W2320 Breast cancer  (Petersen et al., 2003) DMEM/F12+5% FBS 

MCF-7 Breast cancer, epithelial, ER + (Soule et al., 1973) DMEM/F12+5% FBS 

MCF10A Breast epithelial pithelial  (Soule et al., 1990) H14 media 

MDA-MB-231 Breast cancer, Mesenchymal (Cailleau et al., 1978) RPMI-1640 + 5% FBS 

Primary cells:       

LEP Luminal epithelial cells (Ingthorsson et al., 2010) CDM3 

MEP Myoepithelial cells (Ingthorsson et al., 2010) CDM4 

BRENCS Breast endothelial cells (Sigurdsson et al., 2006) EGM-2 + 5% FBS 

 

 

Table 1. Overview of cell lines used in studies described in this thesis.  

All cell lines transduced with viral vectors expressing a gene of interest or shRNA for knock 

down had a control cell line with an empty vector or scrampleded shRNA. 
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Cell culture 

Monolayer. 

D492 and D492M cells and all D492 sublines were cultured in the serum free 

chemically defined H14 media (Gudjonsson et al., 2002) containing 

DMEM/F12, 50 IU/ml penicillin, 50 µg/ml streptomycin (Invitrogen), 250 ng/ml 

insulin, 10 µg/ml transferrin, 2.6 ng/ml sodium selenite, 0.1 nM estradiol, 0.5 

µg/ml hydrocortisone, 5 µg/ml prolactin (SIGMA) and 10 ng/ml EGF 

(Peprotech). D382 and MCF10A were also maintained on H14 medium. 

MDA-MB 231 was cultured on RPMI-1640 (Invitrogen) containing, 50 IU/ml 

penicillin, 50 µg/ml streptomycin and supplemented with 5% FBS. W2320 

and MCF-7 were cultured in DMEM/F12 containing 50 IU/ml penicillin, 50 

µg/ml streptomycin, with 5% FBS. HMLE cells and HMLEmes where cultured 

in the serum free chemically defined HMLE media containing DMEM/F12, 50 

IU/ml penicillin, 50 µg/ml streptomycin (Invitrogen), 10 µg/ml insulin, 0.5 

µg/ml hydrocortisone (SIGMA) and 10 ng/ml EGF (Peprotech). All cell lines 

where routinely authenticated with genotype profiling. 

Primary eptihelial cells where isolated, sorted and cultured as described in 

paper 2.  Breast endothelial cells (BRENCS) where cultured in endothelial 

growth medium (EGM-2) (Lonza) + 5% FBS (Invitrogen), as decribed 

Sigurdsson et al., 2006. 

3D cell culture 

3D cultre experiments where carried out in 24 well plate with 300µl rBM 

(Matrigel, BD). D492 and D492M 3D mono-culture was done in H14 media. 

HMLE 3D mono-culture was done using HMLE media. All co-cultures where 

done using 500-1000 epithelial cells and 100.000-200.000 BRENCS cultured 

in EGM-2 medium with 5% serum.  

Transwell co-culture. 

Co-culture in transwell setup was done in a 24 well plate with a 0,4µm 

polyester membrane separating the chambers. 50.000 BRENCSs were 

seeded in the upper chamber as a monolayer and 250 D492 cells in 100µl 

rBM on the bottom of the lower chamber, cultured in EGM-2 medium with 5% 

serum. 
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Pre-cluster assay 

Pre-cluster assay was adapted from Hirai et al., 1992. Briefly, 50.000 cells 

were mixed in 500µl of EGM-2 medium with 5% serum media and cultured 

on a 24 well low adhesion plate (plate coated with 12µg/ml polyhema, for 24 

hours at 37°C). After 24 hours, cell clusters were collected with brief 

centrifugation and resuspended in 500µl H14 medium and 50µl of 

preclustered organoids embedded in 100µl of rBM and seeded in 8 well 

chamber slides.  The branching phenotype of cell clusters was determined 

after cultivation for 8 days. 

 

Detection of RNA expression 

Total RNA was isolated using Tri-Reagent from Ambion as desbcribed in 

M&M in paper #2. The RNA for mRNA expression was reverse transcribed 

with Hexanucleotide primers using RevertAid (Fermentas), Superscript II or 

Superscript IV (Thermofisher). 1 μg of RNA was used for each cDNA 

reaction. Resulting cDNA was used as template for TaqMan qPCR. Meg3 

expression was detected using TaqMan primers:  

Forward: 5´-GGACCCAAGTATTATTCCTG-3´  

Reverse: 5´- GTAGGCATCCAGGTGATGG-3´  

Probe: 5´-FAM-TCCGCCCAAACCAGGAAGGA-BHQ-1-3´  

Information on other primers can be found in M&M of each paper. 

Quantitative RT-PCR analysis of miRNAs was performed using miRCURY 

LNA™ microRNA PCR System (Exiqon). Primers used in the unpublished 

data on DLK1-DIO3 were: hsa-miR-127-3p #204048, hsa-miR-409-3p 

#204358, hsa-miR-411-5p #204531, hsa-miR-493-3p #204557 (Exiqon). 

Information on other primers can be foud in M&M of of each paper. Relative 

expression differences were calculated with the 2
∆Ct

 method. 

In the qPCR on PuMA specimens, RNA was harvested from whole lung 

pieces containing GFP/RFP positive cells on day 21 using Tri-Reagent. 1μg 

was used for each cDNA reaction. Anti-human YARS and RPL27 were used 

to detect expression of human genes.   

Detalied describtion of microArrays are in paper #1 (mRNA) and paper #2 

(miRNA). 
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Western blot 

Protein was isolated using RIPA buffer and equal amounts (5µg) of protein 

loaded for each experiment. WB was done as described in paper#1. HRP 

secondary ab was used in paper#1 and manusript #3. In paper #2 IRDey (Li-

Cor) was used and detected using the Odyssey Infrared Imaging System (Li-

Cor). 

Immunohistochemistry  

In monolayer was cells were fixed using4% paraformaldehyde (PFA) fixation 

or methanol (MeOH) fixation. Nuclear fixation was done using 1:1 

Methanol:Acetone. For multiple labeling experiments we used fluorescence 

iso-type specific secondary antibodies (Invitrogen). 

Staining of 3D structrues was done as described in (Lee at al., 2007). 

Briefly, the rBM gel was dissolved with gentle shaking on ice using 5mM 

EDTA, then colonies were placed on super frost slides and fixed  with 4% 

PFA or MeOH. 

Tissue sections on microscope slides were de-waxed for 2x5 minutes in 

xylene, air dried and rehydrated for 2x5 minutes in 96% EtOH.  The slides 

were then rinsed in water for 1 minute and boiled in TE buffer (1 mM Tris, 

0.1mM EDTA) for 15 minutes and then cooled.   

Specimens were visualized on a Zeiss LSM 5 Pascal laser-scanning 

microscope (Carl Zeiss) and Olympus fluoview 1200. 

In situ Proximity Ligation assay 

Colocalization analysis of PTP1B interactions with substrate proteins was 

studied using Proximity Ligation assay (PLA) with the Duolink(R) kit (Olink 

Bioscience, Sigma). D492 cells where treated with 32uM of the PTP1B 

inhibitor (see section 3.10) for 5 hrs, fixed with 4% formaldehyde, blocked 

and incubated with primary antibodies in two different combinations: PTP1B 

mouse (BD) with Src rabbit (CS) and PTP1B rabbit (R&D) with EGFR mouse 

(BD) followed by a strandard PLA protocol according to manufacturer's 

instruction. Nuclei were counterstained with DAPI and Specimens were 

visualized on a Olympus fluoview 1200.  For quantification of PLA signal, 

ImageJ was used to quantify the number and area of the Duolink puncta, for 

all experiments, quantifications were performed from at least three images. 
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Apoptosis test  

D492 cell line was treated with DMSO or indicated concentrations of PTP1B 

inhibitor for 48hrs.  Cells were harvested and stained with FITC Annexin V 

and propidium iodide (PI) (BD Pharmingen) and 10.000 cells analyzed in 

FACSCalibur.   

DNA isolation 

DNA isolation from cell culture was done using PureLink Genomic DNA Mini 

Kit (Life Thecnologies). 

5-aza treatment and bisulfite Sequencing 

D492 and D492M cells were treated with 5mM of 5-azacitidine (Sigma) in 

H14 medium and cultured for 4 days before IF staining or DNA, or protein 

isolation. 

Bisulfite conversion of DNA was performed with the Quiagen Epitech 

bisulfate kit. Target DNA sequence was amplified using Nested-PCR (primer 

sequences are in supplement material in paper #2) and methylation analysis 

was performed using Sequence scanner V1.0. 

Blocking experiments  

Direct co-culture of 500 D492 cells with 200.000 BRENCs in 300µl of rBM 

were treated with 8µg/ml anti-HGF neutralizing antibody (#MAB294, R&D 

Systems) or with a IgG control in the rBM and in the medium. In transwell 

coculture HGF was also blocked with 8µg/ml anti-HGF in the rBM and in the 

medium in the lower transwell chamber. ALK5 kinase inhibitor (SB431542, 

Tocris Bioscience) was used to block signals through the ALK5 receptor. The 

inhibitor was diluted in the rBM (10µM) and in the medium (10µM) in 

coculture of 500 D492 cells and 50.000 BRENCs. TGFβ1 blocking was done 

using a neutralizing antibody (ab10517, Abcam) (8µg/ml) in 3D coculture, 

and a IgG as control, in the rBM and in the medium. 

PTP1B inhibitor 

The PTP1B inhibitor 3-(3,5-Dibromo-4-hydroxy-benzoyl)-2-ethyl-benzofuran-

6-sulfonicacid-(4-(thiazol-2-ylsulfamyl)-phenyl)-amide (Cat.nr.539741, 

IC50=8μM) was optained from Calbiochem.  It is a cell-permeable compound 

that acts as a selective, reversible and non-competitive allosteric inhibitor of 
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PTP1B.  It binds to a novel site away from the catalytic pocket and inhibits 

PTP1B activity by preventing closure of the WPD loop (Wiesmann et al., 

2004).  The PTP1B inhibitor was dissolved in DMSO, which was used as a 

control in all experiments.  

The apoptosis inducer camptothecin  (CPT) (Sigma) binds irreversibly to 

the DNA-topoisomerase I complex, inhibiting the re-association of DNA after 

cleavage by topoisomerase I and traps the enzyme in a covalent linkage with 

DNA thereby blocking the cells in S-phase and inducing apoptosis (Beidler & 

Cheng, 1995). 

Cell growth curve with PTP1B inhibitor 

Cells were plated at 70% confluency per well in a 24-well plate in H14 media.  

One day after plating, the media was replaced with H14 media containing 

DMSO or 16 μM concentration of PTP1B inhibitor.  Each day after that 3 

wells per concentration were washed three times in phosphate-bufferd saline, 

fixed with 250μl of crystal violet solution (0.25% crystal violet in 20% 

methanol) for 10 min, washed 6 times in water and dryed.  After that the fixed 

cells were incubated in 500μM lysis solution (33% acetic acid) for 10 minutes.  

To quantitate the amount of crystal violet in each sample the optical density 

at 570 nm was determined using the spectrophotometer.    

miR-200c-141 and ∆Np63 overexpression 

A miR-200c-141 construct was created by cloning the genomic region into a 

pLVTHM lentiviral vector purchased from Addgene (plasmid #12247 

(Wiznerowicz & Trono, 2003). An empty vector was used as a control. The 

pLVTHM vector contains a green fluorescent protein (GFP) selection marker. 

Stable, D492 and D492M with miR-200c-141 and control (empty) cells were 

isolated by flow-sorting, selecting GFP expressing cells using FACSaria. 

deltaNp63alpha-FLAG (Addgene, plasmid #26979 (Chatterjee et al., 2008)) 

was used to clone ∆Np63 into a pCDH lentiviral vector (System Biosciences), 

containing both RFP and a puromycin selection marker. D492M
miR-200c-141 

cells and D492M
empty

 where transduced with the ∆Np63 overexpressing 

vector and D492M
empty

 with empty pCDH vector as a control (D492M
2xempty)

. 

Stable D492M
2xempty

, D492M
∆Np63

 and D492M
miR-200c-141∆Np63 

cells were 

selected using 2
µg

/ml puromycin. 
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PUMA 

400.000 GFP/RFPpositive cells were delivered by tail-vein injection to 

NOD/SCID mice. Within 15 minutes of cell injection, the mice were 

euthanized using pentobarbitol. The trachea was then cannulated by syringe 

infusion of 1:1 mixed culture medium/agarose solution (40°C). The lungs 

were then carefully removed and placed in a cold solution of PBS on ice for 

20 minutes to solidify the agarose/medium solution. Complete transverse 

sections (1–2 mm in thickness) were made from each lobe and 4–5 lung 

sections were placed separately in a 48 well plate with M199 (1x) medium 

supplemented with 1µg/ml Insulin, 0,1µg/ml hydrocortisone, 0,5µg/ml retinyl 

acetate and 10 ng/ml EGF.  Lung sections were incubated at 37°C in 

humidified conditions of 5% CO2. Fresh culture medium was replaced every 

two days and lung tissue sections were turned over every other day. Imaging 

was done on day 1, 7, 14 and 21. 

Live-cell imaging 

D492 cells were seeded directly on an 8 well chamber slide (2D imaging), or 

embedded in Matrigel (3D imaging) and seeded into 8-well chamberslides 

(BD) at densities of 3000 cells per well in 100 µL of Matrigel. After 2 days in 

culture (2D) or 10 days in culture (3D) in a standard incubator, the 

chamberslide was removed from the incubator, treated with the relevant 

inhibitor and transferred to an automated inverted microscope (Leica DMI 

6000B) equipped with environmental chamber, temperature control module 

and CO2 regulator (Pecon). Images were taken through a 20x objective with 

a CCD camera (Exi Blue, QImaging) at 10 minute intervals for 50 hours. 

Movie 1 and 2 are bright field images, Movie 3 is fluorescent GFP imaging.  

All microscope and camera controls were programmed through the 

µManager software package.  Annotated time-laps videos were created with 

the Fiji software package for ImageJ. 

Patient material 

MEG3 expression was mesarued with qPCR in 125 clinically well-defined 

breast tumors, using primers listed in Materials and Methods 3.3. Tumor 

samples used were all from Icelandic patients, Information on the tumor 

samples can be found here: Jönsson et al., 2010. 
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Statistical analsis 

Data represent the mean and standard deviation of the sample (SD). 

Statistical differences between samples were assessed with Student two –

tailed T-test. Graphs were created in Excel. P-values below 0.05 were 

considered significant.  
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4 Results and discussion 

In this chapter I will discuss my published and unpublished data and put my 

work into context to form the platform for this thesis. In my work I have 

focused predominately on D492 a breast epithelial stem cell line and its 

mesenchymal derivative D492M. To support my data I have included other 

cell lines and primary cells (see table 1). I have focused on both extrinsic 

(stromal-derived) and intrinsic (non-coding RNAs, apoptosis resistance) 

factors.  

I will begin the discussion on projects that partially overlappd with the work of 

two previous Ph.D. students at the lab, Valgardur Sigurdsson and Saevar 

Ingthorsson where the focus was on the role of endothelial cells in breast 

morphogenesis. 

4.1 Endothelial induced EMT in breast epithelial cells with 
stem cell properties (Paper #1) 

Heterotypic interaction between the epithelium and stroma is a key factor in 

breast development, cancer formation and progression (Elenbaas & 

Weinberg, 2001; McCready et al., 2010; Arendt et al., 2010; Conklin & Keely, 

2012). The stroma is highly complex and contains diverse cell types such as 

fibroblasts, immune cells, fat cells and endothelial cells as well as growth 

factor-rich extracellular matrix. The intralobular breast stroma is highly 

vascularized (Sigurdsson et al., 2006) and the main role of the vascular 

endothelial cells is to deliver oxygen and nutrients to the epithelium and 

remove waste products. In recent years, however, there has been growing 

interest in endothelial cells as growth and morphogenic inducers in many 

tissues and now endothelial cells are considered major factors in the stem 

cell niche in many organs (e.g. lung, liver, bone marrow, brain) (Kordes & 

Häussinger, 2013; Morrison & Scadden, 2014; Donne, et al., 2015). Less is 

known about epithelial-endothelial interactions in the human breast, although 

several studies have shown that endothelial cells are important for mammary 

gland development in mice (Hovey et al., 2001; Qiu et al., 2008) and that 

human umbilical vein endothelial cells (HUVEC) induce ductal-alveolar 

morphogenesis in MCF-10a cells (Shekhar et al.,  2000).  
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4.1.1 Three-dimensional rBM co-culture of breast epithelial cells 
and BRENCS supports epithelial growth 

Previously our laboratory has optimized a method to isolate and expand 

breast endothelial cells in culture (Sigurdsson et al., 2006). Furthermore, a 

former Ph.D. student in the lab, Saevar Ingthorsson has previously shown 

that endothelial cells stimulate the growth of normal and cancerous cells in 

3D culture (Ingthorsson et al., 2010).  In that study Ingthorsson et al. showed 

that endothelial cells support growth of epithelial cells seeded at low clonal 

density. Co-culture with endothelial cells resulted in bigger colonies in 3D 

culture and these effects where partially mediated by soluble factors. 

Endothelial cells form a network of capillary like structure when cultured on 

top of rBM.  These structures are, however, unstable and detach from the gel 

after 72 hours culture. In contrast, when embedded into rBM the endothelial 

cells stay quiescent and do not proliferate, but remain metabolically active for 

at least 14 days. This makes endothelial cells an excellent tool to use as a 

supportive cell type in 3D co-culture. In these previous publications from our 

laboratory, the optimal concentration of endothelial cells in co-culture has 

been established to be between 100.000 and 200.000 breast endothelial cells 

(BRENCs) per 300μl of rBM. However, the optimal concentration of epithelial 

cells in mono- and co-culture has to be established for each cell line 

(Ingthorsson et al., 2010). In paper #1 we wanted to explore if BRENCS 

could act as a stem cell niche for breast epithelial stem cells. 

4.1.2 Endothelial-induced EMT 

As previously described D492 is a breast epithelial stem cell line that is able 

to generate TDLU-like structures in rBM (Gudjonsson et al., 2002). When the 

progenitor cell line D492 is seeded alone in rBM, at least 10.000 cells in 

300µl of rBM are required for the cells to grow and form branching structures, 

at lower cell density the cells are not viable and at higher densities the 

growing structures are mainly solid round colonies with no branching 

formation, most likely due to steric hindrance from adjacent colonies. In co-

culture with the supportive, but non proliferative, endothelial cells it is 

possible to seed much fewer epithelial cells and in this way it is possible to 

explore the clonal outgrowth of each colony. When 500 D492 cells were 

seeded with 200.000 BRENCS in 300µl of rBM, D492 formed elaborate 

branching structures as before, but interestingly also solid round and 
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structures with spindle phenotype similar to cells that have gone through 

EMT (fig.9). EMT has repeatedly been associated with cell plasticity and 

stem cell properties (reviewed in: Scheel & Weinberg, 2011). Our result 

indicate that the D492 cell line is highly plastic and can easily go through 

mesenchymal trans-differentiation in 3D as well as support growth of 

branching colonies with luminal- and myoepithelial differentiation (Lamouille, 

Xu, & Derynck, 2014)  

 

 

 

 

 

Figure 9 Co-culture with BRENCS in rBM culture induces EMT in D492 

In 3D rBM monoculture D492 forms TDLU-like branching structures with epithelial 

characteristics. However, in co-culture with BRENCS D492 forms branching, round-

shaped and spindle-like/mesenchymal colonies in 3D culture. BRENCS : Breast 

endothelial cells. 
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To further explore this phenotype we isolated a spindle structure from a 3D 

culture and seeded it in a 2D culture and made a sub- cell line called D492M. 

The morphology of D492 and D492M in 2D culture was very different 

Figure 10. D492M has a mesenchymal phenotype 

A) D492 shows epithelial, cuboidal morphology in 2D and 3D culture. D492M is spindle 

shaped in monolayer and only forms spindle-like/mesenchymal colonies in 3D culture 

with little cell-cell contact and elongated phenotype. B) WB shows altered protein 

expression of D492M compared to D492, note the Cadherin switch from E-Cadherin in 

D492 to N-Cadherin in D492M. GAPDH as loading control. C) qPCR of the EMT-TF 

SNAIL, SLUG and TWIST shows little difference in expression between D492 and 

D492M. Normalized to GAPDH (right).  ZEB1 and ZEB2 expression is dramatically 

increased in D492M measured by qPCR. Normalized to GAPDH (left). 
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(fig10a). D492 showes cuboidal epithelial phenotype in monolayer but 

D492M is more spindle-like and less adherent. In 3D monoculture D492 

forms branching and solid -round colonies as stated previously while D492M 

only forms spindle shaped colonies. Characterization of D492M with WB 

showed that D492M gene expression is equivalent to cells that has gone 

through EMT, with loss of epithelial markers such as EpCAM, p63, keratins 

and E-Cadherin (fig.10b). In turn D492M had gained the expression of 

mesenchymal markers such as N-cadherin, and the EMT-TFs ZEB1, ZEB2 

and to lesser extent TWIST shown with qPCR (fig.10c). The expression of 

other well known EMT-TFs, SNAIL and SLUG was not altered significantly 

after endothelial induced EMT in D492 (fig.10c). Other studies have also 

shown that  endothelial cells can induce EMT and support the growth of 

cancer stem-like cells (Bezdenezhnykh et al., 2014; Z. Zhang et al., 2014).  

In addition to phenotypic changes in terms of marker expression, a 

characteristic of cells that have undergone EMT is increased mobility and 

invasiveness, anchorage independent growth and increased resistance to 

apoptosis (Kalluri & Weinberg, 2009). For functional analysis we compared 

the mesenchymal subline to the parental cell line D492 with regards to these 

characteristics. D492M showed enhanced ability to migrate and grow in soft 

agar and it was more resistant to chemically induced apoptosis (paper#1, 

fig4).  

4.1.3 Endothelial induced EMT is partially mediated through 
HGF 

Ingthorsson et al. previously showed in transwell and gradient co-culture 

studies that endothelial derived effects are mediated, at least partially by 

soluble factors (Ingthorsson et al., 2010).  

Identifying which factors mediate the endothelial induced EMT is critical in 

understanding the crosstalk between epithelial and stromal cells, and could 

be very beneficial in future cancer treatments. TGF-β has been shown to 

induce EMT in many cell culture systems. When treated with 10mg/ml of 

TGF-β1 in 2D culture D492 only shows mild induction of EMT, with slight 

downregulation of E-Cadherin and K14 and modest upregulation of N-

Cadherin. However, these effect where reversible and disappeared when 

TGF-β1 was withdrawn from the media.  When D492 was treated with TGF-

β1 in 3D rBM culture from day 0 there was no growth of colonies, indicating 
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that TGF-β1 inhibited initial growth of 3D colonies. This is in agreement with 

studies showing that TGF- β is an inhibitor of growth in normal epithelial cells. 

However, when D492 was treated with TGF-β1 on day 6, when colony 

growth is established but before branching morphogenesis, increased 

branching significantly.  

 

  

Figure 11. Endothelial induced EMT in D492 is not mediated through TGF-β1, but 

partially blocked by inhibition of HGF signaling 

A) Treatment of D492 with TGF-β1 from Day 6 in 3D mono-culture induces increased 

branching. B) Treatment of D492 in co-culture with ALK5 inhibitor decreases formation of 

branching colonies but does not affect spindle-like colonies.  C) Treatment of D492 in co-

culture with a neutralizing anti-TGF-β1 antibody decreases formation of branching colonies 

but does not affect spindle-like colonies.  D) BRENCs secreted HGF into the surrounding 

culture media as measured by ELISA. E) Formation of spindle-like colonies is partially 

blocked by inhibition of HGF. Treatment with anti-HGF causes a 44% reduction in spindle 

like colony formation of D92 in co-culture with BRENCS. * p<0.05; **p<0.01. Bar= 50µm. 
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This data is in agreement with previously reported effects on branching, 

where high concentrations of TGF-β1  have been shown to inhibit colony 

formation, while lower concentrations stimulated colony elongation and 

branching (Soriano et al., 1996).   However, treating D492 with TGF-β1 in 3D 

culture from day 7 did not induce EMT (fig.11a). Also treatment with TGF-β1 

neutralizing antibody or with a small molecule inhibitor targeting the TGF-β 

receptor-1 (ALK5) in co-culture did not have any effects on endothelial 

induced EMT (fig.11b,c).  We thus concluded that TGF-β1 is not responsible 

for the EMT seen in our cell system. It is however important to note that 

branching morphogenesis has been described as a form of p-EMT and it is 

under strict control. TGF-β1  has been shown to facilitate migration in 

multiple cell systems, and therefore it is possible that TGF-β1  plays a role in 

p-EMT (Yang & Moses, 1990; Vo et al., 2013). 

Hepatocyte growth factor (HGF) has been shown to promote EMT (Farrell et 

al., 2014) and to regulate epithelial tubule development (O’Brien et al., 2004; 

Farrell et al., 2014). In figure 11d we show that BRENCS can secrete HGF in 

3D culture and adding 8µg/ml of anti-HGF neutralizing antibody to the 3D co-

cultures showed that the endothelial induced EMT is partially mediated 

through HGF (fig.11e).  It is, however, likely that the endothelial induced EMT 

is mediated through several different mechanisms, which can vary in different 

cell systems. Zhang et al has for example shown that EGF secreted by 

endothelial cells can induce EMT and support the growth of cancer stem-like 

cells (Zhang et al., 2014).  

 

4.1.4 Endothelial induced EMT in other mammary cell models 

To test endothelial induced EMT in another cell line we used human 

mammary epithelial cells (HMLE) (Mani et al., 2008), a cell line immortalized 

with SV40 (inactivation of Rb and p53) and hTERT (expression of 

Telomerase reverse transcriptase). HMLE has been widely used as a model 

for EMT induced by different EMT-TFs, and has thus many properties similar 

to D492 in the context of cellular plasticity. When seeded at a density of 

10.000 cells per 300ul of rBM, HMLE cells only form solid round structures, 

possibly because of steric hindrance (fig.12). At lower densities they do not 

grow in monoculture. However, in co-culture with endothelial cells (500-1000 

cells seeded with 200.000 BRENCS) HMLE forms solid round, branching 
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Figure 12. BRENCS facilitate growth of 

branching and mesenchymal structures in 

HMLE cultured in rBM 

A) HMLE in monocolture (single cell type 

culture) forms solid round structures.  B) 

HMLE in coulture with BRENCS forms 

branching and mesenchymal structures. C) 

Only spindle-like HMLE colonies in co-culture 

with BRENCS stain with N-Cadherin (pink). 

F-actin (green).  

 

colonies and spindle shaped colonies similar to D492 (fig.12b). The 

mesenchymal 3D structure stained positive for N-Cadherin (fig.12c). In the 

primary metaplastic breast cancer cell line, W2320 BRENCS also induce 

growth of spindle like colonies in 3D rBM culture (P#1 fig.1c).  Collectively 

this unpublished data shows that BRENCS are capable of inducing branching 

and EMT in several cell systems. 

An attempt to make a HMLE subline from an isolated spindle-like colony from 

3D culture was not successful. Although, we had growth of cells with spindle- 

like morphology over the first few days, the cells quickly lost the 

mesenchymal phenotype in culture and reverted back to epithelial cell 

characteristics. However, we got a mesenchymal subline of HMLE 

(HMLEmes) as a gift from the Dr. Gunhild Mælandsmo lab at the Radium 

Hospital in Oslo, with the permission from Dr. Robert Weinberg to use HMLE 

cells in academic publications. These cells were made by sorting the HMLE 

cell line with the EMT marker THY1 (CD90). In monolayer these cells show 

mesenchymal phenotype with spindle-shaped cells (fig.13a). To confirm that 

these cells are mesenchymal we did a western blot  showing all the classical 

protein expression of EMT cells, with loss of E-Cadherin, K14, p63 and P-

cadherin and increase N-Cadherin 

expression (fig.13b). They also 

express little miR-200c and miR-

141, both of which are miRNAs 

associated with maintaining an 

epithelial phenotype (fig.13c). HMLE 

also show more expression of EMT 

transcription factors ZEB1/2, SLUG, 

SNAIL and TWIST (fig13d).     
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To summarize, endothelial cells can support epithelial cell growth in 3D 

culture and promote branching and EMT in D492 and HMLE. The 

mesenchymal transition in D492 is mediated through soluble factors, 

including HGF.  We used a mesenchymal 3D colony formed by D492 in 

endothelial co-culture to generate a mesenchymal subline, D492M.  

 

 

 

Figure 13. HMLEmes shows classical characteristics of a cell line with an EMT 

phenotype 

A) HMLE shows epithelial characteristics, while HMLEmes has a mesenchymal 

phenotype. B) WB shows expression of epithelial markers in HMLE and mesenchymal 

markers in HMLEmes. C) The expression of miR-200c and miR-141 is reduced in 

HMLEmes compared to HMLE, measured with. qPCR - U6 used as a reference gene. D) 

qPCR shows increased expressiof EMT transcription factors in HMLEmes compared to 

HMLE. miRNA levels were normalized to GAPDH. 
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4.2 MicroRNA-200c-141 and ∆Np63 are required for breast 
epithelial differentiation and branching morphogenesis 
(Paper #2) 

miRNAs are increasingly acknowledged as important players in development 

including cell linage specification, morphogenesis and in disease formation 

(Sugatani & Hruska, 2007; Nguyen et al., 2012; Gruber et al., 2014; Raza, 

Zhang, & Sahin, 2014). Having generated the D492M cell line our next 

research question was to compare miRNA expression between D492 and 

D492M as this could shed light on the molecular mechanism of the D492-

>D492M transition. 

4.2.1 The miR-200 family is downregulated during EMT 

In the initial step, we compared by miRNA array the differences between 

D492 and D492M. Of the 10 most downregulated miRNAs in D492M 

compared to D492 four belonged to the miR-200 family (miR-200c, mR-141, 

miR-200b and miR-200a) (fig.14a). miR-200c and miR-141 are expressed 

from the same locus and these miRNAs were most downregulated in D492M.  

This comparison was conducted on miRNAs isolated from cells cultured in 

monolayer. We have also done sequencing on the same cells in 3D culture 

with similar results (unpublished data from Eiríkur Briem a Ph.D. student in 

the lab). For more detailed information about the miR-200 family and its role 

in epithelial tissue see review article enclosed with my thesis, Paper #4.   

miR-200c and miR-141 were also downregulated in newly formed 

mesenchymal colonies compared to newly formed branching colonies 

isolated from co-culture of D492 with BRENCS (fig.14b). Promoter 

methylation of CpG islands is a common way of gene silencing in cells. 

Bisulfite sequencing showed that the promoter of miR-200c-141 was heavily 

methylated in D492M compared to D492.  Additionally, after treatment with 

the demethylation agent 5-azacytidine D492M cells showed increased 

epithelial characteristics with increased expression of the epithelial markers 

K14, K19 and E-Cadherin, and reduced expression of N-Cadherin (P#2, 

fig.2). Epigenetics play an important role in cancer and numerous studies 

have shown that changes in gene expression due to methylation changes are 

a frequent event in cancer progression, and could be an important factor in 

tumor heterogeneity (Baylin, 2005; Brocks et al., 2014). In EMT, contextual 

signals can alter epigenetic marks and induction of the mesenchymal 
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phenotype (Tam & Weinberg, 2013). Our data shows abundant DNA 

methylation on the miR-200c-141 promoter which could explain the fixed 

EMT phenotype of D492M.                     

4.2.2 Ectopic expression of miR-200c-141 in D492 inhibits 
endothelial-induced EMT 

To clarify the role of miR-200c-141 in branching morphogenesis and 

differentiation in our model we overexpressed miR-200c-141 in D492 using a 

lentiviral vector.  miR-200c and miR-141 are highly expressed in D492 and 

consequently miR-200c-141 lentiviral transduction is not aimed to express 

more, but to inhibit repression of miR-200c-141 expression in D492 and thus 

explore its possible role in p-EMT and formation of mesenchymal colonies. 

