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 Several major challenges currently facing breast cancer research include how to 

prevent malignant progression, disease recurrence, and metastasis. The cancer stem cell 

hypothesis argues for existence within tumors of small subpopulations of cancer cells 

driving tumor growth, capable of self-renewal, and responsible for drug-resistance and 

recurrence. Subpopulations within heterogeneous breast tumors have been identified that 

are highly tumorigenic, capable of self-renewal, and that possess drug-resistant 

characteristics. Extensive study of this subpopulation has revealed new details concerning 

tumorigenesis and drug resistance, however, little is known concerning possible 

microRNA regulation of these breast cancer stem cells. Many microRNAs are 

dysregulated in breast cancer where they contribute to tumorigenesis via numerous 

pathways. Our hypothesis is that dysregulation of miRs in breast cancer cells directly 

impacts stem cell signaling pathways in cancer stem cells. One important caveat 

regarding breast cancer stem cell regulation, we believe that this population is dynamic 

and may possess stage and subtype-specific functions in tumors. We begin our study 

investigating a relatively unexplored area, the role of cancer stem cells in early stage pre-

malignant breast lesions. The biology underlying malignant progression of Ductal 

Carcinoma In Situ to Invasive Ductal Carcinoma is poorly understood. Here we shed 



	  

light on the role of microRNA dysregulation and stem cell signaling in DCIS lesions. We 

have isolated and characterized a cancer stem cell population in a basal-like model of 

DCIS that we predict serves as malignant precursor cells. Next, we have identified 

microRNA dysregulation involved in hijacking stem cell signaling in DCIS cells. Finally, 

we have tested a chemopreventive strategy for targeting DCIS stem cells in vivo. In 

addition to exploring microRNA regulation of stem cell signaling in early stage breast 

cancers, we also examined the role of microRNA signaling in invasive tumors. Here, we 

demonstrated how microRNA dysregulation can impact downstream stem cell factors and 

self-renewal. The final area we explore is the relationship between cancer stem cells and 

epithelial to mesenchymal transition to probe the importance of cancer stem cells in 

tumor dissemination. We examine microRNA dysregulation following EMT in mammary 

epithelial cells that connects EMT and cancer stem cell renewal. 
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Chapter 1. Introduction 
 

1.1 Breast Cancer 

 

Overview  
 

 Breast cancer is not a singular disease but instead a group of heterogeneous diseases 

that can be characterized via different molecular subtypes based on gene expression 

profiling. Breast tumorigenesis involves multiple genetic and epigenetic changes in gene 

expression (1-4) that drive tumorigenesis. Breast cancer is a hormone related cancer and 

estrogen is a major risk factor for breast cancer development (5). Breast cancer is 

currently the second leading cause of cancer deaths among women (6). Breast cancer is 

highly curable if detected early, however, metastatic breast cancer is currently an 

incurable disease. The standard of care for premalignant breast cancer is lumpectomy and 

radiation therapy and when appropriate, hormonal therapy. For metastatic breast cancer, 

combinatorial chemotherapy has proven most effective at improving overall survival. 

Breast cancer mortality frequently occurs due to drug resistance and disease relapse (7) .  

 We have entered an age of molecularly targeted therapy in treating breast cancer that 

promises to greatly improve survival. One of the highlights of modern breast cancer 

therapy, the monoclonal antibody Trastuzumab / Herceptin has dramatically improved 

outcome in breast cancer patients who harbored a previously hard to treat aggressive 

molecular subtype (HER2+ tumors). Scientists are looking to replicate this success in 

basal-like breast cancers, which lack molecularly targeted therapies, are aggressive, and 

have a poor overall prognosis. 
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Etymology of Disease 
 

 The breast is composed of mammary epithelial cells organized in ductal structures 

leading to the nipple. These ductal structures are surrounded by stromal tissues including 

fibroblasts, adipocytes, and blood vessel and lymphatic endothelial cells. The mammary 

gland itself is composed of a bilayered epithelium. The innermost layer is made up of 

luminal epithelial cells that line the apical surface of mammary ducts. This inner layer is 

surrounded by a layer of basal myoepithelium, which provides structural support and can 

contract to excrete milk via the mammary ducts. Milk is produced at the lobules of milk 

ducts by luminal/alveolar epithelial cells. The vast majority of breast cancers are believed 

to arise from mammary epithelial cells in the terminal ductal-lobular unit (TDLU). The 

two major types of breast cancers are ductal or lobular carcinoma depending on exactly 

where the tumor arose in the TDLU (8). Furthermore, it is believed that a majority of 

breast cancers arise from luminal epithelial cells or luminal progenitor cells (9).  

 Breast cancer begins as atypical hyperplasia, a hyper proliferative group of cells that 

are distorted architecturally and do not resemble normal cells. Breast cancers then 

progress into in situ premalignant lesions, tumors that are noninvasive, are well 

circumscribed, and have not penetrated the basement membrane. These lesions then 

acquire an invasive phenotype and are then categorized as invasive carcinomas and are 

considered malignant. Tumors may then spread via a multistage process involving blood 

or lymphatic vessels ultimately leading to metastatic lesions (10).  

Role of Estrogen Hormone 
 

  The hormone estrogen is important in normal growth and development of mammary 
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glands as well as being critical to normal mammary homeostasis (11). During pregnancy 

estrogen drives ductal proliferation to expand the mammary glands, which is followed by 

alveolar differentiation governed by progesterone signaling. In premenopausal women 

estradiol (E2) is produced by granulosa cells of the ovaries. In postmenopausal women, 

estradiol is produced instead via conversion of testosterone by aromatase enzymes in 

adipocytes within peripheral tissues (12). Around 70% of breast cancer patients have 

hormone responsive tumors that depend on estrogen for tumor growth and survival (13). 

Long exposure to estrogen including early menarche and late menopause is a major risk 

factor for breast cancer (14).  

     During pregnancy numerous changes occur in mammary epithelium involving the 

proliferation and differentiation of alveolar epithelial cells. Following pregnancy, there is 

dramatic involution of the mammary trees. Pregnancy has been associated with a lower 

lifetime risk of breast cancer, which further decreases with the number of pregnancies. 

However, later age first pregnancy is instead associated with increased breast cancer risk. 

Pregnancy has also been found to reduce the number of menstrual cycles as such 

decreasing total estrogen exposure (15).  

     The first association of the hormone estrogen with breast cancer came from Thomas 

William Nunn who observed the regression of breast cancer following the onset of 

menopause in a patient. These findings were published in the book “On Cancer of the 

Breast” in 1882. Along with the early discovery that the hormone estrogen was 

promoting breast tumor growth it was found that oophorectomy, removal of the ovaries, 

could be used to treat breast cancer. The first mention of this as a treatment for breast 

cancer was published by the Scottish surgeon Dr. George Beatson in 1896.  
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     Estrogen can contribute to breast cancer through multiple mechanisms. First, estrogen 

can bind to and activate the estrogen receptor (ER), a nuclear receptor that recognizes 

estrogen response elements in gene promoters and can both activate or suppress gene 

expression. There are 2 ER subtypes, α and β, and numerous isoforms. ERα is typically 

regarded as pro-tumorigenic and its activation is associated with pro-growth and survival 

signaling. ERβ signaling, however, is often regarded as a tumor suppressor and its 

activation is associated with growth inhibitory signaling. ER proteins are made up of a 

DNA binding domain, a ligand-binding domain, and 2 transactivation domains. Estrogen 

binding leads to receptor dimerization and DNA binding. Typically, binding of gene 

promoters is accompanied by association with coactivator or corepressor proteins, which 

govern the cell-specific nature of estrogen signaling (16). The second method through 

which estrogen can contribute to breast tumorigenesis involves metabolism of the 

estrogen hormone, which can generate numerous genotoxic metabolites. These 

metabolites can either directly damage DNA by forming DNA adducts or can lead to the 

generation of reactive oxygen species (ROS), which in turn can damage DNA (5).  