Morphologically D492
empty

 and D492
miR-200c-141 

were similar and no change 

was seen in the expression of selected epithelial and mesenchymal markers. 

Figure 14. miR-200c and miR-141 are downregulated in D492M 

A) miRNA expression analysis of the 10 most downregulated miRNAs in D492M compared to 

D492. Of the top 10 downregulated miRNAs in D492M, four were from the miR-200 family, of 

which miR-200c and miR-141 show the most profound difference.  B) Newly formed branching 

and mesenchymal  D492 colonies in co-culture with BRENCS (left).  RNA was isolated from 

newly formed branching and mesenchymal colonies after 14 and 21 days in culture. qPCR for 

miR-200c and -141 demonstrated significantly higher expression of these miRNAs in branching 

colonies than in mesenchymal colonies. miRNA levels were normalized to SNORD48 (right). 

Bar = 100μM. 
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Branching morphogenesis is believed to be facilitated by p-EMT in migrating 

cells and indeed there is a double expression of E- and N-Cadherin at the 

growing branching buds in D492 branching structures. Surprisingly D492
miR-

200c-141 
showed full branching potential and was equally efficient in branching 

morphogenesis as D492
empty

. However, miR-200c-141 overexpression in 

D492 completely inhibited endothelial-induced EMT showing how important 

miR-200c-141 are in maintaining epithelial integrity of the cells. 

Numerous studies have shown that induction of EMT and E-Cadherin 

repression is important for branching morphogenesis (Kouros-Mehr & Werb, 

2006; K. Lee et al., 2011; Watanabe et al., 2014).  Indeed, cellular plasticity 

has been shown to be an important player in tubulogenesis and branching 

morphogenesis. In our model IF staining of branching colonies shows 

distinctive N-Cadherin expression at the tips of a branching structure, and 

additionally it is evident in WB that N-Cadherin expression is higher in a 

branching colony of D492 than D492 in monoculture (see i.e. Ingthorsson et 

al., 2015). Our data indicates that although EMT is important for branching, a 

complete EMT is not necessary for branching to take place, and it can occur 

despite high expression of miR-200c-141. Consequently, we propose that in 

branching morphogenesis EMT is not an on/off process, but rather a p-EMT, 

a gradual loss and gain of epithelial and mesenchymal properties, 

respectively. It has been reported that branching morphogenesis occurs 

through collective migration (Ewald et al.,  2008).   Unpublished movie taken 

of a branching colony (D492) and an EMT colony (D492M) shows that the 

migratory movement of the epithelial and the mesenchymal cells is very 

different in the 3D context (movie 3 - enclosed with the thesis).  The D492 

cells form branching structures through collective migration while D492M 

migrate randomly as single cells. However this data does not exclude the 

possibility that miR-200c and/or miR-141 loss of function would lead to 

increased branching morphogeneis which has been reported in vitro in 

mouse mammary gland (Rebustini et al., 2012).  
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4.2.3 miR-200c-141 induces mesenchymal to epithelial transition 

In light of these results we went on to overexpress miR-200c-141 in the 

mesenchymal subline D492M.  D492M
miR-200c-141 

lost the mesenchymal 

morphology and showed epithelial phenotype in 2D culture that was verified 

by expression analysis. Interestingly, miR-200c-141 overexpression resulted 

in expression of luminal markers (EpCAM, K19) only but not myoepithelial 

markers such as K5/6, K14, K17 and p63 (fig.15, and paper#2, fig.4). 

Analysis of miR-200c and miR-141 expression levels in primary luminal- and 

myoepithelial cells confirmed that these miRNAs are predominantly 

expressed in luminal epithelial cells. We thus concluded that miR-200c-141 

induced MET in D492M and furthermore that the epithelial cells showed 

luminal differentiation.  In 3D culture D492M
miR-200c-141 

formed epithelial-like 

structures, however, without complete branching.  Like D492
miR-200c-141

, 

D492M
miR-200c-141 

was fully resistant to endothelial induced EMT. 

The fact that miR-200c-141 only induced luminal differentiation left us with 

the open question how myoepithelial differentiation could be induced in 

D492M. The transcription factor p63 is a known basal cell marker in many 

stratified and pseudostratified epithelia such as the skin, trachea/bronchi, 

prostate and breast (Barbieri & Pietenpol, 2006; Arason et al., 2014). Indeed 

Figure 15. Immunophenotypic characterization of D492M phenotypes with 

overexpression miR-200c-141 and ∆Np63 separately and together 

miR-200c-141 and ∆Np63 overexpression induces expression of luminal and 

myoepithelial markers in 3D culture, respectively. D492M
miR-200c-141-∆Np63

 expresses 

both K17 and K19, but does not form elaborate branching structures 
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overexpression of p63 in D492M induced expression of myoepithelial 

markers in D492M, but had little effect on the morphology in 2D or 3D culture 

(fig.15, and paper#2, fig.5).  

4.2.4 Luminal and myoepithelial characteristics are required to 
re-introduce branching phenotype 

We next sought to capture the full phenotype of D492 with both luminal and 

myoepithelial marker expression and branching morphogenesis by 

overexpressing both miR-200c-141 and p63 in D492M. As expected, 

D492M
miR-200c-141-∆p63 

expressed both luminal and myoepithelial markers. 

Surprisingly, dual expression of miR-200c-141 and p63 induced expression 

of epithelial markers that we had not seen before such as K5/6, K14 and the 

epithelial miRNA miR-200b indicating that overexpression of both miR-200c-

141 and p63 reinforced an even stronger epithelial phenotype when co-

expressed. However, despite capturing the protein expressional profile of 

D492, D492M
miR-200c-141-∆Np63 

showed limited branching potential in 3D rBM 

culture and its phenotype in 3D did not capture the morphology of D492 

(fig.15, and paper#2, fig.6).  

In our traditional 3D culture the branching/mesenchymal structures grow 

from a single cell. To further explore the branching potential of D492M
miR-200c-

141-∆Np63
 we used a pre-cluster assay where the cells are seeded on a low-

adhesion plate overnight and allowed to form aggregates. After 24 hours the 

cell clusters are seeded in rBM (fig.16a). In this assay the 3D colonies do not 

grow from a single cell and branching occurs much earlier, full branching for 

D492 is seen after 8 days in culture (in contrast to 14-16 days). D492M
empty

, 

D492M
miR-200c-141 

and D492M
∆Np63

 showed no difference in phenotype in the 

pre-cluster assay whereas D492M
miR-200c-141-∆Np63 

showed full branching with 

the same complexity as D492 (fig.16bc). These results indicate that in order 

for a full branching morphogenesis to take place the cells need both luminal 

and myoepithelial characteristics, underscoring the importance of both 

lineage expression patterns in development. 
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Figure 16. D492M
miR-200c-141-∆Np63

 form elaborate branching structures in a pre-

cluster assay. 

A) Schematic figure of the pre-cluster assay. Cells are seeded on a low-adhesion 

plate overnight and allowed to form aggregates. After 24 hours the cell clusters are 

seeded in rBM. B) D492M
2xempty

, D492M
miR-200c-141 

and D492M
∆Np63

 showed no 

difference in phenotype in the pre-cluster assay. C) In contrast, D492M
miR-200c-141-

∆Np63 
showed full branching with the same complexity and formation of TDLU-like 

structures as D492. 
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4.2.5 miR-200c-141 expression facilitates growth of D492M in 
PuMA assay 

In primary tumors a phenotypic switch from an epithelial to a mesenchymal 

phenotype is proposed to facilitate the migration and invasion of a tumor cell 

through the basement membrane and into a nearby tissue (Yao, Dai, & Peng, 

2011). After intravasation little is known about the MET process that is 

believed to be vital for a tumor cells to colonize a distant organ. 

To investigate the potential capacity of miR-200c-141 to facilitate cellular 

colonization in foreign tissue through its ability to maintain the epithelial 

phenotype, we used pulmonary metastasis assay (PuMA). PuMA is an ex 

vivo metastatic progression assay used to model metastasis biology in 

mouse lung. In PuMA the growth of GFP/RFP-expressing cells in mouse 

lungs is monitored at several time points (see M&M). In our experiment 

400.000 D492M
2xempty

 or D492M
miR-200c-141/pCDH-empty 

cell were injected into the 

tail vain of NOD/SCID mice. On day 1 single RFP expressing cells were seen 

in all lung sections for both D492M
2xempty

 and D492M
miR-200c-141/pCDH-empty

. After 

only 7 days a clear difference was seen between the two cell lines with much 

more growth and colony formation in D492M
miR-200c-141/pCDH-empty

. After 14 and 

21 days the difference was even clearer (fig.17a).  For a more quantifiable 

assay of the cell number in the lung sections we isolated total-RNA from lung 

pieces and assayed the expression of two human-specific housekeeping 

genes, Rpl27 and Yars. qPCR analysis showed much higher expression of 

both genes in D492M
miR-200c-141/pCDH-empty 

than D492M
2xempty

 (fig.17b). 

Collectively, this data together with our published data on how miR-200-

141 revert the mesenchymal phenotype in D492M put solid basis on the role 

of miR-200c-141 as an important regulator of epithelial integrity both in the 

normal breast gland and during colonization at distant site. Due to its role in 

maintaining epithelial integrity the miR-200 family has been proposed to be a 

possible therapeutic target in cancer (H.-F. Zhang, Xu, & Li, 2014). 

However,our results, and other published work suggests that future steps 

should be taken carefully as inducing MET could possibly promote formation 

of metastatic lesions. 
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Figure 17. D492M
miR-200c-141/pCDH-empty

 shows enhanced capacity to colonize foreign tissue 

A) Pulmonary metastasis assay (PuMA assay). The growth of D492M
2xempty

 and D492M
miR-200c-

141/pCDH-empty
 was monitored in mouse lungs at several time points using RFP expression. 

Enhanced capacity of D492M
miR-200c-141/pCDH-empty

 to grow in the lung tissue is already evident on 

day 7, and the difference between the two cell lines increases over time. B) Total-RNA was 

isolated from lung sections on day 21, and the expression of two human-specific genes, Rpl27 

and Yars was measured using qPCR.  The Ct value is defined as the number of cycles 

required for the fluorescent signal to exceed background level. Lower Ct value represents 

higher expression. In the PuMA assay Rpl27 expression levels were higher in D492M
miR-200c-

141/pCDH-empty
 than in the control. Yars was not detected in the control, but had a Ct value of 30 in 

D492M
miR-200c-141/pCDH-empty

. 
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However, members of the miR-200 family have been identified as 

prognostic biomarkers in cancer.  For example serum miR-141 levels can 

distinguish between patients with prostate cancer and healthy controls (Brase 

et al., 2011; Bryant et al., 2012; Mitchell et al., 2008) .   Also, in a recent 

study, miR-200c was identified as a candidate serum miRNA, associated with 

metastasis in patients with colorectal cancer (Toiyama et al., 2014) and in 

stage IV gastric cancer (Valladares-Ayerbes et al., 2012). Collectively, many 

studies show high expression of the miR-200 family in plasma of patients with 

advanced cancer type and poor prognosis. This is not necessarily an 

indication of high expression within the primary tumor, but could also be 

explained by high expression of the family members in metastasis only 

(Cheng et al., 2011). Indeed there are many indications that miR-200 

expression facilitates metastatic formation through MET. 

4.3 DLK1-DIO1 locus in EMT and breast cancer 
(Unpublisdhed data) 

In addition to the miR-200 members and other downregulated miRNAs in the 

mesenchymal transition of D492 there was another interesting group of 

miRNAs that showed distinct expression pattern between the two cell lines, 

with marked upregulation in D492M. These miRNAs are predominantly 

members of a maternally expressed miRNA-cluster on chromosome 14q32, 

at the DLK1-DIO3 imprinted locus.  

The DLK1-DIO3 locus contains three paternally expressed protein-coding 

genes and maternally expressed non-protein coding genes, including the 

lncRNA MEG3 and a cluster of 54 miRNAs, making it one of the largest 

miRNA clusters in the genome (fig. 6) (Benetatos et al., 2013). A recent study 

showed that the degree of activation of the maternally inherited homolog of 

this region was correlated with the pluripotency of stem cells (Stadtfeld et al., 

2010). Also, the maternal ncRNAs from the DLK1-DIO3 locus are amongst 

the few regions in the transcriptome which expression could discriminate 

between induced pluripotent stem cells (iPSCs) and embryonic stem cells 

(ESCs), thereby linking this locus to the maintenance of stem cell character 

(Liu et al., 2010). In humans DLK1-DIO3-derived ncRNAs have been linked 

to both progression and inhibition of cancer (Luk et al., 2011; Zhou et al., 

2012; Lu et al., 2013; Valdmanis et al., 2015). There is growing 

understanding that tissue stem cells and cancer stem cells share many 
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properties, such as resistance to apoptosis, self-renewal, and multi 

differentiation potential (Medema, 2013) and genes crucial in embryonic 

development are frequently also expressed in cancer stem cells (Liu et al., 

2013). It is therefore interesting to study if the DLK1-DIO3 locus plays a role 

in epithelial plasticity and EMT.  

4.3.1 The ncRNAs at the DLK1-DIO3 locus are upregulated in 
EMT 

In our previously described miRNA expression array data (paper #2), 14 of 

the 23 most highly upregulated miRNAs in D492M belong to the DLK1-DIO3 

locus (fig.18a, arrows). Small RNA sequencing revealed marked upregulation 

of the maternally expressed miRNAs at the locus where 41 of the 100 most 

highly upregulated miRNAs in D492M belong to the same locus (unpublished 

data from Eiríkur Briem a Ph.D. student in the lab). Upregulation of four 

selected miRNAs (miR-127, miR-493, miR-409 and 
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Figure 18. The DLK1-DIO3 locus is upregulated in D492M 

A) Microarray heatmap shows up – and downregulated miRNAs in D492M compared to D492. Of 

the top 23 upregulated miRNAs in D492M, 14 are  from the DLK1-DIO3 locus (purple, arrows). B) 

qPCR confirms that miR-127 and miR-493 (cluster A) and miR-409 and miR-411 (cluster B) are 

upregulated in D492M. U6 as loading control. C) qPCR confirms that Meg3 is upregulated in 

D492M. Normalized to GAPDH. 
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miR-411) at the DLK1-DIO3 locus was confirmed with qPCR (fig.18b). This 

miRNA-cluster is expressed from the maternally inherited homolog as well as 

the lncRNA, MEG3 which is also upregulated in D492M cells as shown with 

qPCR (fig.18c).   

Because of the imprinted status of the DLK1-DIO3 locus we were 

interested in studying if higher expression of MEG3 in D492M was only from 

the maternal locus, or if it is induced by loss of imprinting, and thus 

expression of the paternal locus. We used Human Omni Express BeadChip 

from Illumina to find single nucleotide polymorphisms (SNPs) in D492 and 

D492M. There are 128 SNPs listed in the MEG3 gene the UCSC genome 

browser. In our SNP array data we found 28 SNPs in MEG3 of which 15 

Figure 19. Increased expression of MEG3 in D492M is not caused by loss of 

imprinting 

Using a heterozygous SNP in the MEG3 gene we performed allele specific expression 

analysis using pyrosequencing. The SNP has about 50% frequency in the genomic 

DNA, but in D492 and D492M there is 98-100% expression of one allele at mRNA 

level, showing that the increased expression of MEG3 in D492M is not caused by loss 

of imprinting but increased expression of the already expressed allele. 
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where heterozygous and 13 homozygous. Using one of the heterozygous 

SNPs we did a total RNA Allele specific expression analysis with 

PyroSequencing. The SNP has about 50% frequency in the genomic DNA, 

but in D492 and D492M there is 98-100% expression of one allele at the 

mRNA level. Our results show that in both D492 and D492M the MEG3 

expression is monoallelic, suggesting imprinting and thus that increased 

expression of MEG3 in D492M is not caused by loss of imprinting but 

increased expression of the already expressed allele (fig.19).  However this 

data only indicates that the expression is monoallelic and expressed from the 

same allele in D492 and D492M, but does not determine if MEG3 is 

expressed from the maternal or the paternal homolog. However, since MEG3 

is maternally expressed it is most likely expressed from the maternal 

homolog. 

To support that the induction of expression at the DLK1-DIO3 is relevant 

in EMT induction and not cell line specific we tested the expression in 

another EMT cell line model. As described before the HMLE cells also go 

through endothelial induced EMT, and we have characterized the 

mesenchymal HMLE cell line, HMLEmes. qPCR analysis of MEG3 and four 

selected miRNAs at the DLK1-DIO3 locus in HMLEmes shows that these 

ncRNAs are highly upregulated compared to HMLE, showing that these 

effects are not cell line specific (fig.20).  

 

 

Figure 20. EMT induced upregulation of the DLK1-DIO3 locus in HMLE cells 

qRT-PCR shows upregulation of MEG3 (left) and four selected miRNAs (right) at the 

DLK1-DIO3 locus in HMLEmes. Normalized to GAPDH  and U6. 
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4.3.2 ncRNAs at the DLK1-DIO3 locus are highly expressed in 
stromal cells 

As EMT shares many properties with stromal cells we sought to investigate 

the expression of the same ncRNAs in different primary cells from the breast. 

qPCR analysis of primary tissue shows that MEG3 expression is 8-15 fold 

higher in primary stromal cells than primary epithelial cells of the breast 

(fig.21a). qPCR also shows that the expression of four selected miRNAs from 

the locus is higher in stromal cells than luminal and myoepithelial cells 

(fig.21b). Interestingly when analyzing MEG3 expression from whole RNA 

lysates from three different donor samples we see high MEG3 expression, 

similar to fibroblasts, but 4-10 fold higher than in RNA isolated from 

organoids (a three-dimensional organ-bud of primary epithelial cells from 

reduction mammoplasty) (fig.21c) which highlights the importance of isolating 

individual cell populations in gene expression studies. Collectively these 

results indicate that the MEG3 upregulation and/or the maternally expressed 

Figure 21. The ncRNAs of the DLK1-DIO3 locus 

are highly expressed in breast stromal cells 

A) MEG3 expression is higher in breast endothelial 

cells (ENDO) and fibroblasts (fibro) than in luminal 

epithelial cells (LEP) and myoepithelial cells (MEP). 

B) qPCR analysis shows higher expression of four 

selected miRNAs from the DLK1-DIO3 locus in 

breast fibroblasts than breast epithelial cells. C) 

MEG3 expression in RNA isolated from whole 

breast tissue lysates from three different donor 

samples is similar to fibroblasts, but 4-10 fold 

higher than in RNA isolated from organoids. 
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miRNA cluster are associated with an EMT phenotype in two different breast 

epithelial cell lines and are also associated with the stromal cell in breast 

tissue compared to the epithelial compartment. This suggests that the locus 

could be involved in EMT/mesenchymal phenotype.  

4.3.3 MEG3 and miRNAs at the DLK1-DIO3 locus are 
upregulated in large datasets 

The transcriptional control of the ncRNAs at the DLK1-DIO3 locus is not fully 

understood. If MEG3 expression is positively correlated with the expression 

of other ncRNAs at the locus it indicates that MEG3 could be a marker for the 

expression of the maternally expressed genes. Therefore we sought to find 

out if there is a correlation between the expression of MEG3 and the miRNAs 

at the DLK1-DIO3 locus in larger datasets. To test this we looked through 

available data from the The Cancer Genome Atlas (TCGA) through the 

Regulome portal (http://explorer.cancerregulome.org/). Using the Breast 

cancer dataset published in Nature 2012 (Cancer Genome Atlas Network, 

2012) we looked at miRNAs expression positively correlated with MEG3. Of 

37 miRNAs that had positive correlation over 0,3 (Pearson Score) 27 where 

located at the DLK1-DIO3 locus. Other miRNAs at the locus were not in the 

dataset.  Thus our data shows consistently positive correlation between the 

expression of MEG3 and the miRNAs located at the DLK1-DIO3 genomic 

region which indicates that MEG3 can be used as a marker for the 

expression of the whole locus. 

4.3.4 MEG3 is associated with poor survival in breast cancer 

Given the high MEG3 expression in breast stromal cells and breast cell lines 

with EMT phenotype, the question regarding its relevance in breast cancer 

becomes highly relevant. 

These results raised a question regarding which genes are co-expressed 

with MEG3 in breast cancer. Using a list of MEG3 co-expressed genes in 

breast cancer from GOBO (http://co.bmc.lu.se/gobo/) we used an online 

resource tool,  DAVID (the Database for Annotation, Visualization and 

Integrated Discovery, version 6.7- https://david.ncifcrf.gov/) to investigate 

gene pathways that MEG3 expression is correlated with. The MEG3 

correlated pathway analysis revealed that the genes whose expression best 

correlated with that of MEG3 are highly associated with extracellular matrix 

and adhesion, this is in line with our observation that MEG3 is a stromal and 

an EMT marker (fig.22). 
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Since EMT has been suspected to promote metastatic behavior of 

epithelia-originating cancers we used qPCR to measure the expression of 

MEG3 in a series of clinically well-defined breast tumors (N= 125). As 

expected from our data on normal breast tissue, higher MEG3 expression 

was found in tumors that are characterized as “normal-like” on the basis of 

tissue array expression profile (fig.23a, left).  Survival analysis typically 

showed lower overall survival in patients with high MEG3 expression but the 

difference was not statistically significant unless the normal-like tumors were 

omitted from the analysis (P=0.01) (fig.23a, right) Comparison with 

expression and survival data from the online GOBO database confirmed our 

observed negative relationship between MEG3 expression and survival which 

was particularly evident in luminal B type tumors (fig.23b, left) MEG3 is also 

negatively correlated with distant metastasis-free survival of poorly 

differentiated (grade 3) tumors (fig.23b, right). We also compared expression 

with survival in the online resource tool BreastMark (http://glados.ucd.ie/ 

BreastMark/) and found again an association between high MEG3 expression 

and poor distance disease-free survival in luminal B tumors (fig.23c).  

Figure 22.  MEG3 correlated pathway analysis 

MEG3 correlated pathway analysis shows strong correlation between MEG3 

expression and extracellular matrix and cell adhesion pathways. 

 

http://glados.ucd.ie/
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Together this data suggest that MEG3 expression is associated with poor 

survival in breast cancer, possibly through association with EMT.  

Figure 23. High Meg3 expression is associated 

with poor survival in breast cancer 

A) qPCR analysis of MEG3 expression in clinically 

well-defined breast tumors (N= 125) shows high 

expression in  normal-like (NL)  breast cancer (left). 

When NL breast tumors are not included high MEG3 

expression is correlated with low overall patient 

survival in (P=0.01) (right). B) Comparison with 

expression and survival data from the online GOBO 

(Gene Expression-Based Outcome for Breast Cancer  

Online, http://co.bmc.lu.se/gobo/) database showed 

 
negative relationship between MEG3 expression and  DMFS which was particularly evident in 

luminal B type tumors  (left). MEG3 is also negatively correlated with DMFS of poorly differentiated 

(grade 3) tumors (right) (DMFS=distant metastasis free survival). C) Comparison with expression 

and survival data from the online BreastMark (http://glados.ucd.ie/BreastMark/) database confirmed 

our observed negative relationship between MEG3 expression and survival in luminal B type 

tumors. 
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ncRNAs are increasingly seen as intrinsic regulators of stemness, tissue 

morphogenesis and cancer progression. Our data indicate that the maternally 

expressed ncRNAs at the DLK1-DIO3 region could be regulators of EMT in 

breast cancer. Our data is however contradictory to the majority of papers 

studying MEG3 and cancer, where MEG3 is described to be a tumor 

suppressor through the p53 pathway. In that regard it is important to note that 

the cell lines used in this study are immortalized with E6/E7 and E6 

deactivates p53. It is also important to note that p53 protein inactivation is a 

frequent event in cancer, estimated to occur in 50% of cancers (Gasco, 

Shami, & Crook, 2002), and inactivation of the p53 pathway is also commonly 

described (Sherr & McCormick, 2002). We therefore propose that our cell 

model offers a different approach to the cancer relevance of the DLK1-DIO3 

locus in cancer. Also, as seen by our analysis of the expression of MEG3 in 

normal tissue MEG3 is highly expressed in normal stroma and a simple 

analysis of expression values on normal tissue compared to tumor tissue will 

not give a clear picture on the relevance in cancer biology. Importantly, 

although here we focus on the correlation of MEG3 and survival in breast 

cancer, our TCGA data shows that MEG3 expression is likely to represent 

the expression of the whole maternal allele of the DLK1-DIO3 locus. Thus it 

is entirely possible that it is indeed the miRNA cluster, as a whole or a subset 

of miRNAs that are the major players from the locus in tumorigenesis. Our 

future work aims to functionally characterize these factors. Firstly we plan to 

induce expression of MEG3 in two cell lines with the same genetic 

background but different methods of immortalization, either by hTERT or 

SV40. It could give an important clue if MEG3 acts differently in cells with 

active p53. Secondly we aim to silence MEG3 and/or the miRNAs at the 

DLK1-DIO3 locus in D492M and HMLEmes using CRISPRi. We have 

attempted to silence MEG3 before using shRNA without success, most likely 

because of reported difficulties of silencing nuclear lncRNAs with siRNA 

silencing.     
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4.4 Inhibition of PTP1B in breast epithelial cells disrupts 
cell adhesion and induces an anoikis like effect (Paper #3) 

In the paper, Hallmarks of Cancer, Weinberg and Hanahan described 

resistance to cell death as one of the six biological capabilities acquired 

during cancer development and progression (Hanahan & Weinberg, 2000).  

An important feature in tumor progression and metastasis is resistance to 

anoikis, an apoptotic cell death induced by inadequate or inappropriate cell-

matrix interactions (Taddei et al., 2012). This process, which is important in 

development, can thus be hijacked by cancer cells and is vital in successful 

formation of metastasis by cancer cells. Adhesion to the extracellular matrix 

regulates cell survival through both integrin engagement and appropriate cell 

spreading. The tyrosine phosphatase PTP1B is known to be required for 

integrin-dependent FAK/Src signaling and as a regulator of focal adhesion 

complexes (Arregui et al., 2013), but has to our knowledge not been 

implicated as a regulator of anoikis. 

4.4.1 PTP1B is ubiquitously expressed in epithelial cells 

PTP1B is highly expressed both in the stroma and the epithelium of the 

breast (fig.24a).  IF staining shows that PTP1B is co-stained with E-Cadherin, 

but also some expression is detected in cells of the connective tissue.   D492 

cells uniformly express PTP1B in 2D culture where the expression is 

consistent with its reported location at the ER (fig.24b).  PTP1B expression in 

D492 in three dimensional rBM culture was similar to the expression in 

normal breast gland (fig.24c).  IF revealed that PTP1B is expressed 

predominantly in the end buds of a branching structure while F-actin is a 

cytoskeletal protein that is expressed equally throughout the structure.   
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4.4.2 PTP1B inhibition induces apoptosis in mammary epithelial 
cells, with characteristics of anoikis 

To explore the functional role of PTP1B in breast biology we used a specific 

PTP1B inhibitor to inhibit PTP1B catalytic function in the cells. The PTP1B 

inhibitor used in this study (Calbiochem #539741) is a cell-permeable, 

selective, reversible and non-competitive allosteric inhibitor of PTP1B, and 

highly selective for PTP1B compared to its most comparable phosphatase 

TC-PTP (Wiesmann et al., 2004; S. Zhang & Zhang, 2007). The inhibitor 

Figure 24. . PTP1B is highly expressed in D492 in 2D and 3D 

A) IF staining of normal breast tissue shows that PTP1B is expressed in epithelial 

cells in the breast as well as in the stroma. B) Staining of PTP1B of D492 in 2D 

culture shows that PTP1B is uniformly expressed in D492 cells. The perinuclear 

expression is consistent with ER localization. C)  PTP1B expression in 3D culture is 

markedly higher at the tip of a branching structure. Bar 50 µm.   
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significantly affected cell survival of D492 and proliferation and induced 

massive apoptotic cell death.  

The classical morphology of a cell going through apoptosis is nuclear 

fragmentation, cell shrinkage, and blebbing (Saraste & Pulkki, 2000).  The 

observed morphology of cells after treatment with the PTP1B inhibitor was 

not consistent with hallmarks of apoptosis. The cells did however become 

round shaped with halo around them as they detach from the surface with 

characteristics of reduced cell attachment and spreading. This morphology is 

consistent with cells undergoing anoikis, a programmed cell death induced by 

detachment from the extracellular matrix (Meredith et al., 1993; Hanker et al., 

Figure 25. PTP1B inhibitor induces cell death with characteristics of anoiokis 

A) Cell death induced with 16 μM of the PTP1B inhibitor in D492 cells has morphological 

characteristics of anoikis. 10 μM CPT is used as a control for classical apoptosis. Arrows 

point to cells in late apoptosis. B) D492 and D492M were treated with 32 μM of the 

PTP1B inhibitor in 3D culture for 48 hrs. Cells treated with PTP1B inhibitor show different 

morphological changes than cells treated with 20 μM CPT, used as a control for classical 

apoptosis. 
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2009; Paoli et al., 2013). Figure 25a shows comparison of cells going through 

classical apoptosis induced by camptothecin (CPT), and cell death induced 

by the PTP1B inhibitor. To further strengthen this observation we took a time 

laps movie of D492 cells treated with the PTP1B inhibitor which shows a 

clear difference between the apoptotic morphology of cell death induced with 

CPT and the anoikis characteristics of cell death induced with PTP1B 

inhibition in 2D culture (movie 1 - to be published with manuscript). 

We also studied the effect of PTP1B inhibition in 3D cultures of D492 

(fig.25b). Cell death induced by PTP1B inhibition in 3DrBM has different 

morphological characteristics than classical apoptosis induced by CPT. In 

branching structures treated with CPT the outermost cells quickly go into 

apoptosis and leave cell debris in the gel. In contrast, when treated with the 

PTP1B inhibitor the cells appear to lose cell-cell attachment and the structure 

morphology becomes grape like.  This difference is even more apparent in 

D492M where attachment between cells is completely lost after PTP1B 

inhibition. Live cell imaging of D492 in 3DrBM treated with PTP1B inhibitor 

and CPT further revealed the phenotypic difference, and moreover time-laps 

imaging indicates that cells stop moving in a coordinated manner within the 

structure, and will rather move in a single cell motion (movie 2 - to be 

published with manuscript).  

4.4.3 EMT sensitizes cells to surface detachment due to PTP1B 
inhibition 

Our experiments in 3D culture indicated that D492M might be more sensitive 

to PTP1B inhibition than D492. If PTP1B inhibition is inducing cell death due 

to reduced cell attachment it is interesting to study if it affects D492M 

differently than D492 since D492M is more loosely attached to the culture 

plates and expresses adhesion molecules at lower levels than D492. D492M 

has mesenchymal phenotype, is more mobile and has reduced attachment to 

the culture flask. We compared the effects of the inhibitor on D492 and 

D492M using a crystal violet survival curve. Importantly this assay does not 

assess cell death, but how many cells are attached to the culture flask 

surface in each measured time point. We observed significantly reduced cell 

count in D492M compared to D492 and thus increased effect of the PTP1B 

inhibitor. We have in our previous research used the HMLE and its 

mesenchymal subline HMLEmes that are, like the D492 cell lines, not 
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cultured in the presence of serum. To assess if these effects where not cell 

line specific we compared the effects of PTP1B inhibition on HMLE and 

HMLEmes. The mesenchymal cell line HMLEmes also proved to be more 

vulnerable to PTP1B inhibition than the epithelial HMLE cell line, indicating 

that cells with less expression of cell adhesion molecules are more sensitive 

to PTP1B inhibition. 

Our laboratory recently published a paper on another mesenchymal 

subline of D492, where EMT was induced by overexpression of HER2 

(Ingthorsson et al., 2015). In light of its EMT phenotype, and because of the 

previously published relation between PTP1B and HER2 (Julien et al., 2007), 

the effects of PTP1B inhibition on D492
HER2

 were determined. Figure 26 

shows that D492
HER2

 was more sensitive to PTP1B inhibition than D492. We 

can not conclude that this is due to the EMT phenotype, or the HER2 

dependence of the cell line, but because of the high relevance of HER2 to 

breast cancer these effects are an interesting avenue to explore further. 

D492
HER2 

form aggressive tumors in mice that over time become resistant to 

trastuzumab, a monoclonal antibody that targets HER2 (Ingthorsson et al., 

Figure 26. D492
HER2

 are more sensitive to PTP1B inhibition 

Survival curve done using crystal violet shows that D492
HER

 are more sensitive to the 

PTP1B inhibitor than D492
Ctrl

. D492
HER

 and D492
Ctrl

 were treated with 16µM of 

PTP1B inhibitor for 4 days. For each time point cells where fixed and stained with 

crystal violet. 
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2015). Treating mice with D492
HER2

 tumors with a combination of 

trastuzumab and a PTP1B inhibitor could have increased effects on tumor 

burden and possibly be beneficial as a treatment option in the future.  

If the PTP1B inhibition is inducing anoikis, its effects should be diminished 

in a mammosphere assay. A mammosphere assay is a sphere-forming assay 

where cells are grown in an ultra-low attachment plate which prevents cell 

attachment to the culture plate surface (Shaw et al., 2012). The spheres form 

from a single cell and this assay is used for assessment of stem cell activity 

and self-renewal. Our initial observation indicates that the PTP1B inhibitor 

does not affect the survival of D492 and D492M in low adhesion plate (data 

not shown). It has however been challenging to confirm this observation with 

additional methods. In a mammosphere assay only 1000 cells are seeded in 

each well in a 24 well plate and our efforts of using Annexin V/PI staining 

followed by FACS analysis have failed due to the low cell count. We have 

also tried to treat the cells with inhibitor for 24 hours in a low adhesion plate 

and then re-seed them, but the cells do not re-attach to a culture plate, even 

if they are only treated with DMSO. It is not feasible to use much larger cell 

culture plates (to increase the chances of cell attachment) due to the 

increased amounts of inhibitor that it would require. Our future approach will 

aim to treat cells in low adhesion plate with the inhibitor for 48 hours and 

simply do a cell count assay using CFSE staining. 

4.4.4 PTP1b inhibition disrupts cell adhesion 

To further confirm the inhibitor´s effects on PTP1B catalytic reactions we 

performed a Proximity Ligation Assay (PLA) staining for PTP1B and two of its 

confirmed substrates, Src and EGFR. PLA shows that treating D492 cells 

with 32μM of the inhibitor for 6 hours disrupted the interactions of PTP1B to 

these proteins (fig.2, paper #3). PTP1B has been reported to be an important 

factor in cell adhesion and cell spreading. This is in line with our hypothesis 

that PTP1B inhibition induces anoikis. Cell adhesion sites can by modulated 

by Src, a non-receptor tyrosine kinase well known for its role in cancer 

progression (Dehm & Bonham, 2004). We assessed the effect of the PTP1B 

inhibitor on Src phosphorylation as Src activity is regulated by 

phosphorylation of two distinct tyrosine residues.  Auto-phosphorylation of 

Tyr416 in the kinase domain activates Src, whereas phosphorylation of 

Tyr529 in the C-terminal tail inactivates Src.  Consequently, activation of Src 
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requires the removal of the C-terminal phosphate by specific PTPs.  D492 

cells were treated with 16μM of the PTP1B inhibitor for 3 hrs. and stained for 

PTP1B and p-Src 529 (fig.27a).  IF staining showed drastic increased in the 

phosphorylation status of Src after inhibitor treatment, confirming direct 

effects of PTP1B inhibition on Src activation. 

We also isolated protein from D492 cells after treatment with various 

concentrations of the PTP1B inhibitor for 48hrs followed by protein isolation 

for western blot analysis.  PTP1B inhibition has significant effects on the 

expression of several adhesion molecules tested, Claudin-1, FAK and E-

Cadherin (fig.27b). Furthermore, PTP1B inhibition inhibits actin 

polymerization. Phalloidin staining, which binds actin filaments was 

diminished after treatment with the PTP1B inhibitor for 6 hrs. (fig.27c).  

 

 

 

 

 

 

Figure 27. PTP1B inhibition reduces expression of cell adhesion molecules 

A) IF staining. D492 cells were treated with 16μM of the PTP1B inhibitor for 3 hrs. and 

stained for PTP1B (red) and p-Src 529 (green), TO-PRO-3 (blue).  B) Protein was 

isolated from D492 cells after treatment with various concentrations of the PTP1B 

inhibitor for 48 hrs. followed by protein isolation for WB analysis.  PTP1B inhibition 

has significant effects on the expression of several adhesion molecules tested, 

Claudin-1, FAK and E-Cadherin. Actin and β-catenin as loading controls. C) D492 

cells were treated with PTP1B inhibitor for 6 hrs and stained with phalloidin (green), 

which stains polymerized actin. Concavalin A (red) stains endoplasmic reticulum, 

DAPI (blue).  
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Collectively our data has important relevance to the literature regarding 

PTP1B in normal cell biology and cancer biology. We have shown that 

PTP1B might play an important role in cell adhesion and anoikis. PTP1B has 

been studied intensively as a drug target for diabetes 2, and already there 

are several inhibitors in clinical trials. Thus, if it has a role in tumor 

progression and metastatic formation, this drug development might very well 

benefit cancer patients as well. 
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5 General discussion and conclusion 

In this thesis I have shown how breast endothelial cells can induce branching 

morphogenesis and EMT in breast epithelial progenitor cells (D492) in 3D 

culture (paper 1). Furthermore I successfully isolated a subline (D492M) from 

a mesenchymal 3D structure with EMT characteristics and showed that the 

endothelial induced EMT is partially mediated by HGF. I used D492M to 

show how miR-200c-141 and ∆Np63 govern luminal and myoepithelial 

lineage decision in the breast, respectively (paper 2). I demonstrated that 

miR-200c-141 is a powerful regulator of epithelial integrity that can 

completely inhibit EMT in co-culture with BRENCS. Interestingly, miR-200c-

141 overexpression in D492 did not affect the branching potential of the cell 

line. However, in D492M, both luminal and myoepithelial associated factors 

where necessary to fully achieve complete reversal of the protein expression 

and branching abilities of the parental cell line, D492, in the pre-cluster 

assay.  I demonstrated that the majority of the miRNAs upregulated in the 

endothelial induced mesenchymal transition of D492 are located at the DLK1-

DIO3 locus and that this selective upregulation applies also to a lncRNA, 

MEG3, at the locus (unpublished data). This upregulation is not exclusive to 

D492M and also occurs after EMT in HMLE cells. The ncRNAs at the DLK1-

DIO3 locus are highly expressed in stromal cells.  Interestingly, MEG3 is a 

marker of poor survival in breast cancer, and as MEG3 expression correlates 

with the expression of the miRNAs at the locus, this discovery could apply to 

the whole locus. I further discovered that PTP1B, which is widely expressed 

in the breast, is an important protein for the survival of D492 due to its role in 

cell adhesion and anoikis, a special form of apoptosis (manuscript #3). 

Moreover I show that mesenchymal cells are more sensitive to PTP1B 

inhibition than epithelial cells. 

5.1 Modeling of breast morphogenesis in 3D 

An important approach in my study has been to use 3D culture to capture 

critical aspects of breast histology. I have mainly used reconstituted 

basement membrane (rBM) as a scaffold for my cultures. rBM is recognized 

for its ability to facilitate differentiation and polarization of epithelial tissues 
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(Barcellos-Hoff et al., 1989).  Furthermore, using 3D culture allows for more 

in vivo-like cell-cell and cell-stromal interactions (Xu et al., 2014; Knight & 

Przyborski, 2015). Importantly, cells have been shown to behave differently in 

the 3D environment than in 2D and it can give a better representation of cell 

response to treatment in vivo than conventional 2D cell culture (Unger et al., 

2014; Imamura et al., 2015). For example, in a recent paper from our lab 

overexpression of EGFR in D492 was shown to results in a distinct 

expression pattern of a number of proteins dependent on if cells were 

cultured in 2D or 3D culture (Ingthorsson et al., 2015). D492 as mentioned 

earlier generates both luminal and myoepithelial cells and in 3D rBM these 

cells form branching morphogenesis reminiscent of TDLU (Lee et al., 2007). 

Thus, using D492  and other cell lines such as HMT3522 and MDA-MB-231 

in rBM culture is a valuable tool to study branching morphogenesis, cell 

polarity and cancer cell biology (Vidi et al., 2013). It adds to other methods 

already routinely used and can be useful step preclinical experiments.  The 

molecular signaling pathways that govern branching morphogenesis are well 

preserved and similar in distinct organs (Varner & Nelson, 2014). In our lab 

we have been able to use the 3D co-culture with endothelial cells to induce 

branching in breast, lung and prostate cell lines (Franzdóttir et al., 2010; 

Ingthorsson et al., 2010; Bergthorsson et al.,  2013).  

Stromal cells are a key factor in normal development but also in tumor 

growth and progression. 3D in vitro cultures can mimic some aspects of 

crosstalk between different cell types in vivo by adding to the culture 

conditions parts of the microenvironment. To this end a second cell type is 

often added to a 3D epithelial cell culture. In that regard much attention has 

been placed on   fibroblasts a major stromal cell type and they are commonly 

used to represent stromal cells in this context. Fibroblasts have been shown 

to increase levels of paracrine factors and promote growth of tumor cells and 

invasive phenotype (Rhee, 2009; Olsen et al., 2010; Sung et al., 2013). 

However, using fibroblasts in 3D culture can be tricky as they grow extremely 

fast and will quickly take over the cell culture. Consequently they have to be 

pre-treated with a compound that will inhibit their proliferation, for example 

mitomycin c. 

In our models we have brought endothelial cells into the spotlight as an 

important cell type in breast epithelial morphogenesis. Other stromal cells 

such as fat cells and immune cells have been in the focus of attention as 



  

69 

being important facilitators for breast epithelial morphogenesis. In contrast, 

endothelial cells have been largely neglected. The intralobular stroma is a 

vascular rich microenvironment placing the epithelial cells in intimate contact 

with the breast endothelial cells (Cunningham, 1977). Increased 

angiogenesis is also a vital factor for solid tumors to grow and the 

vasculature of tumors is increasingly studied as a potential therapeutic target 

in cancer treatment (Siemann, 2011). To use endothelium in co-culture with 

epithelial cells is not only relevant as the vasculature is important to supply 

oxygen and nutrients to a growing tumor (McDougall et al., 2006), but they 

are also good co-culture cells as endothelial cells do not proliferate in 3D rBM 

culture but are viable and retain their molecular and functional traits 

(Sigurdsson et al., 2006).  

5.2 miRNAs in development and cancer 

In this thesis I used 3D cultures to study breast epithelial differentiation. The 

miR-200 family and p63 are on the axes of two differentiation pathways and 

can control luminal and myoepithelial differentiation, respectively. The 

expression of the transcription factor p63 in myoepithelial/basal cells has 

been well documented (Batistatou et al., 2003), however the induction of a 

luminal phenotype by miR-200c-141 overexpression has not previously been 

described. I showed that having both luminal and myoepithelial programs is 

vital to gain full branching potential, simulating what is seen in the breast.  

Recently, Forster et al showed in mice that expression of the p63 in basal 

cells is essential for luminal proliferation and differentiation during pregnancy 

(Forster et al., 2014).  P63 was shown to induce Nrg1 expression, which in 

turn was vital for luminal ERBB4/STAT5A activation and thus luminal 

progenitor cell maturation. This study demonstrates the importance of the 

presence of the basal cell linage for normal function of the luminal epithelial 

cells.  

Additionally, miR-200c-141 downregulation was shown not to be required 

for branching morphogenesis but vital for endothelial induced EMT. This 

finding provides an important insight into the difference between migrating 

cells in normal branching and formation of the spindle phenotype. Recently, 

Ye et al. identified differences in EMT programs in the normal breast and 

cancer initiating cells (Ye et al., 2015). In this study, SLUG was shown to be 

natively expressed in basal epithelial cells of a normal mouse gland, while 
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SNAIL was only expressed in stromal cells and cancer initiating cells. In a 

branching structure from D492, E- and N-Cadherin expression is detected at 

the tip of the branching structure, indicating at least partial EMT. The double 

Cadherin expression indicates that these cells harbor cellular plasticity when 

in contact with the extracellular matrix and/or while acting as migratory front 

at a branching tip.  Thus branching morphogenesis could be controled by a 

distinct EMT program, or only require p-EMT and thus not downregulation of 

the miR-200 family. 

In contrast to the miR-200 family, the role of the miRNAs at the DLK1-

DIO3 locus in development and disease is largely unknown. As the DLK1-

DIO3 locus is one of the largest miRNAs clusters in the genome it is 

exceptionally hard to elucidate if it has a role in EMT, or cancer progression 

as the high number of miRNAs at the locus make it a challenging subject for 

functional studies. It has been shown that miRNAs expressed from the same 

primary transcript can have very different roles in both development and 

disease and an average miRNA is estimated to have approximately 100 

evolutionarily conserved target sites (Brennecke et al., 2005; Han et al., 

2015). This means that increased expression of miRNAs at the locus could 

have very broad effects on protein expression. Valdmanis et al. recently 

detected high expression of the miRNAs at the DLK1-DIO3 locus in mouse 

adenocarcinomas, but could not detect expressional changes in their 

predicted target genes, or identify a common pathway targeted by the 

miRNAs at the locus (Valdmanis et al., 2015). Moreover miRNAs at the locus 

can have distinct biological effects. Some have been shown to promote EMT 

and cancer progression (e.g. miR-154, (Gururajan et al., 2014)), others to 

inhibit EMT (e.g. miR-544, (Haga & Phinney, 2012)) and some show 

conflicting, most likely context dependent, effect on cancer progression (e.g. 

miR-127, (Mosakhani et al., 2012; Guo et al., 2013)) .     

In this thesis I focus on the lncRNA MEG3 whose expression has directly 

been associated with pluripotency of ES cells in mice (Stadtfeld et al., 2010) .  

MEG3 has been characterized as a tumor suppressor gene and inhibitor of 

cell growth, primarily through the p53 pathway (Y. Zhou et al., 2012). In this 

regard it is important to keep in mind that D492 was immortalized with E6/E7 

which includes deactivating the p53 pathway. Also, p53 is frequently 

inactivated in tumorigenesis (Rivlin et al., 2011). Surprisingly I show that 

MEG3 is an independent marker of poor survival in a subset of breast cancer. 
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Possibly in our data MEG3 is a marker of DLK1-DIO3 locus expression and 

does not have a causative role in EMT or cancer. To determine the role of 

MEG3 in EMT with functional studies I have made efforts to knock down and 

knock out MEG3 with shRNA constructs and CRISPR, respectively. 

Unfortunately it can be challenging to knock down lncRNAs and I have not 

succeeded using these methods. I now aim to suppress MEG3 expression 

with CRISPRi, which can be used to suppress the transcription of a target 

gene (Larson et al., 2013). Application of CRISPRi at the transcriptional start 

site of MEG3 could also possibly suppress transcription of multiple ncRNAs 

at the DLK1-DIO3 locus and subsequently be used to study the role of the 

whole locus in EMT. 

5.3 Cell adhesion and anoikis in EMT 

Loss of miR-200c-141 expression and induction of a mesenchymal 

phenotype leads to profound remodeling of cell-cell and cell-matrix 

interactions. EMT can also induce resistance to anoikis which is a key factor 

in tumor growth and invasion to adjacent tissue (Taddei et al., 2012). PTP1B 

is a key factor in cell adhesion through several factors, and its expression has 

been shown to promote metastasis in several tumors (Julien et al., 2007; H. 

Liu et al., 2015). In manuscript #3 I show that inhibiting PTP1B 

downregulates adhesion signaling. Thus PTP1B inhibition could interfere with 

the cancer cells abilities to reside in a secondary site.  Importantly the 

mesenchymal D492M cell line is more sensitive to PTP1B inhibition than 

D492. I hypothesize that due to the low aberrant expression of cell adhesion 

proteins in D492M it tolerates less interference of cell attachment complexes 

where PTP1B is involved.   

5.4 Concluding remarks 

Conserved signaling pathways in developmental pathways are often 

deregulated in breast cancer and can promote tumor progression 

(Karamboulas & Ailles, 2013). Activation of such pathways as Wnt, Notch 

and Hedgehog has been implicated in multiple stages of cancer (reviewed in 

Takebe et al., 2015). Thus for better treatment options it is important to 

understand basic molecular signals controlling development and 

differentiation as it is closely linked to cancer. These signals can be 

influenced by both intrinsic and extrinsic factors. The hypothesis of a cancer 

stem cell has revolutionized our understanding of tumor progression and of 
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what is the target cell of cancer therapies (Reya et al., 2001; B.-B. S. Zhou et 

al., 2009). Cellular plasticity is provoked through EMT where a polarized and 

proliferative epithelial phenotype is gradually switched to a more de-

differentiated and quiescent mesenchymal state (Thiery et al., 2009). This 

phenotypic heterogeneity allows tumors to respond to extracellular signals, 

invade through basement membrane and to cope with challenging 

circumstances e.g. in the blood stream. Metastasis and treatment resistance 

are complex processes.  Importantly, it has been shown that immortalized 

mammary epithelial cells undergoing EMT acquire stem cell properties (Mani 

et al., 2008). In breast cancer, EMT conversion occurs preferentially in the 

triple negative subtype, which also is characterized by a transcriptional profile 

resembling a breast epithelial stem cell signature. Increasing evidence 

indicates that tumors harbor cancer stem cells that can significantly 

contribute to treatment resistance in tumors and cancer recurrence (Visvader 

& Lindeman, 2008). Thus understanding extrinsic and intrinsic factors that 

contribute to the transition of epithelial cells to less proliferate, quiescent state 

is important to improve existing cancer therapy, and do develop new and 

better approach for treatment.  
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Abstract

Epithelial to mesenchymal transition (EMT) is a critical event in cancer progression and is closely linked to the breast
epithelial cancer stem cell phenotype. Given the close interaction between the vascular endothelium and cancer cells,
especially at the invasive front, we asked whether endothelial cells might play a role in EMT. Using a 3D culture model we
demonstrate that endothelial cells are potent inducers of EMT in D492 an immortalized breast epithelial cell line with stem
cell properties. Endothelial induced mesenchymal-like cells (D492M) derived from D492, show reduced expression of
keratins, a switch from E-Cadherin (E-Cad) to N-Cadherin (N-Cad) and enhanced migration. Acquisition of cancer stem cell
associated characteristics like increased CD44high/CD24low ratio, resistance to apoptosis and anchorage independent growth
was also seen in D492M cells. Endothelial induced EMT in D492 was partially blocked by inhibition of HGF signaling. Basal-
like breast cancer, a vascular rich cancer with stem cell properties and adverse prognosis has been linked with EMT. We
immunostained several basal-like breast cancer samples for endothelial and EMT markers. Cancer cells close to the vascular
rich areas show no or decreased expression of E-Cad and increased N-Cad expression suggesting EMT. Collectively, we have
shown in a 3D culture model that endothelial cells are potent inducers of EMT in breast epithelial cells with stem cell
properties. Furthermore, we demonstrate that basal-like breast cancer contains cells with an EMT phenotype, most
prominently close to vascular rich areas of these tumors. We conclude that endothelial cells are potent inducers of EMT and
may play a role in progression of basal-like breast cancer.
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Introduction

Epithelial to mesenchymal transition (EMT) is associated with

increased aggressiveness and adverse prognosis in carcinomas

[1,2]. This conversion of cancer cells towards a more mesenchy-

mal phenotype involves loss or lowered expression of epithelial

markers (e.g. E-Cad and keratins), increased expression of

mesenchymal markers (e.g. N-Cad, vimentin, fibronectin), in-

creased mobility and an invasive phenotype [3,4,5]. EMT in

breast cancer is tightly linked to the triple negative (ER-, PR- and

ErbB2-) basal-like breast cancer subgroup and cancer stem cells

[6,7,8,9,10,11,12]. Basal-like breast cancers express many markers

associated with both myoepithelial and luminal epithelial cells

suggesting the bipotential differentiation pattern and possible stem

cell origin of these tumors [9,13,14]. Previous studies have

demonstrated increased expression of EMT markers at tumor-

stroma interfaces [15,16] and stromal cells are increasingly being

recognized as major players in cancer progression [17,18].

Increasing number of factors are known that can induce EMT

including transforming growth factor-b (TGF-b), ligands for

receptor tyrosine kinases such as vascular endothelial growth

factor (VEGF), epidermal growth factor (EGF) and hepatocyte

growth factor (HGF) as well as components of the extracellular

matrix [3,19]. These signaling events ultimately control transcrip-

tional regulatory factors such as Snail, Slug, Twist, ZEB1, ZEB2

and FOXC2 leading to increased and decreased expression of

mesenchymal and epithelial markers, respectively. Defining the

cellular and microenvironmental cues that trigger EMT during the

progression of breast cancers is critical and could provide new

therapeutic targets.

Vascular endothelial cells have attracted increased attention as

important regulators of organogenesis and stem cell maintenance

in various tissues, such as bone marrow, brain, liver and pancreas

[20,21,22,23]. Furthermore, intratumoral angiogenesis is also one

of the hallmarks of cancer progression and increased microvessel

density in tumors is an indicator of poor prognosis [12]. In the
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breast gland, Shekhar et al. have previously shown that human

umbilical vein endothelial cells (HUVEC) induce ductal-alveolar

morphogenesis of preneoplastic MCF10A cells [24]. We have

recently improved methods to propagate breast endothelial cells

(BRENCS) in culture and shown that BRENCS can mediate

proliferative and morphogenic signals to breast epithelial cells in

coculture [25,26]. In the lung, we have shown that endothelial

cells induce branching morphogenesis in lung epithelial cells when

cocultured in a 3D model. Interestingly, these structures mimic

phenotypic traits of lung histology in vivo including bronchio-

alveolar like structures [27]. Thus, data from diverse organs shows

that endothelial cells are important players in tissue remodeling

making this cell type particularly interesting as a regulator of

morphogenesis.

We have previously established a breast epithelial cell line,

referred to as D492, which has a basal-like phenotype as evidenced

by expression of both luminal (K8, K19) and myoepithelial (K5/6,

K14) cytokeratins. Furthermore, D492 has stem cell properties as

demonstrated by its ability to differentiate into luminal- and

myoepithelial cells and to form branching TDLU-like structures in

a 3D reconstituted basement membrane (rBM) [28,29]. Here, we

demonstrate in 3D coculture that endothelial cells are potent

inducers of EMT in D492 and this process is partially inhibited by

blocking HGF. Furthermore, we show in basal-like breast cancer

that N-Cad a marker of EMT is upregulated in proximity to

vascular rich areas. These data suggest that the vascular rich

stroma in breast cancer lesions might serve as an ideal niche for

the stimulation of epithelial cancer cells to undergo EMT, and

might especially apply to the highly aggressive basal-like breast

cancers, a subtype rich in stem cells.

Materials and Methods

Cell culture
D492 and D382 were cultured in H14 medium as described

previously [28]. W2320 cell line was cultured in DMEM/F12+5%

FBS [33]. The MCF-7, MCF10A and MDA-MB-231 cell lines

where purchased from ATCC (American Type Culture Collec-

tion) and are routinely authenticated with genotype profiling

according to ATCC guidelines. Primary human BRENCs were

isolated from breast reduction mammoplasties as previously

described by Sigurdsson et al. [25] and cultured on endothelial

growth medium (EGM) (Lonza) containing 50 IU/ml penicillin,

50 mg/ml streptomycin, hydrocortisone, FGF, EGF, VEGF, R3-

IGF-1, Ascorbic acid, Heparin, GA-1000 and supplemented with

5% FBS (EGM5). Growth factor reduced reconstituted basement

membrane (rBM, purchased as Matrigel, BD Biosciences) was

used in direct 3D coculture. Transwell coculture was conducted in

a 24 well setup with a 0,4 mm polyester membrane seperating the

chambers (Costar). 56104 endothelial cells were seeded in the

upper chamber as a monolayer and 250 D492 cells in 100 ml

matrigel on the bottom of the lower chamber maintained on

EGM5. For additional information on cell culture and 3D

coculture see Methods S1.

Blocking experiments
Direct coculture of 500 D492 cells with 26105 BRENCs in

300 ml of rBM were treated with 8 mg/ml anti-HGF neutralizing

antibody (#MAB294, R&D Systems) in the rBM and in the

medium. In transwell coculture HGF was blocked with 8 mg/ml

anti-HGF in the rBM and in the medium in the lower transwell

chamber and the controls were treated with mouse IgG1 in the

same manner.

Immunochemistry and tumor samples
Formalin-fixed, paraffin embedded tissue blocks were cut into

5 mm serial sections and mounted on slides. Sections were

deparaffinized and rehydrated in xylene and ethanol. Antigen

retrieval was done by boiling in citrate buffer for 15 min. The

following primary antibodies were used; fibronectin (LabMab, gift

from D.E. Mosher [30], CD-31 (M0823, DakoCytomation),

Keratin 19 (ab7754, Abcam), Keratin 14 (NCL-LL002, NovoCas-

tra), E-Cad (#13-1700, Zymed), N-Cad (#610920, BD), EpCAM

(NCL-ESA, Novocastra). For double and triple labelling experi-

ments we used fluorescence iso-type specific secondary antibodies

(Invitrogen). Fluorescent nuclear counterstain, TO-PRO-3 (Invitro-

gen) was used in immunofluorescence. Specimens were visualized

on a Zeiss LSM 5 Pascal laser-scanning microscope (Carl Zeiss).

Breast cancer specimens were from the clinical Department of

Pathology, Landspitali, University Hospital and included 9 basal-

like and four estrogen receptor positive (ER-positive) breast cancers.

This work has been approved by the National Bioethics Committee

of Iceland, Reference number VSNa2001050056.

Western blotting
Equal amounts (5 mg) of proteins were separated on 10%

NuPage Bis-Tris gels (Invitrogen) and transferred to a PVDF

membrane (Invitrogen). Antibodies: E-Cad (1:500; Zymed), N-

Cad (1:1000; BD), b-actin (1:5000; Abcam), GAPDH (1:5000;

Abcam), K5/6 (1:1000; Zymed), K8 (1:1000; Abcam), K14

(1:1000; Abcam), a-SM-Actin (1:500; Dako) K17 (1:500; Dako),

K19 (1:1000; abcam), Vimentin (1:1000;Dako) and FOXC2

(1:2000; Abcam) were used. Membranes were visualized with

ECL+ after incubation with anti-mouse or rabbit secondary

antibody (1:5000) (GE healthcare).

Migration, anchorage independence and mammosphere
assays

For migration experiments a total of 16104 and 2,56104

starved cells were seeded in DMEM/F12 basic medium on

collagen coated transwell filter in a transwell Boyden chamber

(Corning) with an 8 mm pore size. The transwell filter were

incubated in collagen (0.06 mg/ml) in PBS for 24 h at 4uC, then

excess collagen solution was rinsed off with PBS before cells were

seeded. EGM5 medium was used as a chemoattractant in the

lower chamber. After 12 h incubation cells in the upper chamber

were removed with a cotton swab and migrated cells on the

bottom surface stained with 0.1% crystal violet. Cells were counted

in three representative fields in each transwell. Soft agar assay was

performed by mixing 16104 D492 and D492M cells to 1.5 ml of

0.5% low melting agar (Invitrogen) that was overlaid on 1% agar

solution in 6 well plates and cultured on H14 medium. After 20

days the colonies were stained with crystal violet and counted.

Mammosphere assay was done in 24 well Ultra-Low attachment

plates (Corning) where 500, single cell filtered, D492 and D492M

cells were seeded and cultured on EGM5 medium. Number and

size of spheres was evaluated after 8 days.

Apoptosis resistance
D492 and D492M were seeded into 6 well culture plates (BD)

and grown to 70% confluency. Cells were treated with 10 mM of

Camptothecin (Sigma) in EGM5 medium and counted on culture

days 0–3.

Flow cytometry analysis
Adherent cells were trypsinized and filtered through a 30 nm

nylon filter (Millipore). Cells were incubated for 20 minutes with
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fluorochrome-conjugated antibodies against CD44 (clone IM7,

BD), CD24 (clone ML5, BD) or isotype-matched controls,

subsequently washed and resuspended in PBS with 4% formalde-

hyde (cell-fix). Cells were collected (26104 events) on a FACS-

Calibur (BD) and analysed using CellQuest (BD).

Statistical analysis
Data is presented as mean +SEM from number of independent

experiments as indicated. Statistical analysis was performed by

two-tailed Students T-test using GraphPad. P values of ,0.05

were considered to be statistically significant.

Results

Immortalized breast epithelial cell line with stem cell
properties generate mesenchymal-like cells in coculture
with endothelial cells

The D492 cell line forms branching structures in reconstituted

basement membrane (rBM) [28,29]. Growth of D492 alone in

rBM requires, however, moderate cell density (16104 cells per

300 ml rBM) [28]. In order to test the effects of breast endothelial

cells (BRENCs) on growth, and morphogenesis of D492 cells we

set up a coculture with BRENCS and D492 cells inside a rBM. In

this assay BRENCs remain viable and metabolically active but

non-proliferative (Fig S1). No growth was seen when D492 cells

were cultured alone at clonal dilution (500 cells per 300 ml rBM)

(Fig. 1A). In contrast, in coculture with BRENCs the total number

of D492 colonies increased with increasing amount of endothelial

cells reaching a cloning efficacy of 23.5% (117.363.5 colonies;

p,0.01) (Fig. 1A). In addition to solid round and branching

structures that have previously been shown to form when D492

are cultured alone, spindle shape, mesenchymal-like colonies

emerged in coculture with BRENCs (Figs. 1B and S2). No effect

was seen on endothelial cell morphology under coculture

conditions. These data suggest that BRENCs stimulate growth

and morphogenesis of D492 and furthermore induce the

formation of spindle-shaped colonies reminiscent of EMT in a

3D environment.

To see if the endothelial induced EMT-like phenotype was

breast-endothelial specific we also cocultured D492 with human

umbilical vein endothelial cells (HUVECs). HUVECs were also

able to induce a similar phenotype to what was seen in coculture

with BRENCs (data not shown) suggesting a general endothelial-

derived effect rather than an endothelial organ-specific effect.

As D492 has an immunophenotype similar to the cells of basal-

like breast cancer, we also tested W2320 which is a basal-like

metaplastic breast cancer cell line [31]. W2320 generated solid

epithelial colonies when cultured alone in 3D rBM. In contrast,

when cocultured with BRENCs there was a marked increase in

total colony formation and induction of spindle-like colonies

(Fig. 1C). We also tested several other cell lines in our 3D coculture

model. D382 is E6E7 immortalized cell line generated from

differentiated, normal, luminal breast epithelial cells [28] and

MCF10A is a non-tumorigenic epithelial cell line. MCF-7, is an

estrogen receptor positive breast cancer cell line, while MDA-MB-

231 is a highly malignant basal-like breast cancer cell line. When

these cell lines were cocultured with BRENCs in a rBM assay,

MDA-MB-231 generated mesenchymal colonies while D382 and

MCF10A, generated only round epithelial colonies (Fig. S3).