Finally, ER is also involved in nongenomic signaling activity (17).  Membrane bound ER 

has been found to signal via association and activation of G proteins and tyrosine kinases 

thus activating downstream signal cascades including the mitogen activated protein 

kinase pathway (MAPK). 

     Modern hormonal therapy involves using small molecules as adjuvant therapy for 

antagonizing the estrogen receptor (Selective estrogen receptor modulators SERMS) or 

inhibiting the conversion of testosterone in peripheral tissues (Aromatase inhibitors) (13). 

Tamoxifen is an estrogen receptor antagonist (SERM) given to women with 
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premenopausal breast cancer that are hormone receptor positive. Aromatase inhibitors, 

i.e. letrozole, are given to postmenopausal women (hormone receptor positive) to inhibit 

the enzyme aromatase, which converts testosterone to estradiol in adipose tissue.    

     Patients often develop resistance to endocrine therapy and their tumors frequently lose 

estrogen receptor expression. Evidence suggests that other growth factor signaling, in 

particular, signaling from erbB receptors drives tumor growth and survival in the absence 

of estrogen receptor signaling (18). Several reports suggest that inhibiting growth factor 

signaling in endocrine resistant breast cancer can restore sensitivity to hormonal therapy. 

Molecular Subtypes  
 

 Microarray profiling of breast tumor gene expression has been used to cluster tumors 

with similar molecular profiles. From this data 5 groups of tumors emerged that were 

referred to as luminal A, luminal B, basal-like, HER2+, and normal-like (Table 1.1) (2).  

 Luminal A comprises about 40% of breast tumors and is composed of tumors that are 

ER+, PR+, Her2-, with low Ki67 expression. These tumors don’t frequently harbor 

mutations in p53 and tend to respond well to hormone therapy. Luminal B subtype 

tumors are ER+, PR+, with high Ki67. These tumors typically have a poorer prognosis 

compared to luminal A tumors. In addition to surgery and radiation, hormonal therapy is 

an effective treatment for patients with luminal A or B subtype breast cancers (19, 20). 

     Basal-like tumors typically occur in younger or African American women. These 

tumors are ER- and PR- and frequently are also lacking HER2 expression (triple 

negative). A majority of basal-like tumors harbor p53 mutations.  Basal-like tumors are  

difficult to treat, are aggressive, and have a poor prognosis. They are no available 

molecularly targeted therapies for basal-like breast cancer. Surgery, radiation, and  
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Table 1.1 Molecular Subtypes of Breast Cancer 

Molecular    Prevalence Immunological         Tumor          P53  Prognosis Therapies 
  Subtype                     Profile           Grade      mutations   
 
Luminal A       40%  ER+, PR+, HER2-        1-2           <15%  Good  Hormonal  
      Ki67 low           therapy 
  
Luminal B        20%  ER+, PR+, HER2+/-      2-3         ~30%    Intermediate     Chemotherapy 
      Ki67 high 
 
HER2             15-20%  ER-, PR-, HER2+          2-3           75%  Poor  Trastuzumab 
      Ki67 high 
  
Basal-like       10-15%  ER-, PR-, HER2-             3              90%  Poor  Chemotherapy 
      Ki67 high 
 
ER: Estrogen Receptor, PR: Progesterone Receptor, HER2: Human Epidermal Growth Factor Receptor 2 
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cytotoxic chemotherapy are the only available treatments for patients with basal-like 

breast cancers (19, 20). 

     HER2+ subtype tumors are mostly ER-, PR-, and Her2+. These patients are frequently 

lymph node positive. HER2+ tumors often harbor amplification of the HER2 gene.  

Overexpression of HER2 has been shown to result in homo and hetero oligomerization of 

HER2 with other erbB receptors, which in turn activates downstream signaling in the 

absence of ligand. Treatment of these patients includes molecularly targeted therapy in 

the form of a humanized monoclonal antibody targeting HER2, Trastuzumab, which 

either inhibits receptor dimerization and downstream signaling or leads to antibody-

dependent cell-mediated cytotoxicity. Prior to the availability of targeted therapy, this 

molecular subtype was considered one of the most aggressive and difficult to treat breast 

cancers (19, 20). 

     Normal-like tumors are typically small and have a good prognosis and it is believed 

these tumors may not comprise a distinct subtype of breast tumors. These tumors are so 

named because their gene expression signature resembles that of normal breast tissues. 

One explanation given is that the molecular signatures from these tumors may have been 

contaminated from normal tissue (19, 20).   

     A new subtype was just recently defined by expression profiling studies.  This subtype 

is named Claudin-low and is characterized by lack of expression of claudin proteins, 

which have important roles in tight junctions of mammary epithelial cells. These tumors 

lack expression of E-Cadherin, EpCAM and Mucin-1.  A majority of claudin-low tumors 

are triple-negative and the major difference with basal-like tumors is in the lack of 

expression of basal cytokeratins and a lower expression of proliferative markers.  These 
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tumors do not however, express luminal cytokeratins and are associated with epithelial-

to-mesenchymal (EMT) markers. Furthermore, claudin-low tumors are enriched in so-

called cancer stem cell subpopulations (19, 20). 

Breast Cancer Treatment    
 

 Regardless of molecular subtype, early stage and locally advanced breast tumors are 

usually surgically excised and subject to targeted radiation therapy. For women with 

early stage tumors, lumpectomy (breast-conserving surgery) and targeted radiation is as 

effective as mastectomy. Types of radiation therapy include external beam radiation or 

internal brachytherapy.  Side effects / risks of radiotherapy include pain, blistering, 

numbness in the shoulder or arm, as well as secondary cancers in rare cases including 

angiosarcoma or leukemias. Neoadjuvant chemotherapy is frequently given to shrink 

large tumors prior to surgery.  Following tumor resetion, adjuvant chemotherapy is often 

given to prevent tumor relapse and distant metastasis. For patients with advanced disease, 

lymph node involvement, or detectable metastasis systemic chemotherapy is the standard 

of care in addition to targeted thereapies including antiestrogen or HER2 targeted 

therapies (21). Combinatorial chemotherapy is believed to be more effective than single 

chemotherapy drugs (Table 1.2) (22). Popular chemotherapeutic cocktails for breast 

cancer include CAF: the combinatorial treatment of cyclophosphamide, doxorubicin, and 

5-fluorouracil. Another commonly used combination is TAC: docetaxel, doxorubicin, and 

cyclophosphamide, in which the T (docetaxel) can also be given before or after cycles 

with doxorubicin and cyclophosphamide. For patients with triple negative disease, 

carboplatin is often added to the cycles of docetaxel/paclitaxel. For patients with HER2+ 

tumors, TCH regimens are  
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Table 1.2 Chemotherapeutic Drug Combinations Used to Treat Breast Cancer  

Regimen Combination    Class     Adverse Effects 
 
AC   Doxorubicin Hydrochloride Anthracyline antibiotic  Heart damage 
   Cyclophosphamide   Nitrogen alkylating agent  t-AML 
 
AC-T  AC + Paclitaxel    Microtubule stabilizer   Nausea 
 
CAF  AC + Fluorouracil   Pyrimidine Analog   Neurological 
                 damage 
CMF*  Cyclophosphamide 
   Methotrexate     Antifolate     Hepatotoxicity 
   Fluorouracil 
 
FEC  Fluorouracil 
   Epirubicin Hydrochloride  Intercalator     Nausea 
   Cyclophosphamide 
  
TAC  Docetaxel (Taxotere)   Microtubule stabilizer   Hematological 
   Doxorubicin Hydrochloride      
   Cyclophosphamide 
 
*CMF is often given with Prednisone; MF is often given with Folinic acid; t-AML = secondary/therapeutic Acute Myeloid Leukemia  
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used that include docetaxel, carboplatin, and herceptin. Side effects / risks of 

chemotherapy include nausea, hair loss, sores, infection, memory loss, and early  

menopause. 