Furthermore, the estrogen receptor positive breast cancer cell line

Figure 1. Breast epithelial cells with stem cell properties generate spindle-like cells in coculture with endothelial cells. A, Colony
growth of D492-derived epithelial structures increases proportional with increased number of BRENCs in coculture. When 500 D492 cells are cultured
in 300 ml rBM they fail to grow (control). With BRENCs, colony growth increases from 76 (56104 BRENCs), 96 (16105 BRENCs) to 117 colonies (23,5%
cloning efficacy) when 26105 BRENCs are inoculated with 500 D492 cells. Average (AVG) number of colonies +SEM in three experiments. *, p,0.05;
**, p,0.01; compared to 56104 BRENCs. B, D492 generate spindle-like cells in coculture with BRENCs (26105 cells). D492 cells (500 cells incubated)
form three distinct structures, branching, solid, and spindle-like colonies. Appearance of the spindle colonies from D492 is novel and occurs only in
coculture with endothelial cells. Average % of colony type +SEM in three experiments. Bar 100 mm. C, Using a primary metaplastic breast cancer cell
line, W2320, we were able to show that these cells could also produce spindle-like colonies in coculture with BRENCs (right). Data shown as AVG
number of colonies +SEM in three experiments (left). *p,0.05. Bar 100 mm.
doi:10.1371/journal.pone.0023833.g001
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MCF-7, generated only large solid round colonies in coculture

with BRENCs (Fig. S3). This indicates that breast cancer cell lines

with basal-like characteristics have the plasticity for mesenchymal

conversion, in coculture with endothelial cells, while other more

differentiated cell lines are unable to undergo this transition.

Isolation and characterization of a D492-derived EMT cell
line

To analyze the origin and morphogenic capacity of branching

and spindle-like colonies from cocultures, we isolated single

colonies and plated them into monolayer culture. Cells derived

from branching colonies showed cuboidal epithelial phenotype

whereas cells from spindle-like colonies showed a spindle shaped

phenotype (Fig. 2). Spindle-like colonies were isolated and

expanded as sublines, one of them is referred to as D492M

(mesenchymal) (Fig. 2). When replated into secondary rBM

cocultures, cells from spindle-like colonies were fixed in making

similar colonies whereas cells from branching colonies retain the

ability to make both branching and spindle-like colonies (Fig. 2).

The parental cell line D492 was initially established by

transfection with a retroviral vector containing the E6 and E7

oncogenes and the neomycin resistant gene [28]. To eliminate

possible endothelial-derived contamination, the D492M subline

was selected in medium containing neomycin. Furthermore, we

cloned and sequenced an insertion site of the retrovirus (Methods

S1). We showed the presence of this insertion in D492M and four

different single cell-derived mesenchymal colonies as well as being

present in 5 different single cell derived D492 sub-clones (Fig.

S4A). To further confirm the epithelial origin of the mesenchymal

colonies we generated a D492 subline containing a GFP

expressing vector. When these GFP positive D492 cells were

cocultured with BRENCs all mesenchymal-like colonies were

green (Fig. S4B). This confirms the epithelial origin of the

mesenchymal colonies and furthermore confirms the clonal origin

of D492M from the D492 cell line.

Immunophenotypic characterization of D492M confirmed that

the spindle cell morphology was a direct consequence of EMT.

Thus, as opposed to the parent cell line, D492M has lost

expression of E-Cad and shows reduced expression of keratins 5/

6, 8, 14, 17, and 19, while showing increased expression of

Vimentin, N-Cad, and alpha-smooth muscle actin (Figs. 3A and

B). Using an Illumina BeadChip expression microarray (HumanWG-

6 v3.0) we screened the expression pattern in the two cell lines.

There was significantly different expression level of 9399 genes of

the 13105 genes that had detectable expression levels (for an FDR

of ,1%). Clustering pattern for the top 50 genes demonstrates the

clear differences between the two cell lines (Fig. S5). E-Cad,

keratins 5, 6, 14, and 19 were all downregulated in D492M

compared to D492. Likewise, mesenchymal markers such as N-

Cad, Thy-1, thrombin receptor (PAR1), and CD70 were all highly

up-regulated in D492M. Global gene expression shows EMT-

associated transcription factors that are upregulated in D492M,

including FOXC2 (3.96 fold), and FOXC1 (1.29 fold) (Fig. 3C).

FOXC2 upregulation in D492M was confirmed with western blot

and compared to D492, MDA-MB-231 and D382 (Fig. 3D). To

confirm that the EMT is causally driven by the endothelial-

induced EMT, rather than reflecting the properties of a single

clonal cell sub-line we isolated four other sublines from D492

Figure 2. Isolation of D492-derived mesenchymal-like cells (D492M). Six branching and six spindle-like colonies were isolated and plated in
monolayer culture. Cells from branching structures retain cuboidal epithelial phenotype in monolayer (left panel). When cocultured with BRENCs
these cells generate branching TDLU-like (40%) and spindle-like colonies (50%) in secondary 3D culture (u2 3D). Cells from spindle-like colonies (right
panel) showed mesenchymal/spindle like morphology in monolayer and cells isolated from one of these colonies gave rise to D492M. When
cocultured with BRENCs these cells only gave rise to spindle like colonies in secondary 3D coculture.
doi:10.1371/journal.pone.0023833.g002
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derived spindle-like colonies (D492M1-4). All these sublines were

shown to have acquired an EMT phenotype (Fig. S6).

D492M has acquired a functional EMT and cancer stem
cell phenotype

A major characteristic of the mesenchymal phenotype is increased

motility. In a transwell migration assay when compared to D492, the

D492M cells showed increased migration, 3.8 fold (p,0.05) and 7.4

fold (p,0.01) when plated at 16104 or 2.56104 cells, respectively

(Fig. 4A). Functionally, the D492M cells also showed signs of

transformation by growth in soft agar assay. While D492 fail to grow,

D492M grew well in this assay showing 6% cloning efficacy (p,0.01)

(Fig. 4B). In addition, when cultured in monolayer, D492M formed

multilayered ridges further indicating a loss of contact inhibition

(Fig. 4B, right). The CD44high, CD24low phenotype has been

associated with cancer stem cell phenotype in the breast [32] and

recently EMT-like traits have been added to this profile [6,7]. Flow

cytometry analysis showed that the D492 cells contain a mixture of

CD44high,CD24high cells (81%) and CD44high,CD24low cells (19%).

In contrast, D492M showed marked increase in the proportion of

CD44high, CD24low cells (70%) (Fig. 4C).

Papers have demonstrated a strong correlation between the

EMT phenotype and the ability to form mammospheres, an assay

that functionally tests for breast stem cell properties [6,33]. When

cultured in low attachment plates both D492 and D492M

generated mammospheres demonstrating the self-renewal and

cancer stem cell properties of these cell lines, respectively (Fig. 4D).

However, D492M generated significantly larger and higher

number of colonies (size.100 mm; p,0.01 and size.150 mm;

p,0.05) in this assay (Fig. 4D). One of the hallmarks of cancer

stem cells and EMT is the acquisition of apoptosis resistance

[6,34]. D492M showed increased resistance (p,0.05) to chemi-

cally induced apoptosis (Fig. 4E). Thus, D492M has acquired

phenotypic and functional characteristics of EMT cells and cancer

stem cells.

Endothelial induced EMT in D492 is generated through
soluble factors partially mediated by HGF

To analyze if endothelial induced EMT in D492 was mediated

through soluble factors we used transwell coculture with BRENCs

cultured on top of a filter and D492 cells embedded in rBM, in the

lower well (Fig. 5A). In this setup, BRENCs were even more

Figure 3. D492M has acquired an EMT phenotype. A, Immunofluoresence staining on D492M show switch from E- to N-Cad and reduced
expression of K14 and K19. Counterstain TO-PRO-3, Bar 100 mm. B, Western blotting confirms downregulation of epithelial markers such as E-Cad, K-
5/6, 8, 14, 17 and 19 in D492M. In contrast, the mesenchymal markers N-Cad, Vimentin and alpha-smooth muscle actin were expressed more
intensively in D492M than D492. GAPDH loading control. C, EMT associated transcription factors are upregulated in D492M. Gene expression data
showed upregulation of FOXC2 (3.96 fold,p: 8.4e-17) and FOXC1 (1.29 fold,p: 0.004) transcription factors in D492M. D, FOXC2 is strongly expressed in
breast epithelial cell lines with EMT phenotype. Western blotting shows strong expression of FOXC2 in D492M and MDA-MB-231, an EMT-like breast
cancer cell line, compared to no or low expression in D492 and D382. Actin, loading control.
doi:10.1371/journal.pone.0023833.g003
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effective in inducing the emergence of spindle-like colonies (Fig. 5B)

suggesting endothelial-derived soluble factor/s. These spindle-like

colonies show an EMT phenotype with an E- to N-Cad switch,

reduced K14 and K19 expression and increased expression of

vimentin and fibronectin (Fig. 5C). It should, however, be noted

that in this setup a few small colonies grew in D492 monoculture

and were either of solid round or spindle-like morphology. The

reason for this is unknown but may be due to the difference in the

experimental setup of the transwell compared to the direct

coculture 3D experiments.

Figure 4. D492M has acquired cancer stem cell-like phenotype. A, D492M show increased migration compared to D492. Increased migration
was seen at the two cell concentrations (16104 and 2.56104). B, D492M grow anchorage independently. In 0.5% soft agar D492 cells fail to form
colonies. In contrast, the D492M cells are able to grow, indicating acquisition of anchorage independent growth. In monolayer culture (right) D492
cells are contact inhibited while D492M piles up in the culture flask indicating lack of contact inhibition (arrows). Counterstain hematoxylin. Bar
100 mm. C, D492M cells are CD44high,CD24low consisting with the breast cancer stem cell phenotype. D492 contain a subpopulation (19%) of cells
that are CD44high, CD24low. This population increases to 70% in the D492M cell line. D, D492 and D492M differ in their ability to form mammospheres.
Both D492 and D492M can generate colonies in mammosphere assay, however, D492M generates more and larger (.100 mm: 1.7 fold; .150 mm:1.5
fold) mammospheres than D492 cells. E, D492M cells show delayed chemically induced apoptosis. D492 and D492M show distinct responses to
Camptothecin, an apoptosis inducing agent. D492 cells underwent immediate apoptosis and showed cell survival under 40% on day 2 while having
no effect on D492M. On day 3 D492M cells showed cell survival of 60% where only few D492 cells were left. Data shown as AVG number of cells per
field (A,E) or AVG number of colonies (B,D) +SEM in three experiments. *p,0.05; **p,0.01.
doi:10.1371/journal.pone.0023833.g004
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There are a number of factors that can elicit EMT such as

TGF-b1, FGF, EGF and HGF. As D492 did not form any EMT

in the EGM5 coculture media that contains EGF, FGF and VEGF

we set focused on TGF-b1 and HGF, known morphogenic and

EMT inducing factors [3]. We treated 3D cocultures with a small

molecule inhibitor targeting the TGF-b receptor-1 (ALK5) and

with a TGF-b1 neutralizing antibody. We observed no changes in

the number of spindle colonies using the ALK5 kinase inhibitor or

the anti-TGF-b1 (not shown) indicating that other factors were

responsible for the endothelial induced EMT.

HGF is expressed in endothelial cells and other stromal cells

and can induce both scattering (including EMT) and morpho-

genic effects on epithelial cells [35]. In our 3D rBM assay

BRENCs secreted HGF into the surrounding culture media as

Figure 5. Endothelial induced EMT is mediated through soluble factors and is partially blocked by inhibition of HGF. A, In the
transwell coculture setup endothelial cells were cultured as a monolayer in the upper well and D492 cells in 3D rBM on the bottom of the lower well.
B, BRENCs induce spindle-like colony formation in transwell coculture. D492 cells without BRENCs showed limited growth (less than 1% of seeded
cells, control). coculture the BRENCs induced a significant increase in number of spindle-like colonies. C, D492-derived branching colonies generated
in transwell culture show characteristical epithelial phenotype including expression of E-Cad, K14 and K19. In contrast, D492-derived spindle like
colonies show EMT phenotype including expression of N-Cad, Vimentin and fibronectin (FN). Bar 100 mm. D–E, Formation of spindle-like colonies is
partially blocked by inhibition of HGF. Spindle-like colony formation is reduced with anti-HGF by 44% in direct coculture (D) and by 30% in transwell
coculture (E). Data shown as AVG number of colonies +SEM in three experiments. *p,0.05; **p,0.01.
doi:10.1371/journal.pone.0023833.g005
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measured by ELISA. They secreted over four times higher

concentrations than D492 in this setup (Fig. S7). When coculture

of D492 and BRENCS was treated with a neutralizing antibody

against HGF a significant decrease (p,0.01) in spindle colonies was

observed in contrast to a significant increase (p,0.01) in the

formation of branching colonies (Fig. 5D). We also tested this in

transwell coculture and as before BRENCs induced the emergence

of spindle colonies. Neutralizing antibody against HGF significantly

decreased (p,0.05) their number but had no effects on branching

colonies (Fig. 5E). Collectively, this suggests that the balance in

formation of branching or spindle colonies from D492 cells can be

modulated by HGF signaling and that soluble HGF, at least

partially, mediates endothelial induced EMT in our 3D coculture

model.

EMT phenotype in basal-like breast cancers is associated
with vascular-rich areas

Circumstantial evidence suggests that basal-like breast cancers

originate in epithelial stem or progenitor cells [14]. Furthermore,

studies show that these tumors are highly vascularized [36,37] and

rich in EMT associated markers such as N-Cad with low or no E-

Cad expression [9,11]. Because both EMT and angiogenesis are

associated with increased metastatic potential, we explored the

possible connection between vascularization and the EMT

phenotype within basal-like breast cancer. We stained 9 basal-

like and four estrogen receptor positive (ER-positive) breast

cancers with antibodies against E-Cad, N-Cad, K14, K19 and

CD-31. While all ER-positive cancers were N-Cad and K14

negative, basal-like cancers were positive for N-Cad and K14, with

some tumors showing medium-to-low expression of N-Cad

(Fig. 6A). To study the possible association between vasculariza-

tion and the EMT-phenotype, we quantified the microvascular

density (MVD) in N-Cad medium-to-low areas and in N-Cad high

areas. Microvessel density (MVD) was significantly higher in areas

containing cells with high expression of N-Cad (MVD:

86.7763.52) compared to areas with low N-Cad expression

(MVD: 36.6664.01) (Fig. 6B, 6C and Fig. S8). Low or no

expression of E-Cad was seen in all basal-like biopsies tested

(Fig. 6D). Thus the cellular context in basal like breast cancers

reveals an interesting pattern of cancer cells showing an EMT

phenotype closely associated with vascular rich components. Based

on these findings we hypothesize that the endothelial compartment

might contribute to the EMT phenotype of tumor cells within

basal like breast cancer.

Discussion

We report here, that in a 3D coculture model EMT-like cells

arise from immortalized breast epithelial cells with stem cell

properties upon interaction with breast endothelial cells. These

effects are at least partially mediated through HGF with other

endothelial-derived factors possibly involved. The endothelial

induced transition resulted in a characteristic EMT phenotype as

evidenced by marked difference in protein and gene expression

with loss of many adhesion and epithelial specific markers and

gain of mesenchymal markers. Functionally, the EMT cells

showed increased migratory abilities and an increase in cancer

stem cell phenotype. Furthermore, we show that basal-like breast

cancers are rich in cells showing a potential EMT phenotype

with highest intensity of N-Cad expression close to vascular rich

areas.

EMT has recently been linked to basal-like breast cancer as

demonstrated by upregulation of EMT markers (Vimentin, alpha-

smooth muscle actin, and N-Cad) together with reduction of

characteristic epithelial markers (E-Cad and keratins) [9,11]. This

is supported by our observation that basal like breast cancers have

features of EMT as evidenced by no or reduced expression of E-

Cad and high expression of N-Cad. Interestingly, the strongest

expression of N-Cad was seen in vascular-rich areas suggesting

that endothelial cells may provide a favorable environment for the

EMT phenotype. Intratumoral angiogenesis, assessed by micro-

vessel density, has been proposed to identify patients at high risk of

recurrence, especially in node-negative breast cancer. Meta-

analyses have confirmed this association, although being a

relatively weak risk factor [38]. More recent studies have shown

that microvessel density might be a major risk factor in triple

negative breast cancer [39] and vascular endothelial growth factor

(VEGF), a marker of angiogenesis, has also been shown to be

significantly higher in this subclass of breast cancer [40]. High

MVD has also been associated with medullary breast tumors,

which are a subtype of the basal-like group and with breast tumors

with a predominant CD44high/CD24low cancer stem cell pheno-

type [37,41]. Niu et al. have also showed in hepatocellular

carcinoma, that tumors expressing Twist, a marker of EMT, have

higher MVD [42].

EMT is a complex process and there have been numerous

factors shown to elicit EMT in culture. Of these, TGF-b1 and

ligands for various receptor tyrosine kinases have received much

attention [34]. We report here that inhibition of TGF-b1 with a

neutralizing antibody or an ALK5 inhibitor did not affect the

formation of spindle-like colonies in coculture suggesting that

TGF-b1 is not involved in endothelial induced EMT in the 3D-

context. Interestingly, Mostov et al. reported that HGF induces

partial EMT in MDCK cells cultured in 3D collagen gel [35].

The HGF receptor, c-Met has also been shown to have a higher

expression in basal-like breast cancer than in other subtypes.

Basal-like breast cancer are also enriched for gene sets indicating

transcriptional activation induced by c-Met signaling [43].

Hypoxia, a major effector of endothelial cells has been shown

to increase HGF mRNA stability through overexpression of HIF-

1alpha [44]. Hypoxia has also been shown to increase the

expression of c-Met, leading to increased sensitivity to HGF and

an invasive phenotype in the tumor cells [45]. In our study,

endothelial cells were shown to secrete HGF in 3D culture and

when HGF was blocked with a neutralizing antibody in direct-

and indirect (transwell) coculture a significant reduction in the

number of EMT colonies was observed demonstrating that

endothelial-derived HGF is, at least partially, responsible for

EMT in our culture model. These findings suggest a novel role

for endothelial cells and angiogenesis in cancer progression in

addition to the more classical role of oxygen and nutritional

delivery.

Defining the cellular and microenvironmental cues that trigger

EMT during cancer progression is important. Studies have shown

increased expression of EMT markers at the tumor-stroma

interface [15,16] and stromal cells are now recognized as major

players in cancer progression (reviewed in [17,18]). The stromal

compartment includes various cell types, e.g. fibroblasts (and

myofibroblasts), immune cells and endothelial cells. Fibroblasts

and myofibroblasts have received attention as important players in

tissue morphogenesis and neoplasia [17,46]. We have previously

shown that breast cancer cells can generate non-malignant

fibroblast-like cells that can facilitate growth and invasion of

cancer cells [31]. Myofibroblast have been shown to induce EMT

and tumor progression in a hepatocellular carcinoma mouse

model through PDGF and TGF-beta signaling [47]. Recently,

CD8 positive T cells have been shown to induce EMT in mouse

mammary cancer cells. Following T cell-induced EMT, these
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Figure 6. The EMT phenotype is most prominent close to vascular rich areas in basal-like breast cancer. A, N-Cad expression is most
prominently found within basal-like breast cancer. ER tumors are K19 positive but negative for N-Cad and K14. In contrast basal-like breast cancers
(BLBC) are positive for all three markers. Bar 100 mm. B, Increased microvessel density in basal-like breast cancer is associated with areas containing
cells with high expression of N-Cad. Immunostaining show increased CD31 positive microvessels in areas with high N-Cad expression. Statistcal
analyzis (bottom) from three basal-like breast cancer biopsies show significant increase in microvessels within areas with high N-Cad expression. C,
Expression of CD-31 reveals highly vascularized area at the tumor stroma interface. N-Cad expression was seen in most cancer cells. Note the strong
expression of N-Cad close to the vascular rich area (dashed line). D, Double-labeling against E- (red) and N-Cad (green) in the same area shows strong
expression of N-Cad only. Low or no expression of E-Cad (red) was seen close to the CD31 positive (green) endothelial cells. Cells were counterstained
with hematoxylin (A B and C) and TO-PRO-3 (D). Bar, 100 mm.
doi:10.1371/journal.pone.0023833.g006
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cancer cells acquired cancer stem cell phenotype including

increased CD44high/CD24low ratio, drug resistance and increased

tumorigenicity [48].

Although EMT can easily be recognized in monolayer culture

of cells, recognizing these cells in situ is more troublesome, due to

its transient nature. In contrast to monolayer cultures, 3D

culture models capture more closely the in vivo situation [49].

Papers from our laboratory and others have shown the

importance of 3D cultures to elucidate the functional role of

the stroma as an instructive factor in normal breast morpho-

genesis and cancer progression [17,18,49,50,51]. Numerous cell

lines, such as MCF10A and MCF-7, have been reported to be

susceptible to EMT in traditional monolayer culture [52]. Our

results, however, show that in 3D culture EMT induction by

BRENCs is only achieved in selected cell lines, i.e. those

harboring stem/progenitor characteristics (D492) and/or cell

lines that have cancer initiating abilities (MDA-MB 231). We

also show that primary metaplastic breast cancer cells, W2330

[31], can be facilitated to undergo EMT in 3D coculture with

BRENCs. In contrast the luminal epithelial cell line D382,

MCF10A and MCF-7 show no signs of EMT in coculture with

BRENCs. Even though MCF10A has been shown to have a

basal-like phenotype, they lack fundamental stem cell properties

that D492 has, such as branching morphogenesis that may

explain why they are non-responsive to endothelial induced

EMT in 3D cultures.

Recent studies have shown that induction of EMT in

immortalized human breast epithelial cells was associated with

acquisition of cancer stem cell associated properties, measured by

increased expression of CD44high/CD24low cells accompanied by

the ability to form mammosphere colonies in culture [6,7]. In

these studies, immortalized breast epithelial cells (HMECs) were

induced to undergo EMT in 2D culture conditions with TGF-b1

or transfected with potent inducers of EMT such as snail, Twist

or the ras oncogene. These studies are in line with our data where

D492M show cancer stem cell and tumorigenic phenotype as

evidenced by an increased ratio of CD44high/CD24low cells,

ability to form mammospheres, increased motility, anchorage

independent growth and resistance against chemically induced

apoptosis. It is noteworthy that in our study, D492, a cell line

with epithelial stem cell properties, appear to lose the normal

epithelial stem cell properties (i.e. generating differentiated

luminal and myoepithelial cells and forming branching TDLU-

like structures) after undergoing EMT and acquire a phenotype

associated with cancer stem cells. This suggests an important

difference between the properties of breast epithelial stem cells

and epithelial cancer stem cells. Studies linking cancer stem cells

and EMT also raise interesting questions about the cell renewal,

developmental plasticity and signaling pathways involved in

cancer progression.

In this paper we show that in basal like breast cancer, cells

undergoing EMT are enriched in the vascular-rich areas and

furthermore, we show that endothelial cells can directly induce

EMT. This endothelial-induced EMT is at least partially

facilitated by HGF making this a potential novel therapeutic

target for patients with the basal-like subtype of breast cancer.

Furthermore, our findings suggest a role for endothelial cells in

basal-like breast cancer suggesting that therapy targeting the

neovascular compartment might be relevant.

Supporting Information

Figure S1 Endothelial cells cultured in rBM appear as
single, non proliferative but metabolically active cells.

Endothelial cells cultured for 10 days within rBM remain as single

non proliferative but metabolically active as seen by the uptake of

fluorescent labeled Ac-LDL (green). Insert shows single endothelial

cells that have taken up Ac-LDL in higher magnification.

(TIF)

Figure S2 Spindle-like colony formation increases pro-
portionally with the amount of endothelial cells. Increased

number of BRENCs in coculture with D492 results in decreased

and increased number of solid and spindle-like colonies. No effect

was seen on branching colonies. AVG % of colonies +SEM in

triplicate. *, p,0.05; **, p,0.01; compared to 56104 BRENCs.

(TIF)

Figure S3 BRENCs facilitate mesenchymal phenotype
in MDA-MB-231 a poorly differentiated breast cancer
cell line. To explore if BRENC could induce EMT in other cell

types we set up cocultures of BRENCs (26105 cells) with

MCF10A, MCF-7, D382 and MDA-MB-231 (500 cells). Cocul-

ture of BRENCs with MCF-10A, D382 and MCF-7 resulted in

non-branching, non-EMT-like epithelial colonies. In contrast

coculture of BRENCs with the highly malignant cancer cell line

MDA-MB-231 resulted in large EMT-like colonies. Bar 100 mm.

(TIF)

Figure S4 D492 and D492M share a common origin. A,

Origin of D492M confirmed by viral insertional analysis. D492

cell line contains a retroviral insertion of E6 and E7 genes. The

insert site was identified (schematic) on chromosome 20q13.1 close

to the gene PTP1N that codes for the protein tyrosine phosphatese

1B (PTP1B). PCR analyzes identified the same insert in D492M

confirming its origin from D492. B, GFP positive D492 cells give

rise to mesenchymal colonies in coculture with BRENCs. The

origin of mesenchymal colonies from D492 was confirmed by

using GFP positive D492. All colonies in the 3D culture were GFP

positive. Bar = 100 mm.

(TIF)

Figure S5 Gene expression analysis demonstrates glob-
al changes in D492-D492M transition. Heat map showing

the top 50 genes discriminating D492 and D492M. Red and green

shows up- and down regulation of genes, respectively.

(TIF)

Figure S6 Characterization of four mesenchymal-de-
rived cell lines from D492. D492-derived mesenchymal cell

lines designed D492M1-M4 were characterized in terms of

expression profile and for functional mesenchhymal properties.

A. D492M1 show reduced expression of E-cadherin and EpCAM,

weak expression of N-Cad and strong expression of fibronectin

(FN) and vimentin. B. D492M-1 show increased migration

compared to D492. C. Mesenchymal cell lines derived from

D492 show advanced growth in soft agar. D. Summary of

phenotypic and functional characteristics of D492M1-M4.

(TIF)

Figure S7 BRENCs secreted HGF into the surrounding
culture media. BRENCs secreted HGF into the surrounding

culture media as measured by ELISA. BRENCs secreted over four

times higher concentration of HGF than D492 when cultured

rBM.

(TIF)

Figure S8 N-cadherin expression is prominent around
vascular rich area of basal-like breast cancers. Two basal

like breast cancer were stained with antibodies against N-Cad and

CD31. Figures show N-Cad high and N-Cad medium/low areas

Endothelial Induced EMT
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within the same cancer stained with N-Cad and CD31. Cells

counterstained with heamotoxylin. Bar = 100 mm.

(TIF)

Methods S1 Supplementary material and methods.

(DOC)

Author Contributions

Conceived and designed the experiments: VS MKM TG. Performed the

experiments: VS HS AJRF MR RV BAA BH. Analyzed the data: VS HS

MR AB BAA. Wrote the paper: VS OWP MKM TG BH.

References

1. De Wever O, Pauwels P, De Craene B, Sabbah M, Emami S, et al. (2008)

Molecular and pathological signatures of epithelial-mesenchymal transitions at
the cancer invasion front. Histochem Cell Biol 130: 481–494.

2. Hugo H, Ackland ML, Blick T, Lawrence MG, Clements JA, et al. (2007)

Epithelial - mesenchymal and mesenchymal - epithelial transitions in carcinoma
progression. J Cell Physiol 213: 374–383.

3. Moustakas A, Heldin CH (2007) Signaling networks guiding epithelial-
mesenchymal transitions during embryogenesis and cancer progression. Cancer

Sci 98: 1512–1520.

4. Peinado H, Olmeda D, Cano A (2007) Snail, Zeb and bHLH factors in tumour
progression: an alliance against the epithelial phenotype? Nat Rev Cancer 7:

415–428.
5. Zeisberg M, Neilson EG (2009) Biomarkers for epithelial-mesenchymal

transitions. J Clin Invest 119: 1429–1437.
6. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, et al. (2008) The epithelial-

mesenchymal transition generates cells with properties of stem cells. Cell 133:

704–715.
7. Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, et al. (2008) Generation

of breast cancer stem cells through epithelial-mesenchymal transition. PLoS
ONE 3: e2888.

8. Polyak K, Weinberg RA (2009) Transitions between epithelial and mesenchymal

states: acquisition of malignant and stem cell traits. Nat Rev Cancer 9: 265–273.
9. Sarrio D, Rodriguez-Pinilla SM, Hardisson D, Cano A, Moreno-Bueno G, et al.

(2008) Epithelial-mesenchymal transition in breast cancer relates to the basal-like
phenotype. Cancer Res 68: 989–997.

10. Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu F, et al. (2009) The
EMT-activator ZEB1 promotes tumorigenicity by repressing stemness-inhibiting

microRNAs. Nat Cell Biol 11: 1487–1495.

11. Mahler-Araujo B, Savage K, Parry S, Reis-Filho JS (2008) Reduction of E-
cadherin expression is associated with non-lobular breast carcinomas of basal-

like and triple negative phenotype. J Clin Pathol 61: 615–620.
12. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell

144: 646–674.

13. Ishihara A, Tsuda H, Kitagawa K, Yoneda M, Shiraishi T (2009) Morphological
characteristics of basal-like subtype of breast carcinoma with special reference to

cytopathological features. Breast Cancer 16: 179–185.
14. Yehiely F, Moyano JV, Evans JR, Nielsen TO, Cryns VL (2006) Deconstructing

the molecular portrait of basal-like breast cancer. Trends Mol Med 12: 537–544.
15. Brabletz T, Jung A, Reu S, Porzner M, Hlubek F, et al. (2001) Variable beta-

catenin expression in colorectal cancers indicates tumor progression driven by

the tumor environment. Proc Natl Acad Sci U S A 98: 10356–10361.
16. Franci C, Takkunen M, Dave N, Alameda F, Gomez S, et al. (2006) Expression

of Snail protein in tumor-stroma interface. Oncogene 25: 5134–5144.
17. Ronnov-Jessen L, Bissell MJ (2009) Breast cancer by proxy: can the microenvi-

ronment be both the cause and consequence? Trends Mol Med 15: 5–13.

18. Weaver V, Fischer A, OW P, Bissell M (1996) The importance of the
microenvironment in breast cancer progression: recapitulation of mammary

tumorigenesis using a unigue human mammary epithelial cell model and a
three-dimensional culture assay. Biochem Cell Biol 74: 833–851.

19. May CD, Sphyris N, Evans KW, Werden SJ, Guo W, et al. (2011) Epithelial-
mesenchymal transition and cancer stem cells: a dangerously dynamic duo in

breast cancer progression. Breast Cancer Res 13: 202.

20. Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, et al. (2004) Endothelial cells
stimulate self-renewal and expand neurogenesis of neural stem cells. Science 304:

1338–1340.
21. Yin T, Li L (2006) The stem cell niches in bone. J Clin Invest 116: 1195–1201.

22. Matsumoto K, Yoshitomi H, Rossant J, Zaret KS (2001) Liver organogenesis

promoted by endothelial cells prior to vascular function. Science 294: 559–563.
23. Lammert E, Cleaver O, Melton D (2001) Induction of pancreatic differentiation

by signals from blood vessels. Science 294: 564–567.
24. Shekhar MP, Werdell J, Tait L (2000) Interaction with endothelial cells is a

prerequisite for branching ductal-alveolar morphogenesis and hyperplasia of

preneoplastic human breast epithelial cells: regulation by estrogen. Cancer Res
60: 439–449.

25. Sigurdsson V, Fridriksdottir AJ, Kjartansson J, Jonasson JG, Steinarsdottir M,
et al. (2006) Human breast microvascular endothelial cells retain phenotypic traits

in long-term finite life span culture. In Vitro Cell Dev Biol Anim 42: 332–340.
26. Ingthorsson S, Sigurdsson V, Fridriksdottir AJ, Jonasson JG, Kjartansson J, et al.

(2010) Endothelial cells stimulate growth of normal and cancerous breast

epithelial cells in 3D culture. BMC Res Notes 3: 184.
27. Franzdottir SR, Axelsson IT, Arason AJ, Baldursson O, Gudjonsson T, et al.

(2010) Airway branching morphogenesis in three dimensional culture. Respir
Res 11: 162.

28. Gudjonsson T, Villadsen R, Nielsen HL, Ronnov-Jessen L, Bissell MJ, et al.

(2002) Isolation, immortalization, and characterization of a human breast
epithelial cell line with stem cell properties. Genes Dev 16: 693–706.

29. Villadsen R, Fridriksdottir AJ, Ronnov-Jessen L, Gudjonsson T, Rank F, et al.

(2007) Evidence for a stem cell hierarchy in the adult human breast. J Cell Biol
177: 87–101.