Molecular underpinnings of breast cancer  

  
 Estrogen signaling plays a major role in the development and progression of breast 

cancer as is clear for luminal-subtype breast cancers. Furthermore, erbB receptor 

signaling plays a critical role in the development of many breast tumors including 

HER2+ subtype tumors. In addition to these genes there are many oncogenes and tumor 

suppressor genes that play a major part in initiation and progression of breast 

tumorigenesis. 

 Breast cancers are characterized by having a high degree of genomic instability, 

mutations and chromosomal aberrations. Amplification and gain of copy number for c-

Myc is observed in roughly 15% of breast cancers. c-Myc is a homologue for the viral 

proto-oncogene avian myelocytomatosis (v-Myc). Myc is a transcription factor involved 

in promoting cell cycle progression and inhibiting apoptosis. Myc binds and forms 

heterodimers with Myc associated factor X (Max) and are recruited to E-box regulatory 

elements in gene promoters of Myc response genes, including Cyclin D and p27Kip1 

(23). 

The tumor suppressor gene P53 is frequently mutated in breast cancer. Roughly 25% 

of breast cancers have missense mutations affecting either DNA binding or protein 

conformation.  Missense mutations are rare for tumor suppressors, which typically 

experience deletions or nonsense mutations leading to little or no expression. P53 was 

initially thought to be an oncogene as P53 was initially detected at high levels in tumors 
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and low levels in normal tissue. It is now known that mutant P53 can act as a dominant 

negative through binding wild type p53 and forming inactive tetramers. Furthermore, 

mutant P53 exhibits gain of function activity in addition to its inhibition of wild type P53 

tumor suppressor function. P53 is a transcription factor that under normal conditions is 

regulated by Mouse double minute 2 homolog (Mdm2) ubiquitin ligase and targeted for 

proteasomal degradation.  Following DNA damage or other activating signals, P53 is 

phosphorylated and stabilized, and then activates DNA repair, growth arrest, or 

proapoptotic signaling via regulating gene expression of numerous genes including p21, 

XPC, Bax etc (24).  

The PI3K/AKT pathway is also subject to mutation in breast tumors (~20%) where 

amplification of AKT and mutation of PI3K and PTEN are frequently observed. PI3K 

binds to activated (phosphorylated) receptor tyrosine kinases and converts phosphatidyl-

inositol-3,4-bisphosphate (PIP2) to phosphatidyl-inositol-3,4,5-trisphosphate (PIP3) via 

phosphorylation.  PIP3 anchors AKT to the cellular membrane to be activated.  

Downstream targets of AKT include p21, p27, Bad, Gsk3, Foxo and mTOR etc. 

Dysregulation of this pathway leads to tumor cell proliferation, migration, and decreased 

apoptosis (25). On the other hand, the Ras oncogene is rarely mutated in breast cancer, 

with less than 5% of breast cancers expressing mutant Ras.   

     Roughly 5-10% of breast cancers are hereditary. Hereditary Breast and Ovarian 

Cancer syndrome (HBOC) is a condition in which mutations in DNA repair genes 

(BRCA1/BRCA2) are inherited that are associated with a high risk of developing breast 

cancer (~50%). BRCA mutations are rarely observed in sporadic breast cancer. Roughly 

5-10% of breast cancers are hereditary and out of these HBOC accounts for about 25% of 
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hereditary breast cancers. Women with these mutations typically develop breast cancer 

earlier, in both breast, and tend to have other family members that developed breast or 

ovarian cancer at a young age. Genetic testing and preventative treatments such as 

prophylactic mastectomy or tamoxifen treatment can lower the risk in carriers of these 

mutations. Furthermore, synthetic lethal, targeted therapy including PARP inhibitors have 

shown promise in treating breast cancers arising from BRCA mutations. Allelic variants 

and single nucleotide polymorphisms (SNPs) in other genes, i.e. ATM, PALB2, CDH1, 

have also been associated with breast cancer risk, although they account for a smaller 

percentage of hereditary breast cancer cases (26). 

Transition from preinvasive to invasive 
 

 Ductal carcinoma in situ (DCIS) is considered to be the precursor of a majority of 

cases of invasive ductal carcinoma (IDC). Prior to widespread mammography screening 

DCIS was rarely detected (27). Today it accounts for 20-25% of all newly detected breast 

cancers (28). For luminal DCIS, breast conservation therapy (lumpectomy + radiation) 

combined with adjuvant Tamoxifen is a very effective cure for many patients (29). 

However, basal-like DCIS lesions are more aggressive and lack any molecularly targeted 

drugs and therefore are more difficult to treat.  Around 15% of all DCIS lesions recur or 

progress following treatment (30).   

     Genetic comparisons of DCIS and IDC lesions revealed few genetic differences and 

the molecular basis of invasive progression is poorly understood. A comparison of 

mutations of PIK3Ca in DCIS and IDC revealed similar mutation frequency indicating 

the same genetic lesions that drive invasive breast cancer were present in DCIS (31).  

Chromosomal abnormalities are also detected in DCIS lesions albeit at a lower rate than 
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later stage invasive tumors. Studies of DCIS heterogeneity have revealed genetic 

diversity within DCIS lesions suggesting that clonal populations with different genetic 

lesions may drive DCIS progression. Park et al. reported a case where a minor DCIS 

subclone harboring an 11q13 copy number gain became a dominant clone in invasive 

areas of the tumor (32). Higher levels of genomic instability might be predictive of 

disease recurrence and progression to invasive disease.  

     The biology underlying the transition from DCIS to IDC is poorly understood.  

Evidence suggests that the tumor microenvironment may play an important role 

regulating invasive progression (33). Myoepithelial cells surrounding DCIS lesions 

demonstrate changes in gene expression compared with healthy breast tissue, indicating 

that differentiation defects and loss of myoepithelium may be critical steps in invasive 

progression (33). One major function of myoepithelial cells is maintaining basement 

membrane and separating luminal epithelial cells from surrounding microenvironment. 

Toussaint et al. found that loss of the myoepithelial marker CD10 in DCIS tumors was 

associated with a decrease in disease free survival (34).  Loss of the myoepithelial cells 

might expose DCIS cells to the tumor microenvironment including growth factors and 

basement membrane proteins that result in progression to an invasive phenotype. 

     In another study of the role of myoepithelial cells in the DCIS to IDC transition it was 

found that TGFβ signaling was a major regulator of myoepithelial differentiation and that 

loss of this signaling promoted invasive progression of DCIS cells (33). Hu et al. found 

that downregulation of TGFßR2 in xenograft DCIS cells promoted invasive transition in 

vivo (33). Furthermore, it was found that coculture with fibroblasts promoted invasive 

progression in a xenograft model whereas coculture with myoepithelial cells provided a 
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tumor suppressive signal to DCIS cells preventing invasion.  Fibroblasts were found to 

activate NFκB and COX2 signaling in DCIS cells and increase expression of matrix 

metalloproteases MMP9 and MMP14 (35). Similar results were found in patient samples, 

where myoepithelial cells surrounding DCIS lesions were found to have higher levels of 

MMP14 when compared with healthy tissue.  In another study, Gauthier et al. found that 

patients with DCIS lesions with high levels of COX2 along with high p16 and 

proliferation levels showed higher levels of tumor recurrence (36). 