30. Chernousov MA, Fogerty FJ, Koteliansky VE, Mosher DF (1991) Role of the I-9
and III-1 modules of fibronectin in formation of an extracellular fibronectin

matrix. J Biol Chem 266: 10851–10858.

31. Petersen OW, Nielsen HL, Gudjonsson T, Villadsen R, Rank F, et al. (2003)
Epithelial to mesenchymal transition in human breast cancer can provide a

nonmalignant stroma. Am J Pathol 162: 391–402.
32. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF (2003)

Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad
Sci U S A 100: 3983–3988.

33. Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF, et al. (2003) In

vitro propagation and transcriptional profiling of human mammary stem/
progenitor cells. Genes Dev 17: 1253–1270.

34. Sabbah M, Emami S, Redeuilh G, Julien S, Prevost G, et al. (2008) Molecular
signature and therapeutic perspective of the epithelial-to-mesenchymal transi-

tions in epithelial cancers. Drug Resist Updat 11: 123–151.

35. Leroy P, Mostov KE (2007) Slug is required for cell survival during partial
epithelial-mesenchymal transition of HGF-induced tubulogenesis. Mol Biol Cell

18: 1943–1952.
36. Greenberg S, Rugo HS (2010) Triple-negative breast cancer: role of

antiangiogenic agents. Cancer J 16: 33–38.
37. Lopes N, Sousa B, Vieira D, Milanezi F, Schmitt F (2009) Vessel density assessed

by endoglin expression in breast carcinomas with different expression profiles.

Histopathology 55: 594–599.
38. Uzzan B, Nicolas P, Cucherat M, Perret GY (2004) Microvessel density as a

prognostic factor in women with breast cancer: a systematic review of the
literature and meta-analysis. Cancer Res 64: 2941–2955.

39. Miyashita M, Ishida T, Ishida K, Tamaki K, Amari M, et al. (2010)

Histopathological subclassification of triple negative breast cancer using
prognostic scoring system: five variables as candidates. Virchows Arch.

40. Linderholm BK, Hellborg H, Johansson U, Elmberger G, Skoog L, et al. (2009)
Significantly higher levels of vascular endothelial growth factor (VEGF) and

shorter survival times for patients with primary operable triple-negative breast
cancer. Ann Oncol 20: 1639–1646.

41. Giatromanolaki A, Sivridis E, Fiska A, Koukourakis MI (2010) The CD44+/

CD24- phenotype relates to ‘triple-negative’ state and unfavorable prognosis in
breast cancer patients. Med Oncol.

42. Niu RF, Zhang L, Xi GM, Wei XY, Yang Y, et al. (2007) Up-regulation of
Twist induces angiogenesis and correlates with metastasis in hepatocellular

carcinoma. J Exp Clin Cancer Res 26: 385–394.

43. Gastaldi S, Comoglio PM, Trusolino L (2010) The Met oncogene and basal-like
breast cancer: another culprit to watch out for? Breast Cancer Res 12: 208.

44. Chu SH, Feng DF, Ma YB, Zhu ZA, Zhang H, et al. (2009) Stabilization of
hepatocyte growth factor mRNA by hypoxia-inducible factor 1. Mol Biol Rep

36: 1967–1975.
45. Pennacchietti S, Michieli P, Galluzzo M, Mazzone M, Giordano S, et al. (2003)

Hypoxia promotes invasive growth by transcriptional activation of the met

protooncogene. Cancer Cell 3: 347–361.
46. Elenbaas B, Weinberg RA (2001) Heterotypic signaling between epithelial tumor

cells and fibroblasts in carcinoma formation. Exp Cell Res 264: 169–184.
47. van Zijl F, Mair M, Csiszar A, Schneller D, Zulehner G, et al. (2009) Hepatic

tumor-stroma crosstalk guides epithelial to mesenchymal transition at the tumor

edge. Oncogene 28: 4022–4033.
48. Santisteban M, Reiman JM, Asiedu MK, Behrens MD, Nassar A, et al. (2009)

Immune-induced epithelial to mesenchymal transition in vivo generates breast
cancer stem cells. Cancer Res 69: 2887–2895.

49. Lee GY, Kenny PA, Lee EH, Bissell MJ (2007) Three-dimensional culture

models of normal and malignant breast epithelial cells. Nat Methods 4: 359–365.
50. Gudjonsson T, Ronnov-Jessen L, Villadsen R, Rank F, Bissell MJ, et al. (2002)

Normal and tumor-derived myoepithelial cells differ in their ability to interact
with luminal breast epithelial cells for polarity and basement membrane

deposition. J Cell Sci 115: 39–50.
51. Kuperwasser C, Chavarria T, Wu M, Magrane G, Gray JW, et al. (2004)

Reconstruction of functionally normal and malignant human breast tissues in

mice. Proc Natl Acad Sci U S A 101: 4966–4971.
52. Blick T, Widodo E, Hugo H, Waltham M, Lenburg ME, et al. (2008) Epithelial

mesenchymal transition traits in human breast cancer cell lines. Clin Exp
Metastasis 25: 629–642.

Endothelial Induced EMT

PLoS ONE | www.plosone.org 11 September 2011 | Volume 6 | Issue 9 | e23833

115



Supplementary material and methods 1 

 2 

Cell culture 3 

The breast epithelial stem cell line D492 and daughter cell line D492M were maintained 4 

in H14 medium (Briand, Petersen et al. 1987), consisting of DMEM/F12, 50 IU/ml 5 

penicillin, 50 µg/ml streptomycin (Invitrogen), 250 ng/ml insulin, 10 µg/ml transferrin, 2,6 6 

ng/ml sodium selenite, 0,1 nM estradiol, 0,5 µg/ml hydrocortisone, 5 µg/ml prolactin 7 

(SIGMA) and 10 ng/ml EGF (Peprotech). Luminal epithelial cell line referred to as D382 8 

and MCF10A were also maintained on H14 medium. MDA-MB 231 was cultured on 9 

RPMI-1640 supplemented with 5% FBS. W2320 and MCF-7 on DMEM/F12 with 5% 10 

FBS. The MCF-7, MCF10A and MDA-MB-231 cell lines where purchased from ATCC 11 

and are routinely authenticated with genotype profiling according to ATCC guidelines. 12 

To further ensure cell line integrity D492, D492M and D382 cell lines were analyzed 13 

with the same method. 14 

 15 

Generation of GFP positive D492 cells 16 

Lentiviral pGIPZ vector (RHS4346) expressing green fluorescent protein (GFP) (Open 17 

Biosystems, Huntsville, AL) was transfected into HEK-293T cells using Arrest-In 18 

transfection reagent (ATR1740; Open Biosystems) according to instructions. Virus-19 

containing supernatants were collected at 48 hours after transfection and target cells 20 

infected in the presence of 8ug/ul polybrene.  24 hours later, drug selection was done 21 

with 3ug/ul puromycin to establish stable cell line expressing GFP.   22 

 23 



Preparation of 3D cocultures 24 

Coculture experiments were carried out in 24 well culture plates (BD Falcon) with 500 25 

D492 cells alone (monoculture) and with , 5x104, 1x104 and 2x105 BRENCs 26 

(cocultures). The two cell types were mixed and suspended in 300µl rBM and cultured 27 

in EGM5 for 15 days. Cocultures of BRENCs with normal breast epithelial lines 28 

MCF10A and D382, estrogen receptor positive breast cancer cell line MCF-7, basal-like 29 

/ EMT breast cancer cell line MDA-MB-231 and primary metaplastic breast cancer cell 30 

line W2320 were done with 500 epithelial cells and 2x105 BRENCs in EGM5 medium.  31 

 32 

Isolation of 3D coculture colonies, replating and secondary 3D coculture 33 

Branching, solid and spindle-like structures were isolated from 3D cocultures with gentle 34 

shaking on ice in PBS - EDTA (5mM) solution. Single structures were placed in a 24 35 

well plate and cultured on H14 medium. Monolayer cultured cells from branching, solid 36 

and spindle like colonies were then put back into 3D coculture of 500 cells with 5x104 37 

BRENCs in rBM. 38 

 39 

ELISA and additional blocking experiments 40 

BRENCS and D492 were seeded in 3D monocultures in rBM and the HGF 41 

concentration in the culture media was determined using comercially available HGF 42 

ELISA kit (DHG00; R and D, MN, USA) according to instructions. ALK5 kinase inhibitor 43 

(SB431542, Tocris Bioscience) was used to block signals through the ALK5 receptor 44 

and was diluted in the rBM (10µM) and in the medium (10µM) in coculture of 500 D492 45 
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cells and 5x104 BRENCs. We also blocked TGFβ1(8µg/ml) in 3D coculture with a 46 

neutralizing antibody (ab10517, Abcam) in the rBM and in the medium.  47 

 48 

Microvessel density scoring 49 

Microvessel counting was conducted as previously described [1,2]. Briefly, microvessel 50 

density was evaluated by immunohistochemistry of tumor vessels for CD31 in whole 51 

tissue sections.  An immunopositive cell or cluster of cells clearly separated from 52 

adjacent clusters, was considered an individual vessel. Microvessels were counted in 53 

three different areas of low and high N-cadherin expression, respectively, in three 54 

different biopsies in a 200x field. 55 

 56 

Endothelial uptake of AcLDL in 3D rBM cultures 57 

Endothelial cells have the ability to take up AcLDL and this trait has become routine to 58 

identify them in culture. BRENCs were treated with 15 µg/ml AcLDL conjugated to A488 59 

fluorecent dye (Invitrogen) for 4 hrs. The uptake of AcLDL-A488 was monitored on day 60 

10 in 3D cultures of BRENCs. 61 

 62 

Retroviral insertion analysis 63 

The D492 cell line was initially established by transfection with a retroviral vector 64 

containing the E6 and E7 oncogenes and the neomycin resistant gene for selection [3]. 65 

To identify the genomic insertion site of the E6/E7 containing retrovirus we performed 66 

an inverse PCR (I-PCR) (Suzuki et al., 2002) by using 5 g of cell line DNA digested 67 

with 60 U of BamHI overnight in 40 l. After heat inactivation DNA was diluted to 200 l, 68 



circularized by ligation with T4 DNA ligase at 16°C overnight, ethanol precipitated, and 69 

resuspended in 30 l of Tris-EDTA. PCR was performed in 25 l with 1 l of the DNA 70 

template, 0,2 mM deoxynucleoside triphosphates, 10 pmol of each primer, 1,3 U of 71 

Expand Long Template Polymerase, and Expand Buffer 1 (Roche). The primers used 72 

were I-1F (CTAGCTTGCCACCTACGGGT) and I-1R (TGAGGAAATTGAGGCACAGC). 73 

The cycling conditions were 94°C for 2 min, followed by 10 cycles of 94°C for 10 s, 65°C 74 

for 30 s, and 68°C for 6 min and 20 cycles of 94°C for 10 s, 65°C for 30 s, and 68°C for 75 

6 min with a 20-s autoextension and a final extension at 68°C for 10 min. Amplified 76 

products were cloned into the TA cloning TOPO vector (Invitrogen) and clones selected 77 

and sequenced. We identified with this method a single insertion on chromosome 20, 95 78 

kb upstream of the gene PTPN1 (encoding for the phosphatase PTP1B).  79 

 80 

Gene expression analysis 81 

RNA was isolated from D492 and D492M at 50% and 90% confluency in monolayer 82 

culture using RNeasy mini kit (QIAGEN). Experiments were conducted in triplicate, on 83 

three different time points (36 samples). RNA was analysed on NanoDrop ND-1000 84 

spectrophotometer and run on Agilent 2100 Bioanalyzer chip. Microarray analysis was 85 

carried out using the Illumina BeadChip expression microarray (HumanWG-6 v3.0) 86 

platform. The data was background subtracted and normalized using cubic spline with 87 

all samples as a group using BeadStudio. Probes were quality filtered such that if p 88 

detect >0,01 then the intensity was replaced with a missing value. Probes with missing 89 

values for all 36 hybridizations were omitted from future analysis. This left 16547 probes 90 

which had p value <=0,01 in at least one hybridization. To identify differentially 91 
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expressed genes we used the MeV software (www.tm4.org) and the significance of 92 

microarrays (SAM) method [4]. Genes that had detectable expression levels in 50% of 93 

the samples were used in the comparison. All raw data are available at 94 

http://stofnanir.hi.is/rle/sites/stofnanir.hi.is.rle/files/EMT-expression%20profile%20D492-95 

vs-D492M.xlsx 96 

 97 

 98 

Supplementary references 99 

1. Lopes N, Sousa B, Vieira D, Milanezi F, Schmitt F (2009) Vessel density assessed by 100 

endoglin expression in breast carcinomas with different expression profiles. 101 

Histopathology 55: 594-599. 102 

2. Marinho A, Soares R, Ferro J, Lacerda M, Schmitt FC (1997) Angiogenesis in breast cancer is 103 

related to age but not to other prognostic parameters. Pathol Res Pract 193: 267-273. 104 

3. Gudjonsson T, Villadsen R, Nielsen HL, Ronnov-Jessen L, Bissell MJ, et al. (2002) Isolation, 105 

immortalization, and characterization of a human breast epithelial cell line with stem cell 106 

properties. Genes Dev 16: 693-706. 107 

4. Tusher VG, Tibshirani R, Chu G (2001) Significance analysis of microarrays applied to the 108 

ionizing radiation response. Proc Natl Acad Sci U S A 98: 5116-5121. 109 

 110 

 111 

 112 

http://stofnanir.hi.is/rle/sites/stofnanir.hi.is.rle/files/EMT-expression


121





123





125





127





Paper I 

 

 

Paper 2 

129





M
d

B
M
M
a

b

c

d

a

A
R
R
1
A
A

K
M
Δ
B
B
S
E

In

in
ti
b
s
e
R
b
e
d
P

h
0

B
F

Np63
reast canc
reast mor
tem cells
MT

ttp://dx.do
012-1606/

n Corresp
iomedical
ax: þ354

E-mail
Developmental Biology 403 (2015) 150–161
icroRNA-200c-141 and ΔNp63 are required for breast epithelial
ifferentiation and branching morphogenesis

a,b a,b a a

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/developmentalbiology

Developmental Biology
ylgja Hilmarsdóttir , Eirikur Briem , Valgardur Sigurdsson , Sigrídur Rut Franzdóttir ,
arkus Ringnér d, Ari Jon Arason a,b, Jon Thor Bergthorsson a,b,
arinn
of Anatom
ersity Hosp
culty of M
cal Science

b s t r

e epithe
492 is a b

culture
dergo ep
lture mo
mpared
ppressio
nous ex
agnus Karl Magnusson a,b,c, Thor
Stem Cell Research Unit, Biomedical Center, Department
Department of Laboratory Hematology, Landspitali-Univ
Department of Medical Pharmacology and Toxicology, Fa
Division of Oncology and Pathology, Department of Clini

r t i c l e i n f o

rticle history:
eceived 6 October 2014
eceived in revised form
8 April 2015
ccepted 5 May 2015
vailable online 9 May 2015

eywords:
iR-200c-141

a

Th
D
3D
un
cu
co
Su
ge
er
phogenesis

but not m
myoepithe
branching
elements f
141 constr

cules in ep
& 2015 T

i.org/10.1016/j.ydbio.2015.05.007
& 2015 The Authors. Published by Elsevier Inc. This is a

ondence to: Stem Cell Research Unit, Department of
Center, University of Iceland, Vatnsmyrarvegi 16, 101 R
4884.
address: tgudjons@hi.is (T. Gudjonsson).
Gudjonsson a,b,n

y, Faculty of Medicine, School of Health Sciences, University of Iceland, Iceland
ital, Iceland
edicine, School of Health Sciences, University of Iceland, Iceland
s Lund, Lund University, Sweden

a c t

lial compartment of the breast contains two lineages, the luminal- and the myoepithelial cells.
reast epithelial cell line with stem cell properties that forms branching epithelial structures in
with both luminal- and myoepithelial differentiation. We have recently shown that D492
ithelial to mesenchymal transition (EMT) when co-cultured with endothelial cells. This 3D co-
del allows critical analysis of breast epithelial lineage development and EMT. In this study, we
the microRNA (miR) expression profiles for D492 and its mesenchymal-derivative D492M.
n of the miR-200 family in D492M was among the most profound changes observed. Exo-
pression of miR-200c-141 in D492M reversed the EMT phenotype resulting in gain of luminal
yoepithelial differentiation. In contrast, forced expression of ΔNp63 in D492M restored the
lial phenotype only. Co-expression of miR-200c-141 and ΔNp63 in D492M restored the
morphogenesis in 3D culture underlining the requirement for both luminal and myoepithelial
or obtaining full branching morphogenesis in breast epithelium. Introduction of a miR-200c-
uct in both D492 and D492M resulted in resistance to endothelial induced EMT. In conclusion,
uggests that expression of miR-200c-141 and ΔNp63 in D492M can reverse EMT resulting in
nd myoepithelial differentiation, respectively, demonstrating the importance of these mole-
our data s
luminal- a
ithelial integrity in the human breast.
he Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

lice

K19
n p
ial c
vim
3 (G
hen
ial c
nss
sen
cell
d ta
rth,
l t
troduction

Maintaining tissue integrity while allowing remodeling capacity
organs depends on the presence of tissue stem cells. This is par-

cularly applicable in tissue with fast cellular remodeling such as
lood, skin, gastrointestinal epithelium and the breast gland that is
ubjected to periodic tissue remodeling and branching morphogen-
sis from the onset of menarche to menopause (Raouf et al., 2012;
eya et al., 2001; Villadsen et al., 2007; Woodward et al., 2005). The
reast epithelium consists of an inner layer of polarized luminal
pithelial cells and an outer layer of myoepithelial cells that can be
iscriminated by marker expression (Gudjonsson et al., 2002a;
echoux et al., 1999). Luminal cells express simple keratins (K) such

as K18 and
tight junctio
myoepithel
P-cadherin,
marker p6
Although p
myoepithel
cells (Gudjo
2012; Villad
these stem
the preferre
and Ashwo

Epithelia

developmental
erties and adap
gastrulation, ne
a driving force
loss of cell-to

n open access article under the CC BY-NC-

Medical Faculty,
eykjavík, Iceland.
nse (http://creativecommons.org/licenses/by-nc-nd/4.0/).

, the adhesion molecules E-cadherin and EpCAM and
roteins such as claudin, occludin and ZO-1. In contrast
ells express basal keratins such as K5/6, 14 and 17,
entin, alpha-smooth muscle actin and the basal cell
udjonsson et al., 2002a; Pechoux et al., 1999).
otypically and functionally different, luminal- and
ells are generally thought to arise from common stem
on et al., 2002b; Pechoux et al., 1999; Raouf et al.,
et al., 2007; Woodward et al., 2005). Furthermore,

s or their downstream progenitors are believed to be
rgets of cancer initiation (Raouf et al., 2012; Smalley
2003).
o mesenchymal transition (EMT) is a conserved
process where epithelial cells loose epithelial prop-
t a mesenchymal phenotype. This is observed during
ural crest formation and wound healing. EMT is also
in tumor cell invasion and metastasis manifested by
-cell adhesion and increased migration potential
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

131

www.sciencedirect.com/science/journal/00121606
www.elsevier.com/locate/developmentalbiology
http://dx.doi.org/10.1016/j.ydbio.2015.05.007
http://dx.doi.org/10.1016/j.ydbio.2015.05.007
http://dx.doi.org/10.1016/j.ydbio.2015.05.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2015.05.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2015.05.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2015.05.007&domain=pdf
mailto:tgudjons@hi.is
http://dx.doi.org/10.1016/j.ydbio.2015.05.007


(H
su
st
(r

re
et
st
re
ce
20
tr
E-
on
ch

va
br
fa
is
ti
K
20
w
be
th
le
p6
an

st
pi
tu
ty
m
co
D
pa
la
m
20
O
en
20
lia
D
re
D

M

Ce

be
ce
by
CD
hu
re
m
20
(r
cu
pl

lture
1�
we

EGM
ultu
ter a
we
ow
4 h
cent
of
d se
ell c
g, s
res
des
al a
pe

xpre

s iso
mo
s w
ultin
ing
s ca
(Lun
Bead
RNA
p-va
, neg
mi

e 2
iRN
iRN

nd
al.,
data
ene
thro
.nc

lysis

A w

(2015
anahan and Weinberg, 2011). In addition, accumulating evidence
ggests that EMT may provide differentiated epithelial cells with
em cell properties and contribute to cancer stem cell formation
eviewed in Ansieau (2013)).
MicroRNAs (miRNAs) have moved into the spotlight as master

gulators in stem cell biology and fate decision (Hilmarsdottir
al., 2014; Yang and Rana, 2013; Zapata et al., 2012). Recent

udies have shown that the miR-200 family plays a crucial role in
gulating epithelial integrity and loss of its expression may drive
lls through EMT (Hanahan and Weinberg, 2011; Howe et al.,
12). Members of the miR-200 family target the EMT associated
anscription factors ZEB1 and ZEB2, which in turn suppress
cadherin (Olson et al., 2009). The miR-200 gene family is located
two distinct clusters (miR-200ba-429 and miR-200c-141) on

romosomes 1 and 12, respectively (Mongroo and Rustgi, 2010).
The p63 transcription factor is expressed in the basal cells of
rious tissues, such as the skin, lung, prostate, salivary glands and
east (Blanpain and Fuchs, 2007). p63 is a member of the p53
mily and has two major isoforms, ΔNp63 and TA-p63. The ΔN
oform is the dominant form in most tissues and has been iden-
fied as a regulator of basal cell associated markers such as K5,
14 and P-cadherin (Romano et al., 2007, 2009; Shimomura et al.,
08). The role of ΔNp63 has mostly been studied in the skin
here it is crucial for adult stem cell maintenance. ΔNp63 has also
en identified as an essential factor for epithelial stratification in
e skin (Senoo et al., 2007) and lung (Daniely et al., 2004; Pel-
grini et al., 2001). We have recently shown that knock-down of
3 in lung epithelial basal cells result in increased senescence
d lack of pseudostratification (Arason et al., 2014).
The breast epithelial progenitor cell line D492 forms branching

ructures in 3D culture with differentiated luminal and myoe-
thelial cells (Gudjonsson et al., 2002b). Furthermore, in 3D cocul-
re with endothelial cells the cell line displays two main morpho-
pes: branching colonies and spindle-like EMT colonies. The D492-
esenchymal (D492M) cell line was established from a single EMT
lony (Sigurdsson et al., 2011, 2013). In this study, we show that
492 and D492M differ greatly in terms of miRNA expression. In
rticular the miR-200 family is downregulated in D492M. Methy-
tion analysis shows that the promoter area of miR-200c-141 is
ethylated in D492M only. When introduced into the D492M, miR-
0c-141 only reestablishes the luminal epithelial phenotype.
verexpression of miR-200c-141 in D492 and D492M prevents the
dothelial-induced EMT demonstrating the importance of miR-
0c-141 in preserving epithelial integrity. The missing myoepithe-
l phenotype was reestablished by introduction of ΔNp63 into
492M. Co-expression of both miR200c-141 and ΔNp63 in D492M
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aterials and methods

ll culture and 3D cultures

D492 and D492M were maintained in H14 medium as descri-
d previously (Sigurdsson et al., 2011). Primary luminal epithelial
lls (EpCAMþ) and myoepithelial cells (EpCAM�) were isolated
magnetic cell sorting (MACS) and maintained in CDM3 and
M4 as described previously (Pechoux et al., 1999). Primary
man breast endothelial cells (BRENCs) were isolated from breast
duction mammoplasties and cultured on endothelial growth
edium (EGM-2) (Lonza)þ5% FBS (Invitrogen) (Sigurdsson et al.,
06). Growth factor reduced reconstituted basement membrane
BM, purchased as Matrigel, BD Biosciences) was used for 3D
lture. 3D monocultures were carried out in 24 well culture
ates (BD Falcon). 1�104 D492 cells were suspended in 300 ml of

used as tem
Supplemen

qRT-PCR an

Quantita
on the sam
cation of p
real-time P
other prim
genous refe
pairs and p
ZEB1 (Hs00
tion. GAPDH

Quantita
miRCURY L
levels were
and hsa-mi
experiments were carried out with 1�103 cells
105 BRENCs. 300 ml of mixed cells/rBM were see-
ll of a 24 well plate and cultured on H14 (mono-
5 (coculture) for 16 days. For detailed description
re see Sigurdsson et al. (2011).
ssay was adapted from Hirai et al. (1992). Briefly,
re mixed in 500 μl of EGM5 media and cultured on
adhesion plate (plate coated with 12 μg/ml poly-
at 37 °C). After 24 h, cell clusters were collected
rifugation and resuspended in 500 μl H14 media
preclustered organoids embedded in 100 μl of
eded in 8 well chamber slite. The branching phe-
lusters was determined after cultivation for 8 days.
olid and spindle-like structures were isolated from
with gentle shaking on ice in PBS-EDTA (5 mM)
cribed previously (Lee et al., 2007). Newly formed
nd branching colonies were sorted under a ste-
for RNA isolation.

ssion array

lated from D492 and D492M at 50% and 90% con-
nolayer culture using RNeasy minikit (Qiagen).
ere conducted in triplicate, on three different time
g in a total of 36 samples). RNA integrity was
the Agilent 2100 Bioanalyzer (Agilent). Microarray
rried out at the SCIBLU Genomics Centre at Lund
d, Sweden) using Illumina Human v2 MicroRNA
Chip (Illumina). To filter out unexpressed miRNAs,
probes detected in at least 3 of the 36 samples

luer0.01) were selected for further analysis. For
ative intensities after background correction were
ssing values, and then intensities were log-trans-
) followed by mean centering across samples to
A expression levels. To identify differentially
A genes we used the MeV software (http://www.
the significance of microarrays (SAM) method
2001) using 10,000 permutations. The miRNA
discussed in this publication have been deposited
Expression Omnibus (Edgar et al., 2002) and are
ugh GEO Series accession number GSE60524
bi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE60524).

as extracted with Tri-Reagent (Ambion). The RNA
ated and reverse transcribed with Hexanucleotide
evertAid (#K1622, Fermentas). Resulting cDNAwas
e for RT-PCR performed using the primers listed in
Table 2.

s

RT-PCR of ΔNp63, ZEB1 and ZEB2 was performed
NA as the RT-PCR, described above. For quantifi-
K14, K19, E-cadherin and N-cadherin SYBR green
ssay were used (Tp63 from IDT: HS.PT.58.38930512
in Supplementary Table 2) and GAPDH as endo-
e gene (primers in Supplementary Table 2). Primer
s from Applied Biosystems (TaqMan) were used for
783_m1) and ZEB2 (Hs00207691_m1) quantifica-
326317E) was used as endogenous reference gene.
RT-PCR analysis of miRNAs was performed using
microRNA PCR System (Exiqon). Gene expression
ntified using primers for hsa-miR-141 (#204504)
0c (#2044852) (Exiqon). Normalization was done
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ith U6 RNA (#203907) or SNORD48 (#203903) (Exiqon). Relative
xpression differences was calculated with the 2ΔCt method.

munochemistry

The following primary antibodies were used: Fibronectin
abMab, (gift from D.E. Mosher (Chernousov et al., 1991))), K19
b7754, Abcam), K14 (NCL-LL002, NovoCastra), E-Cad (#610182,
D), N-Cad (#610920, BD), EpCAM (NCL-ESA, Novocastra), and p63
CL-p63, Novocastra). For double and triple labeling experiments
e used fluorescence isotype specific secondary antibodies (Invi-
ogen) and fluorescent nuclear counterstain, TO-PRO-3 (Invitro-
en). Specimens were visualized on a Zeiss LSM 5 Pa laser-scan-
ing microscope (Carl Zeiss) and Olympus fluoview 1200.

estern blotting

Equal amounts (5 μg) of proteins in RIPA buffer were separated
n 10% NuPage Bis-Tris gels (Invitrogen) and transferred to a PVDF
embrane (Invitrogen). Antibodies: E-Cad (BD), Ncad (BD), K5/6

with empt
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ymed), K8 (Abcam), K14 (Abcam), K17 (Dako), K19 (Abcam), vector (Addgen
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imentin (Dako), Snail (Abcam), p63 (Abcam) actin, and EpCAM
bcam) were used. Secondary antibodies were mouse or rabbit
Dey (Li-Cor) used at 1:10,000 and detected using the Odyssey
frared Imaging System (Li-Cor). Fluorescent images were con-
erted to gray scale.

-Aza treatment

D492 and D492M were grown to 70% confluency. Cells were
eated with 5 mM of 5-azacitidine (Sigma, A2385) in H14 medium
nd cultured for 4 days before IF staining or DNA, or protein
olation.

isulfite sequencing

Bisulfite conversion of DNA was performed with the Quiagen
pitech bisulfate kit (59,104) using 0.5–1 μg of DNA. The target
NA sequence was amplified using Nested PCR. Primer sequences
re in Supplementary Table 2. DNA methylation analyses of
isulfite PCR amplicons were performed using Sequence scanner
1.0. DNA methylation level was scored as percentage methylation
f individual CpG units in each sample.

iR-200c-141 and ΔNp63 overexpression

A miR-200c-141 construct was created by cloning the genomic
egion into a pLVTHM lentiviral vector purchased from Addgene
lasmid #12247 (Wiznerowicz and Trono, 2003)). The miR-200c-
41 insert was amplified from genomic DNA using nested PCR (pri-
ers in Supplementary Table 2) and the sequence confirmed with
equencing. An empty vector was used as a control. The pLVTHM
ector contains a green fluorescent protein (GFP) selection marker.
iral particles were produced in HEK-293T cells using Arrest-In
ansfection reagent (ATR1740; Open Biosystems) according to
structions. Virus-containing supernatants were collected 48 h after
ansfection and target cells were infected in the presence of 8 mg/ml
olybrene. Stable, D492 and D492M with miR-200c-141 and control
mpty) cells were isolated by flow-sorting, selecting GFP expressing
ells using FACSaria. deltaNp63alpha-FLAG (Addgene, plasmid
26979 (Chatterjee et al., 2008)) was used to clone ΔNp63 into a
CDH lentiviral vector (System Biosciences), containing both RFP and
puromycin selection marker and viral particles were produced as
escribed above. D492MmiR-200c-141 cells and D492Mempty where
ansduced with the ΔNp63 overexpressing vector and D492Mempty

shSCR lent
2008)) was
293 T cells
nologies) ac
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and D492p6
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CDH vector as a control (D492M2� empty). Stable
D492MΔNp63 and D492MmiR-200c-141ΔNp63 cells were
mg/ml puromycin.

nhibition and ΔNp63 downregulation

A™ microRNA Inhibitors from Exiqon were used to
00c-141 function, hsa-miR-200b, hsa-miR-200c
d hsa-miR-141, hsa-miR-200a (#450012-3). Exiqon
l A inhibitor (#199004-04) was used as a control.
D492 cells were seeded in each well of a 24 well
red on H14 for 24 h. Following the 24 h incubation
oved and replaced with H14 without antibiotics,
nM inhibitor (#450012-2) and 25 nM inhibitor
50 nM negative inhibitor (#199004-04). Transfec-

d out by using 1.5 μl of Lipofectamines RNAiMAX
ies #13778-075) per well. Cells were incubated for
followed by RNA isolation, RT-PCR and qRT-PCR

es were run in biological triplicates. ΔNp63 expres-
regulated using shp63alpha pLKO.1 puro lentiviral
e plasmid 19,120 (Godar et al., 2008)) and pLKO.1
l vector (Addgene plasmid 17,920 (Saharia et al.,
d as control. Viral particles were produced in HEK-
g TurboFect transfection reagent (R0531; Life Tech-
ding to manufacturer's instructions. Virus-containing
as collected 48 h after transfection and target cells
n the presence of 8 μg/ml polybrene. Stable D492Scr

cells were selected using 2 mg/ml puromycin.

sis

5) 150–161
. Statistical differences between samples were
tudent two-tailed T-test. p-Values below 0.05 were
ificant (***pr0.001, **pr0.01, *pr0.05).

uced EMT in D492 breast epithelial stem cell line is
reduced expression of the miR-200 family

cently shown that endothelial cells can induce EMT
ast epithelial cell line with stem cell properties
al., 2011, 2013). A mesenchymal subline of D492,
D492M shows irreversible EMT as evidenced by
enotype in 2D and 3D culture, downregulation of
reased expression of N-cadherin and loss of K14
ssion (Fig. 1A). In order to evaluate differences in
ion profiles we carried out analysis of microRNA
492 and D492M cells cultured in monolayer. We

miRNAs (false discovery rate¼0.002) differentially
een D492 and D492M, out of 599 analyzed miRNAs
large differences between D492 and D492M (Sup-
ble 1). Of the ten most downregulated miRNAs in
elonged to the miR-200 family (miR-141, -200a,-
ig. 1B). These microRNAs are emerging as major
epithelial integrity in human and murine cells
, 2012; Gregory et al., 2008; Mongroo and Rustgi,
et al., 2009). In particular, miR-200c and miR-141
n strongly linked to epithelial integrity (Davalos
ngroo and Rustgi, 2010). miR-200c and miR-141 are
chromosome 12 (Fig. S1) and their expression is
the same promoter (Mongroo and Rustgi, 2010).
expression of miR-200c and miR-141 in D492M
492 was confirmed by qPCR (Fig. 1C). In addition,
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Fig. 1. The miR-200 family is downregulated in breast epithelial stem cells undergoing EMT. (A) D492 and D492M generate branching and mesenchymal-like structures in 3D
culture, respectively. D492 a breast epithelial cell line with stem cell properties forms cuboidal epithelial phenotype in 2D culture and elaborate branching structures in 3D culture
in reconstituted basement membrane (rBM) matrix. In contrast, D492M forms a spindle-like phenotype in 2D and 3D cultures. Immunostaining shows reduced expression of
E-cadherin (red) and increased expression of N-cadherin (green) in D492M. K14 (green) and K19 (red) that are present in the branching structures of D492 in 3D culture are lost in
the spindle-like colonies of cultured D492M cells. Note, the N-cadherin expression in the branching structures of D492 is restricted to the interface between lobular units (arrow)
compared to the overall staining in D492M. Cells were counterstained with TO-PRO-3 nuclearstain. Bar¼100 μM. (B) miRNA expression analysis shows drastic difference between
D492 and D492M. Heatmap of differentially expressed miRNAs shows a drastic difference between D492 and D492M. Of the top 10 downregulated miRNAs in D492M, four where
from the miR-200 family (miR-200a, miR-200b, miR-200c and miR-141). There was not significant difference in the expression of the fifth miR-200 family member, miR-429.
(C) Validation of miR-200c and miR-141 expression in D492 and D492M. miR-200c and miR-141 downregulation in D492M was verified with qPCR. The expression of miR-200c
was shown to be more than 500 fold in D492 relative to D492M. miR-141 expression was almost 20 fold higher in D492 than D492M. miRNA levels were normalized to U6.
(D) Expression of ZEB1 and ZEB2 is increased in D492M. PCR expression analysis of selected targets regulated by miR-200c-141 shows different expressions between D492 and
D492M. E-cadherin was lost in D492M accompanied by increased expression of ZEB1, ZEB2 and vimentin. S18 and GAPDH as loading control. (E) miR-200c and -141 are
downregulated in newly formed mesenchymal structures. D492 cells were embedded into matrigel in coculture with endothelial cells in order to form branching and spindle like
structures. After 14 and 21 days in culture, RNAwas isolated from newly formed mesenchymal colonies. qPCR for miR-200c and -141 demonstrated significantly higher expression
of these miRNAs in newly formed branching colonies than in mesenchymal colonies. miRNA levels were normalized to SNORD48. Bar¼100 μM.
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-PCR shows down-regulation of E-cadherin in D492M accom-
nied by up-regulation of downstream targets for miR-200c such
ZEB1, ZEB2 and vimentin (Fig. 1D). These data show that loss of
iR-200c-141 is accompanied by increased expression of EMT
gulators, reduced expression of epithelial markers and gain of
esenchymal phenotype.
We next validated the differences in miR-200c-141 expression in
wly formed branching and mesenchymal structures from 3D

cultures. D4
was isolated
ent time po
time points
where exte
colony grow
200c and m
relative to
and BRENCS were co-cultured in 3D rBM and RNA
m branching and spindle-like colonies at two differ-
after 14 and 21 days in culture (Fig. 1E). These two
resent different phases of the branching process
branching is occurring on day 14, but on day 21

nd branching has stopped. qPCR confirmed that miR-
41 are downregulated in mesenchymal structures
ching structures at day 14 but on day 21 miR-141
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xpression is downregulated in both branching and mesenchymal
tructures while miR-200c remains unchanged. The reason for
ownregulation of miR-141 during branching at this time point is
nclear. It has however been shown that miRNAs biogenesis is under
trict control and subject to many post-transcriptional regulation
echanisms (Ha and Kim, 2014).

he promoter region of miR-200c-141 is methylated in D492M but
ot in D492

Gene silencing by CpG methylation is widely used by cells to
uppress gene expression. Recent papers have shown that the
xpression of the miR-200 family can be regulated through
ethylation of its CpG rich promoter region (Vrba et al., 2010;
iklund et al., 2010). To see if this was the case in D492M we
isulfite sequenced the CpG islands in the promoter area of the
iR-200c-141 and as shown in Fig. 2A methylation occurs only in

D492M (Fig
showing th
methylatio
repression

To asses
D492M, w
5-azacytidi
showed tha
in D492M
K14 and K
Similarly m
D492M afte
the express
after treatm
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at the miR-
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492M, suggesting that methylation might play a role in the dif-
rential expression. The promoter of E-cadherin is commonly
ethylated during EMT but bisulfate sequencing showed that
either D492 nor D492M were methylated at the E-cadherin
romoter (Fig. 2A). CpG islands in the other miR-200 family pro-
oters, miR-200ba-429 were methylated in both D492 and

Having show
down-regulated
locus is methy
ectopically expr
and monitor th
stemness in ou

ig. 2. The promoter region of miR-200c-141 is methylated in D492M. (A) The promoter area of miR-20
ethylation at the promoter region of E-cadherin in D492 and D492M. In contrast the promoter region of
41 expression is reduced. The color column on the right indicates percentage levels of methylation at Cp
zacytidine (5-Aza) treatment of D492M partially reverses the EMT phenotype. Immunostaining for E-cad
artially reestablished in D492M after treatment with a demethylation agent (5-aza). Cells were counters
ain of epithelial phenotype in 5-aza treated cells as seen by increased expression of E-cadherin, K14 and K1
xpression (right). Actin was used as a loading control. (C) 5-Aza treatment of D492M induces expression
A). These data are consistent with previous reports,
he miR-200c-141 cluster is regulated by promoter
hile histone methylation is more important for
he miR-200ba-429 cluster (Davalos et al., 2012).
he methylation effects on the EMT phenotype in
eated D492M cells with the demethylation agent
5-aza). Phenotypic characterization after treatment
e epithelial phenotype could be partially restored
emonstrated by expression of EpCAM, E-cadherin,
and reduced expression of N-cadherin (Fig. 2B).
200c expression was significantly upregulated in
-aza treatment (Fig. 2C) but there was no change in
of miR-141 which remained very low before and
. The expression of p63 was unchanged after 5-aza
lfate sequencing showed reduction of methylation
c-141 promoter after 5-aza treatment (Fig. S2B).

5) 150–161
n that both miR-200c and miR-141 are markedly
in D492M and that the miR-200c-141 promoter

lated, suggesting a regulated event, we decided to
ess the miR-200c-141 locus in both D492 and D492M
e effect on morphogenesis, epithelial integrity and
r breast stem cell model.

0c-141 is methylated in D492M. Bisulfite sequencing shows no
miR-200c-141 is methylated D492M only, where miR-200c and
G island promoter areas in E-cadherin and miR-200c-141. (B) 5-
herin and EpCAM (green) (left) demonstrates that expression is
tained with TO-PRO-3 nuclearstain. Western blot demonstrated
9 and decreased expression of N-cadherin but no change in p63
of miR-200c. U6 as loading control.
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verexpression of miR-200c-141 in D492 prevents endothelial
duced EMT

Partial EMT (p-EMT) is a process previously described in wound
aling and mammary tubulogenesis during branching morpho-
nesis (Leroy and Mostov, 2007). Our data shows that miR-200c
d miR-141 are highly expressed in D492 to a level of approxi-
ately two fold that of primary breast epithelial cells (Fig. S3A).
owever miR-200c-141 could be locally downregulated at branching
s during branching morphogenesis as consequence of p-EMT.
cal downregulation is not expected to influence levels of total
iRNA and hence would not be detected in qPCR (Fig. 1E). To test if
cal downregulation of miR-200c and miR-141 is necessary for
anching we constitutively overexpressed miR-200c-141 in D492
ig. 3A) thereby inhibiting possible partial downregulation by sub-
pulation of cells. D492miR-200c-141 cells showed no differences in
orphology in 2D culture (Fig. 3A) or in expression of critical epi-
elial markers (Fig. S3B). When embedded into rBM D492miR-200c-

1 showed a similar phenotype as D492empty (Fig. 3B). However, in
ntrast to D492empty, D492miR-200c-141 was unable to undergo EMT
hen cocultured with BRENCS and only formed branching struc-
res, showing the efficiency of miR-200c-141 to maintain epithelial
tegrity and prevent EMT (Fig. 3C). We conclude that down-reg-
ation of miR-200c-141 is necessary to undergo EMT, but not for
anching morphogenesis in the breast.

topic expression of miR-200c-141 in D492M induces luminal
ithelial differentiation

To understand the importance of miR-200c-141 silencing in
aintaining the mesenchymal phenotype seen in D492M, we con-
itutively overexpressed miR-200c-141 in D492M (Fig. 4A). Re-
pression of miR-200c-141 in D492M reversed the mesenchymal

phenotype a
monolayer
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mura et al.,
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D492MmiR-
and are resi

To evalu
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generates m
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those gener
upper pane
typical mes

g. 3. Overexpression of miR-200c-141 in D492 inhibits EMT, but does not affect branching. (A) qPCR
92M cells were transduced with a lentiviral construct containing miR-200c-141 (D492miR-200c-141

92miR-200c-141 than in D492empty cells. miRNA levels were normalized to U6. (B) D492miR-200c-141 ce
92empty. (C) D492miR-200c-141 are resistent to EMT in coculture with endothelial cells. D492miR-200c-

92empty form branching and mesenchymal colonies in coculture.
ing reemergence of cuboidal epithelial phenotype in
re and increased expression of luminal epithelial
, E-cadherin, K19) and decreased expression of
4A and B). Interestingly, D492MmiR-200c-141 does not
epithelial keratins K5/6 and K14. Faint expression of
on western blot (Fig. 4B). Furthermore, D492MmiR-

reestablish expression of the myoepithelial tran-
p63 that is known to regulate expression of basal
s K14 and P-cadherin (Romano et al., 2007; Shimo-
8). Further characterization showed that the level of
ription factors, and targets of miR-200c and -141,
were decreased (Fig. S4A). These data indicate that
particularly important for maintaining the luminal
type. In order to support this further we analyzed
of miR-200c and -141 in purified primary luminal-
ial cells. The expression was 15–260 fold higher in
tive luminal epithelial cells compared to the EpCAM
containing the myoepithelial cells (Fig. 4C). Having
ed expression of mir-200c-141 in D492M reestab-
al epithelial phenotype we evaluated its effect on the
tial of D492M and the ability of the cell line to
elial-induced EMT.

c-141 cells form epithelial-like colonies in 3D culture
t to endothelial-induced EMT

the morphology of D492MmiR-200c-141 in 3D culture
s into rBM. In contrast to D492Mempty that only
nchymal/spindle-like structures, D492MmiR-200c-141

l structures that, however, are not as complex as
from the original D492 cell line (compare Fig. 4D

d Fig. 1A). Immunocytochemistry demonstrated a
ymal phenotype in the D492Mempty cells as shown

ysis verifies the overexpression of miR-200c and -141 in D492.
ression levels of miR-200c and -141 were 2–3 fold higher in
ltured in rBM monoculture form branching colonies similar to
ly form branching structures in coculture with BRENCS while
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Fig. 4. Forced expression of miR-200c-141 induces luminal epithelial differentiation. (A) Overexpression of miR-200c-141 in D492M induces epithelial morphology in 2D
culture. D492M cells were transduced with a lentiviral construct containing miR-200c-141 (D492MmiR-200c-141). The expression was 300–500 fold higher in D492MmiR-200c-141

than in D492Mempty cells. Phase contrast image of D492MmiR-200c-141 shows cuboidal epithelial phenotype in culture. miRNA levels were normalized to U6. Bar¼100 mM.
(B) D492MmiR-200c-141 acquires luminal epithelial phenotype. Western blot demonstrates expression of E-cad, EpCAM and K19 in D492MmiR-200c-141 cells. In contrast little or
no expression of p63, K14, K5/6, or K17 is seen. Also, the expression of the EMT markers N-cad and SNAIL is reduced compared to D492Mempty. Actin was used as a loading
control. (C) miR-200c and miR-141 are luminal epithelial markers in the breast. qPCR analysis shows that EpCAM positive cells (luminal), express 5–7 fold more miR-200c
and 40–120 fold more miR-141 than EpCAM negative cells (myoephithelial). Measurement was done in paired luminal and myoepithelial cells from three different biopsies.
miRNA levels were normalized to SNORD48. (D) D492Mempty and D492MmiR-200c-141 form spindle and irregular branching like structures in 3D rBM culture, respectively.
Immunostaining shows vague expression of N-cad (green) and strong E-cad (red) expression in D492MmiR-200c-141. Note the lack of polarity in N-cad expression (compared
with Fig. 1A). D492MmiR-200c-141 retain K19 (red) expression in 3D culture but lack expression of K17 (green). Cells were counterstained with TO-PRO-3 nuclearstain.
Bar¼100 mM.
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y N-cadherin expression and lack of K14, K19 and E-cadherin
xpression. The D492MmiR-200c-141 cells showed a weak overall
-cadherin in 3D culture staining unlike D492 cells that expresses
-Cadherin particularly at the interface between lobular units.
492MmiR-200c-141 cells are E-cadherin positive and K19 positive,

but negati
entiation in
blot analys
not mesenc
cocultured
for K17, confirming lack of myoepithelial differ-
e cells. These results were confirmed by western
owing expression of luminal epithelial markers but
al or myoepithelial markers in 3D (Fig. S4B). When

h BRENCs previously shown to induce EMT in D492
137
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igurdsson et al., 2011), D492MmiR-200c-141 forms branching- and inhibited, p

B. Hilmarsdóttir et al. / Developmental Biology 403
lid round colonies but not mesenchymal colonies (Fig. S5A–C).
further examine the role of miR-200c-141 in epithelial differ-
tiation we treated D492 with miRNA inhibitors for miR-200c
d miR-141 for 24 h and monitored the effect on known target
nes (ZEB1 and ZEB2) and epithelial markers (Fig. S6). Significant
anges were seen in ZEB2 expression, but there was no change in
cadherin, N-cadherin, K14 and K19. ZEB1 expression was absent
both miR-200c-141 inhibitor treated D492 and the control D492
ll line. This data suggests that miR-200c-141 was only partly

resulting in m
enough to indu

p63 expression
of myoepithelial

The fact that
epithelial differ
what regulates

g. 5. Forced expression of ΔNp63 induces myoepithelial differentiation. (A) ΔNp63 overexpression has lit
ere transduced with a lentiviral construct containing ΔNp63 (D492MΔNp63). The expression levels of ΔNp6
ase contrast image of D492MΔNp63 shows minor effect of ΔNp63 overexpression on cell morphology. miRN
quires myoepithelial phenotype. Western blot shows strong expression of the myoepithelial markers p
pression of the EMT marker N-cad is reduced compared to D492Mempty. Actin was used as a loading co
lonies. D492MΔNp63 form structures with slightly more dense morphology than D492M, but retain the
ows strong expression of E-cad (red) and K17 (green) but lack of N-cad (green) and K19 (red) expre
r¼100 mM.
tially because of their high expression in D492,

) 150–161 157
oderate effect in downstream targets, but not
ce phenotypic changes in D492.

is necessary and sufficient for establishment
differentiation in D492M

miR-200c-141 was only able to rescue the luminal
entiation in D492M left us with the open question
the myoepithelial differentiation in D492. p63 is a

tle effect on morphology of D492M in 2D culture. D492M cells
3 were 50 fold higher in D492MΔNp63 than in D4922� empty cells.
A levels were normalized to U6. Bar¼100 mM. (B) D492MΔNp63

63, K17 and P-cadherin and a vague K14 expression. Also, the
ntrol. (C) D492MΔNp63 cell in rBM monoculture form irregular
mesenchymal morphology of the parental cell line. IF staining
ssion. Cells were counterstained with TO-PRO-3 nuclearstain.
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nown regulator of basal cells in number of epithelial organs such
s the skin, lung, salivary glands and breast (Candi et al., 2008).

epithelial
induced ex
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lthough the expression of p63 is associated with myoepithelial
ells in the breast the functional role of this transcription factor in
yoepithelial differentiation has not been thoroughly explored.
Np63 is downregulated in D492M compared to D492 (Fig. S7).
e therefore overexpressed ΔNp63 in D492M (Fig. 5A). Expres-

ion of ΔNp63 in D492M resulted in a switch from N-cadherin to
-cadherin (Fig. 5B). Moreover D492MΔNp63 cells expressed the
yoepithelial markers K17 and P-cadherin but lack the luminal

much lesser e
ectopic express
pithelial marke
et al., 2009). In
tures with slig
retain the mes

To confirm
of D492M we

ig. 6. Co-expression of mir-200c-141 and ΔNp63 induces LEP and MEP differentiation. (A) Co-expression
ansduced with a lentiviral construct containing ΔNp63 (D492MmiR-200c-141-ΔNp63). Phase contrast image of
ulture. miR-200c, miR-141 and ΔNp63 expression levels were 50–1700 fold higher in D492MmiR-200c-141-Δ

ormalized to U6. Bar¼100 mM. (B) miR-200c-141 and ΔNp63 coexpression induces expression of luminal a
f the myoepithelial markers p63, K5/6, K17 and P-cadherin and a vague K14 expression in D492MmiR-200c-14

ctin as loading control. (C) D492MmiR-200c-141-ΔNp63 cells in rBM monoculture form irregular branching colo
-cad (red) D492MmiR-200c-141-Δp63. Note the lack of polarity in N-cad expression (compared with Fig. 1A). D
nd myoepithelial marker K17 (green). Cells were counterstained with TO-PRO-3 nuclearstain. Bar¼100 m
ker EpCAM. Upregulation of ΔNp63 in D492M

5) 150–161
xtent than miR-200c-141 (Fig. 4B). Surprisingly,
ion of ΔNp63 did not result in K5/6 or K14 myoe-
r expression as reported in other organs (Romano
3D rBM culture the D492MΔNp63 cells form struc-
htly more dense morphology than D492M, but
enchymal morphology of the parental cell line.
our results implicating ΔNp63 in linage decision
used lentiviral vector to knock down p63 in D492

of miR-200c-141 and ΔNp63 in D492M. D492MmiR-200c-141 were
D492MmiR-200c-141-ΔNp63 shows cuboidal epithelial phenotype in
Np63 than in D4922� empty cells, respectively. miRNA levels were
nd myoepithelial markers. Western blot shows strong expression
1-ΔNp63. The luminal markers EpCAM and K19 are also expressed.
nies. Immunostaining shows co-expression of N-cad (green) and
492MmiR-200c-141-ΔNp63 expresses both luminal marker K19 (red)
M.
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ig. S8A). Downregulation of p63 in D492 reduced expression of
cadherin, P-cadherin and K14 but did not influence the levels of
N-cadherin and K19 (Fig. S8B and C).

-expression of mir-200c-141 and ΔNp63 in rescues the luminal–
yoepithelial phenotype and induces branching

In an attempt to restore both luminal- and myoepthelial differ-
tiation in D492M we transduced D492M with lentiviral vectors for
e constitutive expression of miR-200c-141 and ΔNp63 (Fig. 6A).
iR-200c-141 and ΔNp63 expression in D492M induced expression
various luminal and myoepithelial markers (Fig. 6B). Expression of
y epithelial markers was similar to that found in D492. Interest-
gly, co-expression of these genes induces expression of K5/6 and
4, that were not expressed in D492MmiR-200c-141 or D492MΔNp63. In
rBM culture the D492MmiR-200c-141-ΔNp63 cells form epithelial

ructures with more mature branching than previously seen, but
t as complex as D492 (Fig. 6C). Immunofluorescent staining of
492M expressing both miR-200c-141 and ΔNp63 shows induced
pression of both K17 and K19 (Fig. 6C).
In regular 3D rBM culture, colonies result from the growth of a

ngle cell. To further investigate the branching potential of
492MmiR-200c-141-ΔNp63 we applied a cluster assay in which case the
lls were preclustered in ultra-low adhesion plates for 24 h prior to
eding into matrigel. This assay allows the cells pre-arrange in
ulti-cell clusters before 3D culture. After 8 days culture period
der this condition D492, D492Mempty, D492MmiR-200c-141 and
492MΔNp63 form similar structures as described before, however,
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492MmiR-200c-141-ΔNp63 forms elaborate branching structures similar
D492 (Fig. 7A) which show overall expression of E-cad, K17 and

lls a
mon
-200
e tum
ry t
1, w
low
sult
sion
in t
t in
mpt
orcin
ndo
anch
expr

ression of mir-200c-141 and ΔNp63 in rescues the luminal–myoe-
otype and induces branching. (A) D492MmiR-200c-141-ΔNp63 form epi-
ing structures in cluster assay. Cells were preclustered in an ultra low
e for 24 h, embedded into matrigel and cultured for 8 days.
c-141-ΔNp63 form elaborate branching structures similar to D492 (see
D492M form mesenchymal structures in cluster assay (upper bright
P). Bar¼100 mM. (B) Expression of luminal and myoeithelial markers
200c-141-ΔNp63. Immunostaining shows low N-cad (green) and strong
pression in D492MmiR-200c-141-Δp63 as well as K17 (green) and K19
ion. Cells were counterstained with TO-PRO-3 nuclearstain.
19 (Fig. 7B). Thus ectopic expression of both miR-200c-141 and
Np63 is necessary and sufficient to induce branching phenotype in
492M similar to D492.

iscussion

In this study we have identified critical elements controlling
try to the EMT program in breast epithelium using a model based
the human epithelial stem cell line D492. We found that forced
pression of miR-200c-141 suppressed EMT in D492 and converted
mesenchymal derivative D492M towards epithelial phenotype of
e luminal type. While expression of the miR-200c-141 construct
d not rescue the branching potential of the original cell line,
ditional up-regulation of the myoepithelial marker ΔNp63 had a
mplimentary effect by restoring branching capacity. The results
monstrate the importance of miR-200c-141 for breast epithelial
tegrity in general and luminal epithelial differentiation in parti-
lar. They also underline the requirement for both luminal and
yoepithelial elements for obtaining full branching morphogenesis
breast epithelium.
Our study was inspired by our initial observation showing that

e permanent conversion of D492 to D492M was accompanied by
amatic down-regulation of the miR-200c-141 locus previously
ked to epithelial integrity. After confirming our initial findings we
monstrated that the down-regulation is caused by methylation-
sed repression of the miR-200c-141 promoter. Previous studies are
so in line with our data showing that GpC-rich promoter areas for
iR-200c-141 are frequently methylated during EMT (Castilla et al.,
12; Vrba et al., 2010). Castilla et al. have shown that the miR-200c-
1 locus is frequently hypermethylated in triple negative breast
ncer and metablastic breast cancer both cancer subtypes showing
ominent EMT phenotype. They also demonstrated hypermethyla-
n of the miR-200-141 locus in cellular model of spontaneous EMT
astilla et al., 2012). Vrba demonstrated that CpG island is unme-
ylated in promoter area of human miR-200/miR-141 expressing

epithelial ce
also also de
human miR
141 negativ

In prima
and miR-14
were much
with the re
141 expres
dominantly
lesser exten

Our atte
in EMT by f
bition of e
undergo br
struct was

Fig. 7. Co-exp
pithelial phen
thelial branch
adhesion plat
D492MmiR-200

Fig. 1A) while
field, lower GF
in D492MmiR-

E-cad (red) ex
(red) express
Bar¼100 mM.
nd in miR-200c/miR-141 positive tumor cells. They
strated that the CpG island is heavily methylated in
c/miR-141 negative fibroblasts and miR-200c/miR-
or cells (Vrba et al., 2010).

issue, we found that expression levels of miR-200c
as strong in luminal breast epithelium but levels
er in the myoepithelial compartment. This is in line
s of Bockmeyer et al. who showed that miR-200c-
in tissue from reduction mammoplasty was pre-
he luminal epithelial compartment and to a much
myoepithelial cells (Bockmeyer et al., 2011).
to demonstrate the regulatory role of miR-200c-141
g its expression in D492 resulted in complete inhi-

thelial induced EMT, while allowing the cells to
ing morphogenesis. When the miR-200c-141 con-
essed in D492M, it reestablished luminal epithelial
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roperties, accompanied with resistance towards endothelial
duced EMT. However the inability of D492MmiR-200c-141 to restore
ll branching potential of the original cell line encouraged further
earch for complementary regulatory elements.

The strict commitment of D492MmiR-200c-141 to luminal differ-
ntiation suggested that either stem cell or myoepithelial/basal ele-
ents were missing for restoring the original branching potential.
he p63 protein is being increasingly recognized as a master reg-
lator of basal epithelial cells in stratified epithelium including skin,
ng, prostate and the mammary gland (Blanpain and Fuchs, 2007;
enoo et al., 2007). Indeed, basal cells are considered stem cell or
rogenitor population in these organs (Blanpain and Fuchs, 2014). In
e mammary gland, p63 is highly expressed in the basal layer that
omprises both differentiated myoepithelial cells and candidate stem
r progenitor cells (Yallowitz et al., 2014). Studies have revealed an
portant role for p63 during mammary gland development in both
fant and adult mice. p63 knockout mice lack the mammary gland
ompletely as consequence of absence of squamous epithelia and
ey are consequently not viable (McKeon, 2004; Yang et al., 1999).
the adult gland, Forster et al. showed that basal/myoepithelial cell

pecific p63 knock-out in virgin mice caused defects in luminal cell
roliferation and differentiation resulting in failed lactation (Forster
t al., 2014). Although expression of p63 is associated with myoe-
ithelial and progenitor cells in the breast, its expression in the basal
ompartment is essential for luminal cell formation highlighting the
portance of both cell types for TDLU formation in the breast. Since

63 expression is also down-regulated in D492M relative to D492
e hypothesized that restoration of the p63 protein levels would
ontribute to the branching potential. Forced expression of ΔNp63 in
492M resulted in increased expression of myoepithelial markers
ithout influencing branching capacity. Simultaneous overexpre-
sion of miR-200c-141 and ΔNp63 in D492M resulted in complete
eversion of the mesenchymal phenotype and D492MmiR-200c-

1ΔNp63 had the same profile of critical epithelial markers as D492.
urthermore, D492MmiR-200c-141ΔNp63 was able to carry out complex
ranching morphogenesis in pre-clustered 3D assay.
In our study we demonstrate miR-200c-141 and p63 are strong

egulators of luminal epithelial- and myoepithelial differentiation,
espectively and coexpression of these molecules in D492M cap-
re the branching morphogenesis seen in wild type D492. When
492 cells undergo EMT they lose stem cell properties measured
y the ability to generate both luminal- and myoepithelial cells.
We have shown that in D492, EMT is associated with marked

epression of the miR-200c-141 locus. Although the mesenchymal
henotype could be reversed with re-expression of miR-200c-141,
e cells regain only the luminal epithelial phenotype suggesting
at the bi-potential stem cell phenotype is dependent on addi-
onal factors. The reintroduction of transcription factor p63 into
492M induced mesenchymal to epithelial transition (MET) with a
yoepithelial phenotype.
Recently, Shimono et al. showed that microRNAs including

iR-200 family were downregulated in breast cancer stem cells
nd normal breast epithelial stem cells. In line with our results,
ey showed that miR-200c inhibited the ability of stem cells to
enerate mammary ducts and form tumors (Shimono et al., 2009).
lthough D492MmiR-200c-141 re-adapts the epithelial phenotype it
unable to generate branching structures at the same level as the
arental cell line D492, possibly because of the requirement for
asal/myoeptihelial factors in full branching. Interestingly, along
ith the fact that miR-200 family preserves epithelial integrity in
ormal tissue such as the breast gland and may as such act as
mor suppressors there are accumulating data showing that
ese miRNAs facilitate colonization and metastases of distant
rgans including the lung (Dykxhoorn et al., 2009; Korpal et al.,
011). This indicates that regulation of the miR-200 family may be
ontext dependent both spatially and temporally.
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Supplementary table 2. 
 