 DCIS stem cells 

In addition to the important role of myoepithelial cells in regulating DCIS progression it 

is hypothesized that stem-like cells within DCIS lesions might exist which serve as 

malignant precursor cells (37). Following loss of myoepithelial cell layer, these stem-like 

cells in DCIS lesions might be predisposed to take on an invasive phenotype following 

exposure to signals in the tumor microenvironment. It is possible that DCIS CSCs may 

pre-determine the malignant potential of DCIS lesions. Preventing the progression of 

DCIS to IDC is a major focus of breast cancer chemoprevention. As such, a key 

mechanism for preventing the DCIS to IDC transition may be to target and eliminate 

DCIS stem-like cells. It was recently reported that DCIS tumors do indeed contain a 

population of stem-like cancer cells that possess self-renewal potential (38).   

 miR-140 regulation of DCIS stem cells 
 

We recently examined the potential for microRNAs (miRs) to regulate putitive DCIS 

stem cells in a model of basal-like DCIS. When comparing miR expression of mammary 

stem cells and DCIS stem cells miR-140 was among the most significantly down-

regulated miRs (39). This indicates that miR-140 may regulate tightly controlled 
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mammary stem cell circuitry and that miR-140 dysregulation may contribute to DCIS 

CSC formation. 

 We   attempted to identify the most critical stem cell related targets of miR-140 by 

examining	  only	  targets	  that	  were	  dysregulated	  in	  DCIS	  stem	  cells	  compared	  to	  

normal	  mammary	  stem	  cells.	  We	  found	  that	  SOX9	  and	  ALDH1	  were	  significantly	  

dysregulated	  in	  DCIS	  stem-‐like	  cells	  and	  we	  confirmed	  that	  both	  are	  direct	  targets	  of	  

miR-‐140	  regulation	  in	  DCIS	  stem-‐like	  cells	  (39).	  	  Recently,	  Dr.	  Robert	  Weinberg’s	  

group	  has	  shown	  that	  differentiated	  mammary	  epithelial	  cells	  can	  be	  reprogrammed	  

to	  multipotent	  mammary	  stem	  cells	  through	  forced	  expression	  of	  stem	  cell	  

transcription	  factors	  (40).	  One	  part	  of	  mammary	  reprogramming	  involved	  an	  EMT	  

step	  (introduction	  of	  Slug)	  and	  the	  other	  involved	  forced	  expression	  of	  a	  master	  

regulator	  of	  mammary	  stemness,	  SOX9.	  	  Discovering	  that	  miR-‐140	  can	  directly	  

target	  SOX9	  in	  DCIS	  stem	  cells	  suggests	  that	  miR-‐140	  loss	  can	  subvert	  an	  absolutely	  

critical	  regulator	  of	  breast	  tissue	  differentiation	  potential	  which	  might	  lead	  to	  de	  

novo	  CSC	  formation	  by	  hijacking	  mammary	  stem	  cell	  transcriptional	  programs.	  	   

 Our profiling of DCIS stem-like cells also revealed down-regulation of miR-200 

family (regulators of EMT and polycomb, let-7 (regulators of Ras and polycomb), and 

miR-30a (regulator of Snail1), suggesting that EMT-like transformation, embryonic 

epigenetic programs, and mammary stem cell circuitry are all also activated in DCIS stem 

cells (41, 42). 

 Finally, we were able to show in vivo that miR-140 activation through genetic 

approaches or epigenetic drugs reduced the tumorigeneic potential of DCIS stem-like 

cells (39).  The primary goal of breast cancer chemoprevention is preventing DCIS 
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formation.  Taken together, our results suggest DCIS CSCs and more specifically loss of 

miR regulation of stem cell circuitry may contribute to DCIS formation. 

 Targeting DCIS CSCs may eliminate the malignant/invasive component of DCIS 

lesions and prevent recurrence or disease progression. Our results suggest a potential 

targetable pathway for eliminating DCIS, the miR-140/SOX9 pathway.  As the only 

currently available preventative therapy used in treating patients with DCIS is tamoxifen, 

our findings suggest potential chemoprevention targets and therapeutic strategies for 

patients with ERα negative disease, the miR-140/SOX9 pathway.  

Transition from primary tumor to metastasis 
 

 Breast cancer metastasis is a multistep process beginning with dissociation from the 

primary tumor and ending in colonization of distant sites. Invasive progression starts as 

DCIS cells begin microinvasion and breast cancer cells break down basement membrane 

and begin to interact with and modify their microenvironment. Tumors also begin to 

receive pro-tumorigenic signaling from the tumor microenvironment (43). In a process 

known as collective invasion, breast cancer cells invade as a cohesive multicellular unit, 

which is characterized by a leading edge in breast tumors that often expresses 

Cytokeratin 14 and P63 (44).  