Bisulfite genomic sequencing primers 
 
E-cadherin – outer primers 
 
E-cadh-Ytri -5F– 5´-TGAAAGAGTGAGATTTTATTTTTAAAA-3´  
E-cadh-Ytri-5R – 5´-ACTCCAAAAACCCATAACTAACC-3´  
 
E-cadherin – inner primers 
 
E-cad-nest1F – 5´-GATTTTAGGTTTTAGTGAGTT-3´  
E-cadnest2/4R – 5´-GGAAACAGCTATGACCATGAACTCCAAAAACCCATAACTAA-3´   
 
mir-200c-141 – outer primers 

 
miR-200c-141-1F – 5´-TTATTTTTTGGGGGTAGGTGGGTT-3´  
miR-200c-141-1R – 5´-CAAAAACAAAAACCTCCATCATTACC-3´  
 
mir-200c-141 – inner primers 
 
miR-200c-141-2F – 5´-AAGGTTATTAGGGGAGAGGTTT-3´   
miR-200c-141-2R – 5´-CTTCAAACCCAAAATCCCTA-3´  
 
mir-200ba-429 – outer primers 
 
miR-200b-429- Y-2F   TAGAGGGAAGAATTTGAGTGTT 
miR-200b-429- Y-2R    TTAAAATATTAAATTAATCATCACC 
 
mir-200ba-429 – inner primers 
 
miR-200b-429-2F   GGGGAGGGTTGGATTTTATAT  
miR-200b-429-2R    CCCCAACAAAAAATTCTCTA 
 
 
Inner E-cadherin primers obtained from (1) 
Inner miR-200ba-429 and inner miR-200c-141 primers obtained from (2) 
 
 
 
SYBR green qPCR primers: 
 
GAPDH fwd   5´-AGCCACATCGCTCAGACAC-3´ 
GAPDH rev    5´-GCCCAATACGACCAAATCC-3´ 
E-cad fwd         5´-TCAGAATGACAACAAGCCC-3´ 
E-cad rev          5´-ACAGAGGTTCCTGGAAGAG-3´ 
N-cad-fwd  5´-TGGGAATCCGACGAATGG-3´ 
N-cad-rev  5´-TGCAGATCGGACCGGATACT-3´ 
K14-fwd  5´-GATGCGTGACCAGTATGAG-3´ 
K14-rev  5´-TTCAGCTCCTCTGTCTTGG-3´ 
K19-fwd  5´-CATGAGGAGGAAATCAGTACG-3´ 
K19-rev  5´-TATTGGCTTCGCATGTCAC-3´ 
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RT-PCR primers 

 

CDH1_F – 5´-TGGACAGGGAGGATTTTGAG-3´  

CDH1_R – 5´-ACCCACCTCTAAGGCCATCT-3´  

ZEB1_F  - 5´-CCAGTTGTAAATGTAATCCCAC-3´  

ZEB1_R – 5´-CTTGTCTTTCATCCTGATTTCC-3´  

ZEB2_F  - 5´-TGTAGATGGTCCAGAAGAAATG-3´  

ZEB2_R – 5´-CCATTGTTAATTGCGGTCT-3´  

VIM_F – 5´-GGCTCAGATTCAGGAACAGC-3´  

VIM_R – 5´-GCTTCAACGGCAAAGTTCTC-3´  

18S_F – 5´-GTAACCCGTTGAACCCCATT-3´  

18S_R – 5´-CCATCCAATCGGTAGTAGCG-3´  

GAPDH_F – 5´-CAAGATCATCAGCAATGCCT-3´  

GAPDH_R - 5´-AGGGATGATGTTCTGGAGAG-3´  

 

All RT-PCR primers obtained from (3) 
 

Primers for ampification of miR200c-141 for cloning into the pLVTHM vector: 

 

miR200C-141 F – MluI -  5´-GTGGGTAAACGCGTGTGTGTC-3´     
miR200C-141 R – ClaI - 5´-GGATCAATCGATCTCATGTCCC-3´  
 

Respective restriction enzyme were used to clone the PCR product into the pLVTHM vector 
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Abstract 

 

Protein tyrosine phosphatase 1B (PTP1B) has been linked to breast 

cancer both as a tumor suppressor and as an oncogene. Currently there 

is limiting information about the role of PTP1B in normal human breast 

epithelial cells. In this study, we analyzed the PTP1B expression in 

normal breast tissue, primary cells and cell lines, including D492, a 

breast epithelial cell line with stem cell properties that form branching 

structures in three-dimensional reconstituted basement membrane (3D 

rBM). In normal breast tissue, PTP1B is widely expressed in both 

epithelial and stromal cells.  The expression is higher in 

myoepithelial/basal cells compared to luminal epithelial cells.  The 

expression is also abundant in stromal cells such as endothelial cells and 

fibroblasts. In D492 PTP1B is widely expressed in branching structures in 

3D with higher expression associated with the lobular ends. Inhibition of 

PTP1B in D492 with a a specific PTP1B inhibitor induced anoikis, i.e. 

programmed cell death when anchorage dependent cells detach from the 

surrounding matrix. These changes were both seen when cells were 

cultured in monolayer and in 3D culture.  A mesenchymal subline of 

D492 (D492M) was more sensitive to PTP1B inhibition than D492. Also, 

PTP1B inhibition affected expression of cell adhesion proteins and actin 

polymerization. In conclusion, we have shown that PTP1B is widely 

expressed in the human breast gland with highest expression in 

myoepithelial cells. Inhibition of PTP1B in D492 breast epithelial stem cell 

line affects cell-cell adhesion and induces anoikis-like effects making 

PTP1B an important survival marker of breast epithelial cells in culture.  
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Introduction 

Protein tyrosine phosphatases (PTPs) and Receptor tyrosine 

kinases (RTKs) modulate cellular levels of tyrosine phosphorylation and 

regulate many cellular events such as differentiation, cell growth, motility 

and proliferation. Until recently, PTPs have received much less attention 

than RTKs although their importance has been widely acknowledged 

(Barr et al., 2011). Regulation of the balance between tyrosine 

phosphorylation and dephosphorylation within cells is important for 

numerous cellular processes and are involved in a number of human 

diseases (Bartholomew et al., 2005).  

Protein tyrosine phosphatase 1B (PTP1B) is a 50kDa non 

receptor phosphatase localized predominantly in the cytoplasmic surface 

of the endoplasmic reticulum, anchored via its C-terminal region 

(Hernández et al., 2006). PTP1B has a major role in down-regulating 

insulin and leptin signaling (Kenner et al., 1996).  PTP1B 

dephosphorylates the insulin receptor, thus terminating the downstream 

signals from this receptor. PTP1B deficient mice are hypersensitive to 

insulin and resistant to obesity induced by a calorie-rich diet (Tonks, 

2003).  For this reason PTP1B has received much attention for the last 

few years as a novel therapeutic target for the treatment of diabetes and 

obesity.  Consequently, PTP1B has been in the spotlight as a potential 

drug target and there are numerous inhibitors against PTP1B at various 

stages of development (Tamrakar et al., 2014). 

PTP1B has also a role in other signaling pathways such as 

growth factor and integrin mediated processes as well as cancer 

development (Lessard et al., 2010; Stuible et al., 2008).  At first it was 

believed that PTP1B was a tumor suppressor given it´s activity to 

dephosphorylate proteins and the fact that PTP1B has been implicated in 
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downregulation of signaling through several receptor tyrosine kinases 

(RTKs) (Ostman and Böhmer, 2001).  This has not been supported in 

mouse models where PTP1B-deficient mice do not spontaneously 

develop tumors (Dubé and Tremblay, 2004).  On the contrary, two 

papers in 2007 revealed PTP1B as a positive mediator of the ErbB2-

induced signals that trigger breast tumorigenesis (Bentires-Alj and Neel, 

2007; Julien et al., 2007).  Substrate trapping and biochemical studies 

have identified various substrates of PTP1B involved in cell adherence 

and matrix attachment. For example PTP1B regulates intracellular 

protein tyrosine kinases like focal adhesion kinase (FAK), Src and 

adaptor proteins like b-catenin and p130Cas (Balsamo et al., 1996; 

Burdisso et al., 2013; Liu et al., 1996). PTP1B has been shown to 

interact with integrin complexes and localize to early cell matrix adhesion 

sites (Hernández et al., 2006).  Mouse fibroblasts that expressed 

dominant negative form of PTP1B had small matrix sites, were impaired 

in cell spreading and they also had reduced Src activity.  This data 

suggests that PTP1B is an important regulator of integrin signaling 

pathways making it important for adhesion, spreading and formation of 

focal adhesion (Arregui et al., 1998).  Cells derived from PTP1B KO mice 

also show defects in cell spreading (Cheng et al., 2001).   

In this study a breast epithelial cell line, D492, was treated with a 

selective PTP1B inhibitor. Inhibiting PTP1B in D492 lead to apoptotic cell 

death with morphological characteristics of anoikis, cell death induced by 

loss of extracellular matrix attachment. Furthermore we show that PTP1B 

inhibition reduces expression of adhesion molecules in D492. D492M, a 

mesenchymal subline of D492 proved to be more sensitive to PTP1B 

inhibition.   
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Material and Methods 

 

Cell culture 

D492 and D492M were cultured in the chemically defined  medium 

H14 (Blaschke et al. 1994) unless indicated otherwise.   

Primary endothelial cells were isolated as previously described 

(Sigurdsson et al 2006) and cultured in EBM-2 basal medium (Lonza), 

containing 50IU/ml penicillin, 50 μg/ml streptomycin.  The EBM medium 

was supplemented with 5% FBS.  Primary luminal epithelial cells were 

cultured in the chemically defined medium CDM3 ((Petersen and van 

Deurs 1987, 1988)    Primary myoepithelial cells (MEP) where cultured in 

the chemically defined medium CDM4 (Petersen and van Deurs, 1988). 

For three-dimensional cultures 10.000 D492 cells were plated separetly 

inside rNM (Matirgel, Becton Dickinson).  Experiments were carried out in 

24-well dishes (Falcon) using 300 μl Matrigel in which single cells were 

suspended.   

For staining of 3D structures, the Matrigel was dissolved with matrigel 

lysis buffer on ice at mild rotation for 20-60 minutes. Branching structures 

were then spun down in pre-cooled rotator at 1000 rpm for 5 minutes at 

2°C. The structures were then re-suspended in 30µl PBS and left to dry 

on glass slides (Lee et al., 2007). 

 

Materials 

PTP1B inhibitor (#539741) was purchased from Calbiochem and 

Camptothecin from sigma (#C9911).  PTP1B rabbit polyclonal antibody 

was from R and D systems and PTP1B mouse IgG1 antibody was from 

BD bioscience, Src (phsopho 529), actin, GAPDH and ErbB2 antibodies 

and CK14 were from Abcam.  CK18 and Vimentin were from DAKO and 
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β4-integrin was from Sigma-Aldrich.  F-actin was stained with conjugated 

phalloidin (Invitrogen).  Isotype specific secondary antibodies were from 

Invitrogen as well as TOPRO-3 nuclear counterstain. Specimens were 

visualized on a Zeiss LSM 5 Pascal laser-scanning microscope (Carl 

Zeiss). 

 

Quantitative RT-PCR 

Total RNA was extracted with Tri-Reagent (Ambion). The RNA was 

DNAase treated and reverse transcribed with Hexanucleotide primers 

using Supercript II and superscript IV (ThermoFischer). Resulting cDNA 

was used as template for qPCR. Primer pairs and probes from Applied 

Biosystems (TaqMan) where used for PTPN1 (HS00182260_m1) and 

GAPDH (4326317E) as endogenous reference gene.  

 

Western blot analysis 

Protein lysates were acquired using RIPA lysis buffer supplemented 

with both phosphatase and protease inhibitor cocktails (Life 

Technologies). Equal amounts (5 μg) of proteins in RIPA buffer were 

separated on 10% NuPage Bis-Tris gels (Invitrogen) and transferred to a 

PVDF membrane (Invitrogen). Antibodies: E-Cad (BD), PTP1B (BD), 

pSrc527 (CellSign), Claudin (Zymed), Occludin (Zymed), b-catenin 

(Biolegend), Actin (Abcam) were used. Secondary antibodies were 

horsesadish peroxidase-conjuagetd anti-mouse or rabbit (BD scientfic) 

used at dilution 1:10.000. The protein bands were visualized using 

enhanced chemiluminescence (ECL) system (Thermo Scientific).   

 

Cell growth curve with PTP1B inhibitor 
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D492 cells were plated at 70% confluency per well in a 24-well 

plate in growth media.  One day after plating, the media was replaced 

with H14 media  and treated with containing DMSO or indicated 

concentration of inhibitor.  For each time point, cells were fixed with 

250μl of crystal violet solution (0.25% crystal violet in 20% methanol. 

Ffixed cells were then incubated in 500μM lysis solution (33% acetic 

acid) for 10 minutes.  To quantitate the amount of crystal violet in each 

sample the optical density at 570 nm was determined using the 

spectrophotometer.    

 

Apoptosis assay 

Analysis of annexin V/PI binding was determined using Annexin 

V-FITC apoptosis Detection Kit I (BD Pharmingen).  D492 cell line was 

treated with DMSO or indicated concentrations of PTP1B inhibitor for 

48hrs.  Cells were harvested and resuspended in Binding buffer at 

concentration 1x106 cells/ml.  Later, 2.5 μl of Annexin V were added to 

100 μl of suspension and  incubated at RT in the dark for 15 minutes.   

400 μl of 1 x Binding buffer were added to each tube and 2.5 μl of 

propidium iodide (PI) just before 10.000 cells from each tube were 

analyzed in FACS-Calibur, BD Bioscience.  Data were processed using 

FCSexpress (De novo software).   

 

CFSE based cell proliferation 

Proliferation was assessed with CellTrace CFSE Proliferation Kit 

– for flow cytometry (Invitrogen).  D492 was resuspended in 1 ml PBS 

with 0.1% BSA at 106/ml cells and CFSE dye added to the cells in a final 

concentration of 0.5 μM.  The cells where incubated in a water bath at 

37°C for 10 minutes,  10ml of FBS was added to stop the reaction and 

the cells resuspended in 1 ml of normal growth media and seeded to a 
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24 well plate.  PTP1B inhibitor in a final concentration of 8 μM or 

equivalent amount of DMSO was added to the cells.  Dilution of CFSE 

was measured by counting 10.000 viable cells with FACSCalibur (BD 

Bioscience) for 4 consecutive days. 

 

In situ Proximity Ligation assay 

Colocalization analysis of PTP1B interactions with substrate 

proteins was studied using Proximity Ligation assay (PLA) using the 

Duolink(R) kit (Olink Bioscience, Sigma). D492 cells where treated with 

32uM of the PTP1B inhibitor for 5 hrs, fixed with 4% formaldehyde, 

blocked and incubated with primary antibodies in two different 

combinations: PTP1B mouse BD# 610139) with Src rabbit (CS#2109) 

and PTP1B ravvit (R&D, AF1366) with EGFR mouse (BD#555996) 

overnight, followed by a strandart PLA protocol according to 

manufacturer's instruction. Nuclei were counterstained with DAPI and 

Specimens were visualized on a Olympus fluoview 1200.  For 

quantification of PLA signal, ImageJ was used to quantify the number 

and area of the Duolink puncta, for all experiments, quantifications were 

performed from at least three images. 

 

Live-cell imaging 

D492 cells were seeded directly onto 8-well chamber slides, or 

embedded in Matrigel and seeded into 8-well chamberslides (BD) at 

densities of 3000 cells per well in 100 µL Matrigel. After 10 days in 

culture in a standard incubator, the chamberslide was removed from the 

incubator, treated with the relevant inhibitor and transferred to an 

automated inverted microscope (Leica DMI 6000B) equipped with 

environmental chamber, temperature control module and CO2 regulator 

(Pecon). Images were taken through a 20x objective with a CCD camera 
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(Exi Blue, QImaging) at 10 minute intervals for 50 hours. All microscope 

and camera controls were programmed through the µManager software 

package (Edelstein et al., 2010). Annotated time-laps videos were 

created with the Fiji software package for ImageJ (Schindelin et al., 

2012). 

 

Statistical analysis 

All growth curves were performed in triplicate for statistical accuracy.  

Graphs were created in Excel.  Error bars represent the standard 

deviation of the sample (SD). 
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Results 

PTP1B is ubiquitously expressed in normal breast epithelial cells  

PTP1B has in recent years been linked to both tumorigenesis and tumor 

suppression (Yip et al., 2010) but less is known about its expression and 

function in the normal human breast gland. We show here that PTP1B is 

ubiquitously expressed in epithelial cells in the breast, as well as in 

stroma cells both endothelial cells and fibroblasts. Histochemical staining 

of paraffin wax embedded breast tissue with antibodies against PTP1B 

and cell type specific markers, K14 (myoepithelial), K18 (luminal 

epithelial) and vimentin (myoepithelial and fibroblasts) revealed that 

PTP1B is, at least partially, co-stained with each of these markers 

(Fig.1A). The expression intensity, however, varied between different cell 

populations. Isolated cell population derived from reduction 

mammoplasty show that PTP1B expression is enriched in myoepithelial 

cells and fibroblasts (Fig.1B).  

 

PTP1B inhibition results in apoptosis of D492 breast epithelial cells. 

Given the ubiquitous expression of PTP1B in the human breast gland we 

examined if PTP1B might be important for the proliferation and survival of 

breast epithelial cells. D492 is breast epithelial cell line with stem cell 

properties measured by its ability to generate luminal- and myoepithelial 

cells and to generate branching structures reminiscent of terminal duct 

lobular units (TDLUs) when cultured in 3d rBM. To test the effects of the 

inhibition of PTP1B in D492, a specific PTP1B inhibitor against the 

catalytic function of the protein was used. When analyzed with regard to 

cell growth and proliferation PTP1B inhibition had major effect on the 

survival of D492.  As seen in figure 2A majority of D492 cells treated with 

16μM of PTP1B inhibitor were dead after 72hrs.   



 Hilmarsdottir et al.  manuscript in preparation 

Annexin V apoptosis test clearly demonstrates that the PTP1B inhibitor is 

inducing apoptosis in D492 (Fig. 2B).  DMSO treated culture cells were 

only stained mildly with annexin V and PI (9% and 9%, respectively).  

When treated with 2μM there is slightly increase in annexin V staining but 

no increase in PI staining. There was a drastic change when D492 was 

treated with 8μM of the PTP1B inhibitor, where 26% of the cells stained 

for annexin V and 21% for PI, of which 15% were stained for both 

markers.  This data demonstrates that annexin V/PI staining of cells with 

increasing PTPB inhibitor concentration shows several stages of 

programmed cell death, from early to late apoptosis.  The highest level of 

cell death was observed in D492 cells when treated with 16μM of the 

PTP1B inhibitor. Annexin V/PI staining indicates that the cells are in late 

apoptosis where 27% of cells stain positive for PI and only 12% are 

positive for annexin V.  Interestingly, these apoptoic inducing effects 

were bypassed, if experiments were conducted in medium containing 

serum or serum supplements (Suppl.fig. 1) indicating that this inhibitor is 

not effective in serum containing media. These result indicate that D492 

cells are induced to undergo programmed cell death after treatment with 

PTP1B inhibitor. 

Using the PTP1B inhibitor we performed a Carboxyfluorescein 

succinimidyl ester (CFSE) experiment to address the effects of PTP1B 

inhibition on cell division in D492 cells.  CFSE is a fluorescent dye that 

measures cell proliferation.  D492 cells were treated with either DMSO as 

a control or 8μM of the PTP1B inhibitor.  As seen in figure 2B, 8μM of the 

inhibitor induces substantial cell death, but significantly less than at 16μM 

of the inhibitor.  Flow cytometry analysis of the CFSE-stained cells 

showed that the PTP1B inhibitor affected cell division of D492 while cell 

proliferation seems not disturbed in the control cells.   
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When treated with the PTP1B inhibitor, cell proliferation of D492 cells 

decreased to some extent on the first day and after that there were few 

cell divisions (Figure 2C).  The data indicates that the cells that remain 

viable in culture are the cells that do not divide. This raises the possibility 

that the cells are dying through a process called anoikis where loss to the 

ECM induces apoptotic cell death  (Paoli et al., 2013).  Cells undergoing 

classical apoptosis go through a process of blebbing, cell shrinkage, 

nuclear fragmentation and chromatin condensation, whereas cells 

undergoing anoikis look round shaped with halo around them as they 

detach from the surface. To compare the morphology of cells undergoing 

classic apoptosis and cell death induced by PTP1B inhibition, D492 cells 

were treated with 10μM camptothecin (CPT), an apoptosis inducer or the 

PTP1B inhibitor.  Cells treated with CPT show morphology of classic 

apoptosis (Fig. 2D and supplementary video file 1) whereas cells treated 

with the PTP1B inhibitor look round with characteristics of reduced cell 

attachment and spreading.  It is evident that the morphology of cells 

treated with CPT and PTP1B inhibitor is very different and their 

morphology supports the idea that the PTP1B inhibitor induces anoikis.   

 

Inhibition of PTP1B in D492 cells results in anoikis-like effects and 

disturbed morphogenesis.  

D492 generate in vivo-like branching structures in 3D cell culture (Fig.3A, 

top). Analysis of PTP1B expression in these branching structures 

revealed similar widespread expression as in the normal breast gland, 

however, with increased intensity at the lobular ends (Fig. 3A). F-actin is 

a cytoskeletal protein that is expressed equally throughout the structure.  

β4-integrin is localized at the surface of the structure in contact with the 

basement membrane.  
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D492 branching structures where treated with the PTP1B inhibitor, and 

CPT as control for 48 hrs. Figure 3B (see also video file 2, supplement) 

show that while CPT induces cell blebbing and shrinkage, the PTP1B 

inhibitor seems to induce cells to loose cell-cell contact and the 

branching structure shows a “grape-like” morphology where cells do not 

move in synchronically within the structure, but rather individually. 

In-gel immunostaining of treated branching structures shows that only 

CPT treatment induces cleaved-caspase-3 staining (Fig.3C). The 

expression of F-actin is lower in structures treated with PTP1B inhibitor 

than DMSO.   

 

Src activity in D492 cells is dependent on PTP1B activity 

Next, we assessed the effect of the PTP1B inhibitor on Src 

phosphorylation as Src activity is regulated by phosphorylation of two 

distinct tyrosine residues.  Autophosphorylation of Tyr416 in the kinase 

domain activates Src, whereas phosphorylation of Tyr529 in the C-terminal 

tail inactivates Src.  Consequently, activation of Src requires the removal 

of the C-terminal phosphate by specific PTPs.  D492 cells were treated 

with various concentrations of the PTP1B inhibitor for 48hrs followed by 

protein isolation for western blot analysis.  Phosphorylation level at Tyr529 

was determined using phosphospecific antibody as shown in figure 5.  

Treatment of D492 cells with the PTP1B inhibitor caused significant 

increase in Tyr529 phosphorylation (Fig.5A).  Phosphorylation on the 

inhibitory tyrosine increased gradually with increased concentration of the 

inhibitor.  To support this data D492 cells were seeded in culture flask 

and the next day treated with DMSO as control or 16μM of the PTP1B 

inhibitor for 3 hrs.  The cells where then fixed with methanol and stained 

for PTP1B and p-Src Tyr529 (Fig. 5B).  After 3 hrs there was a drastic 
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change in the phosphorylation status of Src, it increased drastically and 

appeared to reside at the cell membrane.   

To confirm that the PTP1B inhibitor is working directly on PTP1B 

interactions with substrate proteins we used proximity ligation assay 

(PLA), which detects localization of protein interactions within the cell. 

Using antibodies detecting EGFR and Src (known PTP1B substrates, 

(Monteleone et al., 2012; Zhang et al., 1996) and PTP1B we could 

clearly see loss of signal when cells were treated with the inhibitor (Fig. 

4C). 

 

PTP1B inhibitor induces loss of adhesion molecules in D492 

To further confirm our hypothesis that the PTP1B inhibitor is affecting cell 

adhesion, we treated D492 cells with different concentrations of the 

inhibitor and tested the expression of selected adhesion molecules in WB 

(Fig. 5A). In the highest concentration of the inhibitor, cells loose the 

expression of Claudin 1, FAK and E-Cadherin while Occludin expression 

remains unchanged. Moreover, staining with Phalloidin shows that when 

treated with inhibitor the D492 cells lose the polymerization of actin 

(Fig.5B), while actin levels are intact indicated by Western blot (Fig. 5A). 

Epithelial to mesenchymal transition in cells induces less cell adhesion, 

and increased migratory and invasive phenotype. To test the effect of the 

PTP1B inhibitor on less adherent cells than D492, we used a 

mesenchymal subline of D492, called D492M. D492M is ideal to use as a 

comparison since it is directly derived from D492 and has all the 

characteristics of a cell line that has gone through EMT (Sigurdsson et 

al., 2011).  

Figure 5C shows that the D492M cells are much more sensitive to the 

PTP1B inhibitor than D492. To further confirm these results we also 

treated another cell line HMLE (Elenbaas et al., 2001). HMLE can be 
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induced to undergo EMT. When treated with the PTP1B inhibitor HMLE 

and their mesenchymal subline, HMLEmes showed the same results as 

in D492 and D492M (Fig.5C).  

 

 Discussion 

In this work we have studied the expression and role of PTP1B in the 

proliferation and survival of breast epithelial cells including the epithelial 

stem cell line D492.  PTP1B expression is abundant in primary human 

breast tissue with highest expression in primary basal/myoepithelial cells 

and fibroblasts. Expression of PTP1B is also high in D492 cells both in 

2D and 3D.  In 3D culture increased staining is seen at lobular ends of 

the branching structures. Inhibiton of PTP1B with a specific PTP1B 

inhibitor resulted in dramatic effect on the survival of D492 cells by 

inducing extensive cell death. Our data based on CFSE staining further 

indicates that the cell death in D492 is primarily in dividing cells. 

Furthermore, there were striking changes in the cell morphology during 

PTP1B inhibitor treatment, the cells gained round-appearance with 

characteristics of reduced cell attachment and spreading. Collectively 

from these changes, we conclude that PTP1B inhibition in D492 cells is 

disturb anchorage -dependent growth of the D492 cells by inducing 

anoikis, i.e. programmed cell death when anchorage dependent cells 

detach from the surrounding matrix. Comparison of cell death induced by 

PTP1B inhibitor and camptothecin, a known apoptosis inhibitor, supports 

our conclusion as the morphology of the cells is very different and D492 

cell undergoing cell death induced by the PTP1B inhibitor show reported 

characteristic of anoikis (Hanker et al., 2009; Meredith et al., 1993).  We 

also provide evidence that PTP1B can activate Src, a well known 

oncogene which is known to play a role in anoikis (Singh et al., 2012; 

Thapa et al., 2013).  Furthermore, PTP1B inhibition result in 
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downregulation of adhesion molecules such as Claudin 1 and E-cadherin 

and the focal adhesion kinase (FAK).   

Anoikis resistance of carcinoma cells constitutes an essential event in 

tumor progression to metastases in most cancers of epithelial origin 

(Frisch and Screaton, 2001). The acquisition of anchorage-independent 

growth is an essential event for carcinoma cells to metastasize because 

they must detach from their ECM, invade into vascular vessels and travel 

to distant organs.  Therefore, studies of anoikis have gained increased 

attention as the characterization of the mechanisms mediating sensitivity 

to anoikis can provide important insights into epithelial homeostasis and 

carcinogenesis.  The tyrosine kinase Src is one of the key molecules 

believed to play a critical role in the development of resistance against 

anoikis. Numerous studies have shown that Src overexpression 

significantly contributes to resistance of epithelial cell to anoikis 

(Ishizawar et al., 2007; Zhao et al., 2009).   

Src is a membrane-associated non-receptor tyrosine kinase which can 

phosphorylate a variety of intracellular substrates, affecting cell division, 

cell differentiation, and cell mobility (Bjorge et al., 2000).   Src is a 

powerful oncogene but it is rarely mutated in human cancer, suggesting 

that it is involved in later stages of carcinogenesis and plays a 

supporting, rather than an initiating role (Ishizawar and Parsons, 2004).  

In human breast cancer, Src activity is often increased 4- to 30 fold 

compared with normal breast tissue and it has also been reported that 

Src protein level can be elevated in breast cancer (Verbeek et al., 1996).  

Numerous studies have shown that elevated catalytic activity of Src is 

required to confer resistance to cell death, thus identifying Src as a 

survival factor that protects cancer cells from apoptosis and anoikis, an 

anchorage dependent cell death (Golubovskaya et al., 2003; Windham et 

al., 2002).  
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PTP1B has been shown to activate Src by dephosphorylating the 

inhibitory tyrosine phosphorylation site (Y529) on the COOH terminus of 

the kinase.  Studies indicate that PTP1B is the primary protein-tyrosine 

phosphatase capable of dehosphorylating c-Src in breast cancer cell 

lines and thus control its kinase activity (Bjorge et al., 2000).  Liang et. al 

showed in 2005 that downregulation of PTP1B in fibroblasts, supressed 

cell spreading and migration on fibronectin, increased Src Tyr529 

phosphorylation and decreased phosphorylation of FAK, p130cas and 

ERK1/2.   They concluded that PTP1B promotes integrin mediated 

responses by dephosphorylating the inhibitory pTyr529 and thereby 

activating the Src kinase (Liang et al., 2005). 

Our findings suggest that when D492 cells are treated with the PTP1B 

inhibitor Src activity is diminished, identifying PTP1B as a positive 

regulator of Src.  Assessment of protein expression by western blot 

showed that increased PTP1B inhibitor concentration enhanced 

phosphorylation on the tyrosine inhibitory phosphorylation site in Src.  

This finding was further confirmed by staining cells with a Src-phospho 

specific (Y529) antibody where D492 cells treated with PTP1B inhibitor 

showed increased Y529-phosphorylated Src at the cell membrane as 

well as in the cytoplasm.  This staining correlates with reported Src 

position in other studies(Arias-Romero et al., 2009).   

The development of the mammary gland is spatilly regulated by the 

interaction of the mammary epithelium with the extracellular matrix 

(ECM) (Katz and Streuli, 2007).  Epithelial cells require contact with the 

ECM and this regulation is primarily through a family of adhesion 

receptor proteins called integrins.  A major role of the ECM is to regulate 

cell-survival in the mammary gland.  In adherent cells, cell detachment 

from the ECM leads to a detachment-induced apoptosis, termed anoikis 

(Bouchard et al., 2008).  Cell adhesion to the ECM triggers tyrosine 
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phosphorylation of several proteins.  This is mediated through members 

of the integrin family and regulation of a subset of  PTKs.   This integrin-

mediated adhesion stimulates activity of FAK and Src family kinases 

which in turn phosphorylate proteins important for regulating cell 

migration, proliferation and survival (Bartholomew et al., 2005).  

Resistance to anoikis is a common feature of cancer epithelial cells.  A 

variety of cellular mechanisms have been implicated in anoikis 

resistance, for example activated oncogenes such as Src and Ras, 

overexpression of FAK and activation of growth factor receptors 

(Golubovskaya et al., 2003; Windham et al., 2002).  Anoikis is a common 

event in cancer progression and it is therefore important to understand 

the mechanism and cellular pathways behind resistance to anoikis.   

Recently, some PTP1B inhibitors have been developed as potential 

therapeutics in the treatment of type 2 diabetes and obesity based on the 

observation that PTP1B has been identified as a major negative regulator 

of both insulin and leptin signaling.  We have now shown that inhibition of 

PTP1B can affect the survival of cells with certain properties and others 

have shown that PTP1B inhibition can delay the onset of certain types of 

cancer.  The link between oncogenic potential and PTP1B may lead to 

the use of PTP1B inhibition as a cancer therapeutic in certain types of 

cancer, such as colon and breast cancer. 
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Figure 1. PTP1B is highly expressed in breast epithelial cell line 

with stem cell properties and cancer cell lines. 

A) PTP1B is expressed in normal breast tissue, in both stromal in 

epithelial cells. PTP1B (red), K14 (green) stains myoepithelial cells 

(MEP), K19 (green) stains luminal epithelial cells (LEP), vimentin (red) 

stains myoepithelial- and stromal cells. 

B) qPCR analysis shows that mRNA PTP1B expression is higher in MEP 

and Fibroblasts then in LEP and endothelial (ENDO) primary cells 

isolated from the breast (left). Higher protein expression in MEPs was 

confirmed with western blot (right). 

  

Figure 2. PTP1B inhibitor induces apoptosis in D492 with the 

characteristics of anoikis. 

A) Cell Survival assay reveals that PTP1B inhibitor causes reduction in 

proliferation and cell death in D492. D492 were treated with DMSO 

(control) or 16μM of a specific PTP1B inhibitor for 3 days, stained with 

crystal violet and the optical density at 570nm determined.  All 

experiments were conducted in triplicate. 

B) Annexin V and PI staining shows that PTP1B inhibitor induces 

apoptopic cell death in D492. D492 cells were treated with DMSO 

(control) and various concentrations of PTP1B inhibitor.   

D) CFSE staining shows that the PTP1B inhibitor inhibits cell division in  

D492 cells. D492 cells where stained with CFSE fluorescent dye, treated 

with DMSO or 8μM of PTP1B inhibitor and analyzed in flow cytometry 

over a period of 4 days. 

D) Cell death induced by the PTP1B inhibitor shows the characteristics of 

anoikis, distinctive from classical apoptosis induced with camptothecin 

(CPT). D492 cells where treated with DMSO as a control, 10uM of CPT, 
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used as an example of classical apoptosis and 16uM of the PTP1B 

inhibitor. 

 

Figure 3. Inhibition of PTP1B induces anoikis like effects in 3D 

culture. 

A) D492 cells form branching structures in 3D culture. Top: Phase 

contrast image of D492 that form TDLU-like structures in 3D culture. 

Middle: IF staining on D492 3D cultures on F-actin (green) and PTP1B 

(red).  b4-integrin (green) and PTP1B (red).  

B) PTP1B inhibitor induces loss of adhesion in 3D structures. D492 rBM 

cultures were treated with10μ of CPT,  32μM of the PTP1B inhibitor for 

48 hrs or DMSO as control. 

C) D492 cells treated with the PTP1B inhibitor do not show Cl.Caspase 3 

staining in 3D culture (green). Phalloidin stains F-actin (red). DAPI was 

used for nuclear staining (blue).  

 

Figure 4. PTP1B inhibitor decreases Src activation and adhesion 

molecules expression in D492. 

A) Western blot analysis of pSrcY529 shows that PTP1B inhibitor 

decreases phosphorylation of pSrcY529. Protein extracts from D492 after 

treatment with DMSO or various concentrations of PTP1B inhibitor for 48 

hrs. 

B) IF staining of p-Src in D492 cells treated with the PTP1B inhibitor 

confirms increased phosphorylation of pSrcY529 after PTP1B inhibition. 

pSrc (green), PTP1B (red), TO-PRO-3 nuclearstaining (blue). 

C) Inhibition of PTP1B disrupts PTP1Bs protein interactions. Procimity 

Ligation Assay (PLA) shows that PTP1B complexes with Src and EGFR 

(green) are disassembled (right). DAPI as nuclearstain (blue). Cell 

profiler was used to quantify frequency of positive puncta per cell (left).  
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Figure 5. PTP1B inhibition affects expression of cell adhesion 

molecules and actin polymerization. 

A) Expression of various cell adhesion molecules is reduced in D492 

cells after PTP1B inhibition for 48 hrs. D492 cells where treated with 

various concentrations of the PTP1B inhibitor for 48hrs followed by 

protein isolation. Claudin1, FAK and E-cadherin expression is lost when 

treated with 16uM of the inhibitor. PTP1B inhibition does not affect 

Occludin, b-catenin and actin expression.  

B) F-actin polymeryzation is lost in D492 cells treated with inhibitor for 5 

hrs. Phalloidin stains F-actin (green), Concavalin A stains endoplasmic 

reticulum (red). 

C) Mesenchymal cells are more sensitive to PTP1B inhibition than 

epithelial cells. D492, D492M, HMLE and HMLEmes were treated with 

DMSO (control) or 16μM of a specific PTP1B inhibitor for 3 days, stained 

with crystal violet and the optical density at 570nm determined.  All 

experiments were conducted in triplicate. 

 

Supplement figure 1. Serum protects D492 cells from cell death 

induced by PTP1B inhibitor. 

D492 was grown in H14 medium with different concentration of PTP1B 

inhibitor for 48 hrs., with or without 5% FBS.  

  



181





183





185





Paper I 

 

 

Paper 4 

187





Genes 2014, 5, 804-820; doi:10.3390/genes5030804 
 

genes 
ISSN 2073-4425 

www.mdpi.com/journal/genes 
Review 

Functional Role of the microRNA-200 Family in  
Breast Morphogenesis and Neoplasia 

Bylgja Hilmarsdottir 1, Eirikur Briem 1, Jon Thor Bergthorsson 1,2, Magnus Karl Magnusson 1,2,3 
and Thorarinn Gudjonsson 1,2,* 

1 Stem Cell Research Unit, Department of Medical Faculty, Biomedical Center, University of Iceland, 
Vatnsmyrarvegi 16, 101 Reykjavík, Iceland; E-Mails: byh1@hi.is (B.H.);  
eib13@hi.is (E.B.); jon.bergthorsson@gmail.com (J.T.B.); magnuskm@hi.is (M.K.M.) 

2 Department of Laboratory Hematology, Landspitali University Hospital, Hringbraut,  
101 Reykjavík, Iceland 

3 Department of Pharmacology and Toxicology, Medical Faculty, University of Iceland, 
Hofsvallagotu 53, 107 Reykjavík, Iceland 

* Author to whom correspondence should be addressed; E-Mail: tgudjons@hi.is; Tel.: +354-5254-827. 

Received: 11 July 2014; in revised form: 3 September 2014 / Accepted: 4 September 2014 /  
Published: 11 September 2014 
 

Abstract: Branching epithelial morphogenesis is closely linked to epithelial-to-mesenchymal 
transition (EMT), a process important in normal development and cancer progression. The 
miR-200 family regulates epithelial morphogenesis and EMT through a negative feedback 
loop with the ZEB1 and ZEB2 transcription factors. miR-200 inhibits expression of 
ZEB1/2 mRNA, which in turn can down-regulate the miR-200 family that further results  
in down-regulation of E-cadherin and induction of a mesenchymal phenotype. Recent 
studies show that the expression of miR-200 genes is high during late pregnancy and 
lactation, thereby indicating that these miRs are important for breast epithelial morphogenesis 
and differentiation. miR-200 genes have been studied intensively in relation to breast 
cancer progression and metastasis, where it has been shown that miR-200 members are 
down-regulated in basal-like breast cancer where the EMT phenotype is prominent. There 
is growing evidence that the miR-200 family is up-regulated in distal breast metastasis 
indicating that these miRs are important for colonization of metastatic breast cancer cells 
through induction of mesenchymal to epithelial transition. The dual role of miR-200 in 
primary and metastatic breast cancer is of interest for future therapeutic interventions, 
making it important to understand its role and interacting partners in more detail. 
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1. Introduction 

Branching morphogenesis is a conservative process seen in several organs such as lung, prostate, 
kidney, salivary glands and breast. The unique role of branching morphogenesis is to increase surfaces 
of the epithelium/endothelium so it can deliver specific functions such as gas exchange and transport 
(lung, vasculature), urine formation/filtration (kidneys), and secretion from exocrine glands (prostate, 
salivary glands and breast). Developmental events underlying branching morphogenesis in epithelial 
tissues are closely related to pathways important for cancer progression and metastasis such as 
epithelial-to-mesenchymal transition (EMT) and its reverse process mesenchymal-to-epithelial transition 
(MET) [1–4]. Branching morphogenesis and EMT/MET are regulated by extrinsic and intrinsic 
factors. The mesenchyme and its cellular constituents are the dominant extrinsic factors regulating 
epithelial branching morphogenesis through secretion of soluble factors [1,5,6]. The extrinsic signals 
are received by their cognate receptors that convey the message to the appropriate intracellular 
pathways that finally activate or suppress their target transcription factors or other regulatory elements 
that switch on or off a particular phenotype. In recent years, we have seen significant progress in 
understanding the molecular regulation of cellular remodeling during organogenesis and tissue 
maintenance. Furthermore, due to the link between pathways regulating branching morphogenesis and 
cancer, there are intensive studies on the molecular regulation of these pathways [2,7]. miRs are 
increasingly seen as major intrinsic regulators of gene expression, and they have greatly extended our 
understanding of how differentiation and morphogenesis is regulated in the mammary gland and other 
organs [8,9]. miRs are single-stranded, 22 nucleotide-long molecules, which were first described in 
Caenorhabditis elegans [10]. To date, the number of annotated human miR loci is 1,881 for the human 
genome (miRBase v21) [11]. miRs are derived from primary miRs (pri-miRs), which are cleaved by 
the ribonuclease III (RNase III) enzyme Drosha into shorter hairpin structures called precursor-miRs 
(pre-miRs) that are ~60 nucleotides long [12]. Pre-miRs have a short stem and a two-nucleotide 3' 
overhang that is recognized by the nuclear transport receptor exportin 5 (EXP5), which exports them 
from the nucleus to the cytoplasm [13]. In the cytoplasm, another RNase III enzyme Dicer further 
processes the pre-miR into a ~22 nucleotide miR-miR* duplex [14]. The double-stranded RNA duplex 
is loaded into an Argonaute (AGO) protein and further processed, causing the miR* to be expelled, 
which results in a mature RNA-induced silencing complex (RISC), which can base pair to a target 
mRNA and induce its silencing [15]. A 6–8 nucleotide seed sequence at the 5' end of the miR is an 
important determinant for AGO binding to its target mRNA. Any region of an mRNA can have seed 
matches, but the matches in the 3'untranslated region (3'UTR) are more likely to decrease expression 
of mRNAs [16]. miRs play an important role in cellular processes by controlling essential steps such 
as proliferation, apoptosis, differentiation and morphogenesis [17]. Accumulating data show that miRs 
are also important regulators of stem cells and cell-fate decisions [18–20]. Furthermore, aberrant 
expression of a number of miRs is seen in various pathogenic processes including cancer [21]. 
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miRs are now increasingly recognized as master regulators of protein expression through their 
ability to bind and degrade mRNA of various critical regulatory and signaling proteins, such as 
transcription factors involved in gene regulation. 

The miR-200 family members have been demonstrated as being involved in regulation of many 
critical biological processes such as EMT/MET, stem cell and cancer stem cell regulation in addition 
to cell proliferation and drug resistance [22–26]. The miR-200 family is one of the best-known miR 
families in mammals [22,27]. It is located at two different loci at chromosomes 1 (miR-200b,  
miR-200a, and miR-429) and 12 (miR-200c and miR-141) (Figure 1A). All miR-200 family members 
contain a similar seed sequence with only one base difference between the two groups. miR-200c, 
miR-200b and miR-429 share the same seed sequence AAUACUG, whereas miR-200a and miR-141 
contain AACACUG (Figure 1B). The seed sequence is the determining base sequence that decides 
which mRNA is targeted and degraded. miR-200b, miR200c, miR-429 (miR-200bc/429) and  
miR-200a and miR-141 (miR-200a/141) are functionally classified together based on their seed 
sequence. The miR-200 family is increasingly being recognized as an important regulator of epithelial 
integrity in the breast gland, and loss of expression has been linked to EMT and cancer invasion. It has 
also been linked to metastasis and its expression is believed to facilitate colonization of metastatic 
breast cancer cells at distant sites such as the lung through induction of MET. In this review, we will 
discuss the functional role of miR-200 family and in EMT and branching morphogenesis in the breast 
gland. We will also discuss the role of miR-200 in cancer invasion and colonization of metastatic 
breast cancer cells to distant organs. 

Figure 1. Genomic location and base sequence of the miR-200 family. (A) The miR-200 
family is located on two distinct clusters on chromosome 1 and 12; (B) Sequences of the 
miR-200 family. The miR-200 family is divided in two functional groups by their seed 
sequence: miR-200a/141 and miR-200b/c/429. 

 

2. miR-200 Family in Epithelial-to-Mesenchymal Transition 

Cellular plasticity is crucial during embryogenesis, where tissue remodeling and cellular 
differentiation shape the architecture of the human body. The formation of the mesoderm from 
ectoderm during gastrulation is the first EMT event in development. EMT is also seen during neural 
crest formation and heart morphogenesis, as well as in wound healing [28]. In recent years there has 
been an increased focus on the role of EMT in cancer progression, in particular in the invasive and 
metastatic processes and in various fibrotic diseases [4,28,29]. 
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In EMT induction, different pathways ultimately control transcriptional regulatory factors such as 
SNAIL1, SNAIL2, TWIST, ZEB1 and ZEB2, leading to increased expression of mesenchymal 
markers and decreased expression of epithelial markers [30]. The down-regulation of the epithelial 
cell-cell adhesion glycoprotein E-cadherin is one of the hallmarks of EMT [31]. In contrast, cells show 
increased expression of mesenchymal markers such as N-cadherin, vimentin, alpha smooth muscle 
actin and fibronectin [30]. 

The role of miR-200 in EMT has been studied intensively in recent years. miR-200 members are 
regulated by both transcription factors and by epigenetic regulation. Studies have identified a number 
of transcription factors that positively or negatively regulate its expression (reviewed in [22])  
with ZEB1 and ZEB2 being the best known factors [25,27,32,33]. These transcription factors are 
responsible for down-regulation of miR-200 members resulting in the loss of E-cadherin expression 
and the subsequent EMT phenotype. Both ZEB1 and ZEB2 repress the expression of miR-200 family 
members through binding to regulatory Z- and E-boxes at their promoter area. ZEB1 has been shown 
to be able to repress the expression of miR-200c-141 and both ZEB1 and ZEB2 can repress the 
expression of the miR-200ba-429 cluster [34,35]. Interestingly, miR-200 members can also target 
ZEB1 and ZEB2 mRNA indicating a mutual feedback mechanism that may be important during 
branching morphogenesis where cells need to acquire a partial EMT until reaching the correct 
architecture through MET. 

Epigenetic factors play an important role in regulating cell type specific gene expression, including 
miRs. Epigenetic mechanisms such as DNA methylation and histone modifications have been 
associated with regulation of the miR-200 family. A study comparing global miR expression and 
epigenetic states of human mammary fibroblasts and epithelial cells showed that fibroblasts repress the 
miR-200c/141 locus by both DNA methylation and dimethylation of histone 3 at lysine 9 (H3K9me2) 
and the miR-200ba/429 locus by promoter trimethylation of histone H3 at lysine 27 (H3K27me3).  
In contrast, the human mammary epithelial cells had their promoter regions occupied by trimethylation 
of histone H3 at lysine 4 (H3K4me3) and acetylation of histone H3 at multiple lysine residues (H3Ac), 
which are both marks of active transcription, while the fibroblasts were devoid of these marks [36]. 

Both miR-200 clusters are associated with local CpG enrichments. Wiklund et al. showed in 2011 
that miR-200 were silenced with promoter hypermethylation and repressive chromatin marks in 
muscle-invasive bladder tumors and undifferentiated bladder cell lines [37]. DNA methylation at the 
miR-200c/141 promoter correlates highly with an EMT phenotype and invasive capacity of breast 
cancer cell lines [38]. Promoter hypermethylation at miR-200ba/429 and miR-200c/141 correlate with 
a mesenchymal phenotype, and overexpression of either of these clusters was shown to restore the 
epithelial properties of cells [39]. In human colon, the mesenchymal cells are methylated at both  
miR-200 loci, whereas the epithelial mucosa is not [39]. In a recent study, a model of cell transition 
between cancer stem-cell and non-stem-cell-like phenotype where gain of stem cell characteristics is 
followed by loss of miR-200 expression, epigenetic control of the miR-200 family was shown to be 
significantly altered in the transition, both with DNA methylation and histone modifications [40].  
The miR-200ba/429 cluster was primarily silenced with histone modifications, whereas DNA 
methylation repressed miR-200c/141 expression. It is becoming clear that epigenetic control of miR 
expression, including the miR-200 family members, is an important tool for the cells to acquire correct 
fate decision. 
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In summary, transcription factors together with epigenetic modulation demonstrate the complex 
network of factors controlling the miR-200 family. Furthermore, the interactions of miR-200 with their 
targets show how complex the reciprocal communication between miR-200 and their regulators and 
targets are. 

3. miR-200 Family in Branching Morphogenesis in the Mammary Gland 

Branching morphogenesis is a highly conserved developmental process that occurs in many organs 
through similar signaling pathways and transcriptional regulation [41]. EMT has been linked to 
branching morphogenesis as it is widely accepted that during branching morphogenesis the epithelial 
cells need to invade the underlying matrix. The term epithelial plasticity (sometimes referred to  
as partial EMT (p-EMT)) has, however, more often been used to describe branching epithelial 
morphogenesis [42]. During p-EMT the invading cells acquire partial mesenchymal traits while 
retaining many critical epithelial properties. Another term used to describe these processes is collective 
migration, where tipping epithelial cells in the branching structures invade the underlying matrix in a 
collective pattern, indicating that the migrating cells adhere together through the migrating process [43]. 
There is a growing understanding that the invading cells need to acquire certain properties of 
mesenchymal cells to be able to invade the underlying matrix [44–46]. 

The mammary gland is unique in that most of its development occurs postnatally, and the epithelial 
remodeling can be followed from the onset of puberty, during each menstruation cycle and in more 
dramatic ways through each period of pregnancy and lactation [47]. Although the role of the miR-200 
family in cancer has been studied extensively (see below), its role in branching morphogenesis has 
been studied to a lesser extent. Due to the importance of the miR-200 family in EMT and the fact that 
epithelial plasticity and p-EMT are important mechanisms in branching morphogenesis, it is likely that 
miRs-200 are central players in branching morphogenesis. 

There are several studies that have focused directly or indirectly on the role of miRs-200 in 
mammary gland morphogenesis. Analyses of miR-200 expression in tissue from reduction 
mammoplasty show that the expression of miR-200 members are predominantly in the luminal 
epithelial compartment and to a much lesser extent in myoepithelial cells [48]. Although myoepithelial 
cells share the same origin as the luminal epithelial cells [49–51], they have acquired some mesenchymal 
������� ��	
� ��� ���������� ��� ��������� ���� �-smooth muscle actin that may explain the reduced 
expression of miR-200 in these cells. The function of the miR-200 family in human luminal breast 
epithelial cells is, however, currently unknown. Shimono et al. have shown that all miR-200 members 
are down-regulated in human and mouse mammary epithelial stem/progenitor cells and up-regulated in 
differentiated epithelial cells [26]. In this study the miR-200c was shown to regulate mammary 
epithelial differentiation through repression of the stem cell self-renewal gene BMI1. In addition,  
miR-200c overexpression in mouse mammary epithelial stem cells suppressed or impaired normal 
mammary ductal outgrowth in vivo. Recently, Song et al. demonstrated that miR-22 regulates side 
branching of mammary duct in vivo in transgenic mice through silencing of TET (Ten eleven 
translocation) family of methylcytosine dioxygenases, resulting in demethylation of the miR-200 
promoter. Interestingly, the cooperation between miR-22 and the miR-200 family resulted in EMT,  
an elevated pool of stem cells and later increased tumorigenesis [52]. However, it is not known if 
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inhibition of TET can alter global methylation profiles of cells. In a screening study, Avril-Sassen et al. 
demonstrated that seven temporally co-expressed miRNA clusters were implicated in regulating 
murine mammary gland development [53]. Global reduction in miRNA expression during lactation 
and early involution was reported, except for one of the clusters which showed the highest expression 
during these developmental stages [53]. Interestingly, this cluster contains members of the miR-200 
family. Another screening study where Le Guillou et al. focused on miRs involved in mammary 
reproductive cycles, indicated that the miR-200 family is highly expressed during lactation [54]. 
Additionally, members of the miR-200 family were shown to be expressed during ovine pregnancy 
with increased expression at the end of pregnancy and during lactation [55]. These studies suggest that 
members of the miR-200 family preserve epithelial integrity in the mammary gland during maximal 
differentiation that occurs during lactation. 

The role of miR-200 family members in other branching organs has received little attention so far. 
Rebustini et al.[56] screened miRs expressed in the mouse developing submandibular gland (SMG) 
and found that miR-200c accumulates in the epithelial end buds. Using both loss- and gain-of-function, 
they demonstrated that miR-200c reduces epithelial proliferation during SMG morphogenesis. 
Furthermore, they showed that miR-200c targets the very low density lipoprotein receptor (Vldlr) and 
its ligand reelin, which regulates FGFR-dependent epithelial proliferation [56]. In mouse kidneys, the 
miR-200 family has been implicated in renal tubular maturation, where miR-200-deficient collecting 
duct cells had 65% less tubulogenesis in a 3D collagen assay [57]. 

Although only few studies have shown any relevance for miR-200 family in branching morphogenesis 
in the mammary epithelium, they do suggest that miR-200 play a major regulatory role in maintaining 
epithelial integrity in the mammary gland. Most of these studies, however, have been conducted in the 
mouse mammary gland. There are substantial differences between mice and humans regarding 
mammary epithelial branching and the interaction between mammary epithelial and stromal cells. A 
better understanding of the role of these miRs within the human breast gland is needed and 3D culture 
models of human breast epithelial cells can substantially contribute to this field. We have generated a 
human breast epithelial cell line, D492, with stem cell properties. D492 generates luminal and 
myoepithelial cells and in 3D culture it is able to form elaborate bilayered branching structures with 
both myoepithelial and luminal cells reminiscent of the terminal duct alveolar unit in the human 
female breast gland [51,58]. When D492 is cultured in endothelial-rich stroma (matrigel), increased 
epithelial branching is observed indicating that endothelial cells are important stromal-derived inducers 
of branching morphogenesis [59]. Interestingly, we have recently observed that endothelial cells induce 
branching morphogenesis of epithelial cells from other organs such as lung and prostate [60,61]. 
Furthermore, we have also shown that endothelial cells induce epithelial-to-mesenchymal transition in 
D492 cells [59]. Current studies in our laboratory focus on understanding the role of miRs, including 
the miR-200 family in breast epithelial branching morphogenesis using the organtypic human 
branching morphogenesis model in 3D culture. 

4. mir-200 Family and Breast Cancer 

In recent years, miRs have increasingly been linked to functions that are either tumor promoting 
and/or tumor suppressing, and altered expression of miRs has been noted at various stages of cancer 
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progression in different tissues [21,62–64]. Changes in the expression of miR-200 family members 
have been documented in various types of cancer, including cancer of the lung, ovary, stomach, 
endometrium and breast [65–69]. In many cases, these changes reflect hypermethylation of miR-200 
family promoters [36,37,39]. The requirement for epithelial integrity in the human breast and the link 
between metastatic cancer and the EMT process has led to many clinically oriented studies focusing on 
the miR-200 family. 

In breast cancer, previous cluster analysis of gene expression data has identified several different 
subtypes including luminal (A and B), ErbB2 over-expressing and basal-like breast cancer [70,71]. 
The luminal types have a gene expression signature that infers luminal epithelial origin, and they are 
positive for estrogen and progesterone receptors. The expression profile of ErbB2 tumors is largely 
shaped by over-expression of the ErbB2 tyrosine kinase receptor that commonly occurs due to gene 
amplification. Basal-like tumors express genes that determine basal and myoepithelial phenotype. 
Further categorization of the basal phenotype according to marker expression, invasive behavior and 
mesenchymal morphology has yielded additional subtypes including the claudin-low subtype [72].  
The basal-like breast tumors are richer in mesenchymal and EMT features and are associated with 
metastasis and aggressive clinical behavior [73] (Figure 2). In concurrence with its relevance to EMT, 
the luminal types express higher level of the miR-200 family than ErbB2 overexpressing and basal-like 
breast cancer [74]. Accordingly, levels of miR-200 family targets such as SNAI1, SNAI2, and ZEB2 
are higher in these tumors. However, promoter methylation only explains suppression of  
the miR-200/141 locus in metaplastic cancer [74]. Of the individual miRs of the miR-200 family, 
expression levels of miR-200c seem to be the most strongly associated with the histopathology and 
clinical course of breast cancer, whereby miR-200c levels are down-regulated early in the formation of 
ductal carcinoma in situ (DCIS) and almost absent in TN cancers [75,76]. 

Although the miR-200 family is increasingly recognized as a family of tumor suppressors there are 
indications that its expression can improve survival of metastatic potential in cancer [77]. Korpal et al. 
recently demonstrated that the miR-200 family was important in distal metastasis of breast cancer cells 
by facilitating epithelial colonization in lung through induction of mesenchymal to epithelial transition 
(MET) [78] (Figure 2). In this study, they demonstrated that miR-200 induced MET, including 
reestablishment of E-cadherin expression, and was independent of ZEB1 expression but relied on the  
ER–Golgi protein trafficking protein Sec23a to rescue the epithelial phenotype. This suggests a dual 
role for miR-200 family members in breast cancer progression. During the initial phase of local tumor 
growth, the miR-200 members suppress or reverse cancer progression [79]. In contrast, once the 
disease has spread to distant organs, miR-200 may potentially accelerate tumor progression by 
facilitating re-adaptation of the epithelial phenotype and colonization. Dykxhoorn et al. worked with 
four isogenic mouse breast cancer cell lines that differ in their ability to metastasize [77]. The only cell 
line that expressed the miR-200 family was the 4T1 cell line, which was also the only cell line able to 
form lung and liver metastases. When 4T1 and the non-metastatic 4TO7 cells where implanted into a 
mammary fat pad, 4T1 cells formed tumors more rapidly than 4TO7 cells. To study the role of  
miR-200c/141 in metastasis, Dykxhoorn et al. transduced 4TO7 with a vector stably expressing the 
miR-200c/141 cluster. The 4TO7 cells stably expressing miR-200c/141 formed metastases at the same 
rate as the 4T1 cells, showing that miR-200c/141 expression was sufficient to make these cells 
metastatic [77]. 195
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Figure 2. miR-200 family expression in EMT and MET. In EMT, expression of EMT 
transcription factors (TFs) leads to increased expression of mesenchymal markers and 
decreased expression of epithelial markers, followed by down-regulation of the cell 
adhesion and loss of polarity. With increased migration/invasion these mesenchymal-like 
cancer cells enter the blood or lymphatic vessels and travel to a secondary site, where they 
go through MET to form metastatic colonization. During the initial phase of local tumor 
growth, the miR-200 members maintain epithelial integrity and can thus suppress or 
reverse cancer progression. In contrast, once the disease has spread to distant organs,  
miR-200 may potentially accelerate tumor progression by facilitating re-adaptation of the 
epithelial phenotype and colonization. 

 

Using an in vivo cycling strategy, Banyard et al. selected metastatic cancer cells from the lymph 
nodes (LN) of mice bearing orthotopic DU145 human prostate tumors [80]. Repeated rounds of 
metastatic selection (LN1–LN4) progressively increased the epithelial phenotype, resulting in a new 
model of tumor cell mesenchymal-epithelial transition (MET). This was accompanied by increased 
expression of the miR-200 family. Furthermore, they showed that miR-200c inhibition caused EMT, 
with increased expression of both ZEB1 and ZEB2 and E-cadherin down-regulation [80]. 

Taken together, these data imply that complete loss of miR-200 family members, e.g., by genomic 
deletions as observed for classical tumor suppressor genes, may actually predict a favorable clinical 
outcome. The genomic location of the miR-200 family genes is on chromosome 1p36 (miR-200ba/429), 
a locus associated with a moderate frequency of genomic deletions, and chromosome 12p13  
(miR-200c/141), associated with equally moderate frequency of DNA copy number gains and 
deletions in human breast cancer [81]. 

In line with the above discussion, induction of miR-200 family expression as a strategy for therapy 
needs to be directed at early phases of the disease. Wang et al. showed recently that the drug 
tetraindole SK228 induces miR-200c expression in breast cancer cells followed by repression of ZEB1 
and ZEB2 and re-expression E-cadherin [82]. The cells reestablish the epithelial phenotype, and  
in vivo studies indicate reduced breast cancer growth making this drug a potential agent for future 
cancer therapy. Direct administration of miR-200 family members for therapeutic purposes can at least 
be considered since miR-based drugs already have entered clinical trials [83]. Recently, the miR-200 
family was shown to therapeutically inhibit angiogenesis in experimental models [84]. In this study 
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Peco et al. showed that miR-200 family members directly target the pro-angiogenic cytokines IL-8 and 
CXCL1. A systemic miR-200 delivery resulted in marked reductions in metastasis had anti-angiogenic 
effect in several different cancer mouse models. Importantly, Peco et al. [84] found that miR-200 
expression was associated differently to patient survival depending on cancer type, suggesting that 
miR-200 effects on prognosis is context dependent. Apart from protection against pathogenic EMT, 
there may be other advantages of miR-200 family member up-regulation for clinical use, e.g., miR-200c 
seems to sensitize TN breast cancers to cell death [85]. In addition, miR-200b may also have potential 
as a therapeutic agent since it has been shown to inhibit metastatic growth in TN breast cancer through 
inhibition of protein kinase C�� ������� [86]�� ��	������� ����� ��
�������� !��� �
�!�� ��� specifically 
target cancer stem cells with little effect on the non-cancer stem cells in basal-like breast cancer cell 
lines, which could prove to be an effective approach in treating aggressive cancers [87]. Alternative to 
the administration of the miR-200 family members in therapy, it could be feasible to inhibit their 
downstream pathways using enzyme inhibitors. 

These data along with the above discussion suggest a dual role for miR-200 family members in 
breast cancer. In the initial phase of breast cancer, while the tumor is still local, the miR-200 members 
could be potential therapeutic agents by inhibiting or reversing the malignant progression. In contrast, 
if the tumor cells have already metastasized to distinct organs, the miR-200 members could possibly 
accelerate the tumor progression by helping cells to colonize in distant environments/organs. Further 
studies on the multiple functions of the miR-200 family are warranted before they can be claimed 
relevant as potential agents or targets of cancer therapy. 

5. Future Perspective 

miRs are major regulators of cell fate through their ability to inhibit gene expression. It is becoming 
clear that the miR-200 family is associated with epithelial tissue, and their role is to maintain the 
epithelial integrity in normal tissue through stimulation of cell-cell interactions, including induction of 
E-cadherin expression. In the breast gland, miR-200 family members are predominantly expressed in 
the luminal epithelial compartment. The fact that miR-200 expression goes down during EMT and  
up again during MET, make the miR-200 family an interesting candidate as a regulator of cancer 
progression and a possible therapeutic target. In terms of cancer progression, it is important to look  
at the expression in the temporal context, where expression in primary tumors may be beneficial in 
order to retain epithelial integrity, while expression in distal metastasis may facilitate colonization and 
tumor growth. 

Studying the functional role of miRs in normal tissue morphogenesis, including branching 
morphogenesis and epithelial integrity in distinct organs including the breast gland, have the 
opportunity to shed light on how miRs contribute to normal development and disease progression. 
Further studies of the miR-200 family in the epithelial tissues are warranted due to their potential to 
retain and restore the epithelial integrity. It will be interesting to see how miR-200 family members 
regulate epithelial stem and progenitor cells. Are epithelial stem cells lacking miR-200 expression? 
What happens when miR-200 family members are introduced into breast epithelial cells with stem cell 
properties? Does this drive cells into luminal epithelial differentiation and/or block cell proliferation? 
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Cellular localization of miRs can be visualized using in situ hybridization. This is, however a 
difficult task in most cases because of the short sequence of each miR and the difficulties of getting the 
probes to bind in a specific manner. Compared to protein expression, which can be easily identified by 
specific antibodies, an ongoing challenge is to improve techniques to visualize expression patterns of 
distinct miRs in tissues and identify subcellular expression patterns. Recently Renwick et al. made 
important advances in this area in a study where they enhanced miRs detection in cancer samples by 
increasing linker lengths and signal amplification [88]. 

There is a gap in our current knowledge of the role of the miR-200 family in branching 
morphogenesis in the human breast, and there is a need for functional models to study its role in 
developmental processes in branching organs such as the breast. In that regard, organtypic 3D cell 
culture models could be of help. Even though the miR-200 family is recognized as a master regulator 
of epithelial integrity in cells, we also propose a need for expressional and functional analysis of 
different miR-200 members in distinct cell populations of the breast gland. 

The ultimate goal of clinical cancer research is to reverse the malignant phenotype in tumors 
preventing the metastatic process. Although intrinsic factors such as the miR-200 family are powerful 
effectors of epithelial integrity, the extrinsic factors are also important inducers of epithelial fates. 
Extrinsic variables like growth factors or the extracellular matrix are strong initiators of signal 
transduction that in turn result in activation of intracellular factors such as miRs. It is of great 
importance to identify the extrinsic factors that influence the transcription regulation of different miRs. 
There are a number of agents that have been shown to revert the malignant phenotype towards a  
more benign state. Weaver et al. showed in 3D culture that blocking overexpressed "1-integrin in a 
HMT3522-T4 cancer cell line could revert the phenotype to more polarized normal-like acini [89]. 
They later showed that this occurs through down-regulation of the MAPK kinase pathway and EGFR 
expression [90]. 

Truong et al. [91] ��������	�������
����
����������"#-integrin represses primary breast tumor growth 
but stimulated metastasis to the lungs. Antibodies that ���	$��� "#-integrin function switched the 
migratory behavior of human and mouse E-cadherin positive triple-negative breast cancer (TNBC) 
cells from collective to single cell movement. Interestingly, this switch activated the transforming 
growth factor-beta (TGF-"����&�����&���
!����
�������������
��������
�������	�����!�������-200 and 
ZEB2, resulting in suppressed transcription of the gene encoding E-cadherin expression [91]. Many of 
these studies were performed before the biological importance of miRs was known. It is likely that 
miRs are interwoven with many of these processes and could help to explain the molecular pathways 
leading to either tumor progression and or reversion of the malignant phenotype. 

6. Conclusions 

It is becoming clear that the existence of miRs has revolutionized our understanding of various 
processes in cell and molecular biology. By increasing our understanding of the functional role of each 
miR, we are now better able to put signaling pathways and transcription regulation into broader 
context. miRs are stepping in as master regulators of many developmental processes, and our 
understanding of the complexity of their function is also rapidly expanding. The miR-200 family is 
being recognized as a guardian of epithelial integrity in normal tissue including the breast. Its role in 
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preventing EMT has been solidly evidenced and, in normal breast and primary cancer, miR-200 has 
been considered a tumor suppressor. The recent data demonstrating that miR-200 is up-regulated in 
breast cancer metastasis needs to be taken into contextual evaluation before therapy for knock in or out 
miR-200 members is initiated. 
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