     Invasive breast cancer cells also exhibit cytoskeletal changes associated with 

microtubule protrusions and actin stress fibers (45). Furthermore, tumor cells are 

suspected to undergo epithelial to mesenchymal transition (EMT) a primitive 

developmental program in which many cell junction proteins are silenced and cells adopt 

a more motile phenotype (46). Normal epithelial cells undergo programmed cell death 

following detachment from the epithelial cell layer known as anoikis but breast cancer 
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cells have inhibited these pro-death pathways. By secreting angiogenic factors tumor 

cells induce new blood vessel growth to deliver oxygen and nutrients to the tumor, a 

process known as angiogenesis (47). Tumor cells invade nearby blood and lymphatic 

vessels in a process known as intravasation, whereby tumor cells squeeze between 

endothelial cells and enter circulation. Tumor cells must then survive an environment not 

suitable for epithelial cells, where many tumor cells die from fluid shear stress within 

circulation. Breast tumor cells must then exit blood vessels, which is suspected to be 

aided via microtentacle attachments (microtubule based structures) (48).  

     Breast tumor cells frequently colonize bone, lung, liver, and brain. It is suspected that 

these sites may provide a suitable microenvironment for metastatic colonization. 

Evidence also suggests that metastatic cells (micrometastasis) are capable of lying 

dormant for many years before reacquiring a proliferative phenotype (dormant 

micrometastasis) (49).  Since metastastic breast cancer is currently an incurable disease 

ongoing research is investigating preventing any of the stages of metastasis.  

     Breast cancer metastasis is diagnosed via PET and CT scanning. In addition, the 

extent of invasion can be assessed by examining sentinel and proximal lymph node 

involvement using both fine needle aspiration and core needle biopsies. Furthermore, 

tumor margins are also examined from surgical biopsies to determine tumor spread. 

Surgery and targeted radiation are not a therapeutic option for metastatic breast cancer.  

Metastatic breast cancer is treated via systemic therapies such as chemotherapy or 

adjuvant targeted therapy, including trastuzumab for HER2+ tumors, tamoxifen for 

luminal-type tumors in premenopausal women, or aromatase inhibitors in 

postmenopausal women.  
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     Currently metastatic breast cancer is an incurable disease. As such, there is a large 

focus on early detection and prevention of metastatic breast cancer. However, with better 

understanding of the multiple stages of metastasis many potentially druggable targets are 

being revealed and these are being heavily investigated in animal models.   

1.2 Noncoding RNAs  

 

Overview  
 

 Only 2 % of the human genome encodes protein-coding genes (50). The ENCODE 

project recently discovered that over 76% of the human genome is actively transcribed 

(51).  The 74% of the genome that is actively transcribed but does not code for proteins is 

not “junk DNA” but instead a large portion is suspected to play important roles in 

physiology and pathology. Considered the dark matter of the genome, these noncoding 

regions are made up of repetitive sequences, transposons, viral elements, introns, 

pseudogenes, telomeres, and functional noncoding RNA. This last component, functional 

noncoding RNA, is composed of many species of RNA: transfer RNAs (tRNAs) which 

foster a link between amino acids and growing peptide sequences, ribosomal RNAs 

(rRNAs) which make up the majority of the ribosome and catalyze peptide bond 

formation, small nucleolar RNAs (snoRNAs) which are guides for chemical 

modifications of other RNAs, small nuclear RNAs (snRNAs) which are involved in 

mRNA splicing, microRNAs (miRs) which are involved in posttranscriptional gene 

regulation, long noncoding RNAs (lncRNAs) which compose any noncoding RNAs 

greater than 200 nucleotides and have numerous functions that involve interacting or 

forming a “link” with proteins/DNA/RNA, and piwi-interacting RNAs (piRNAs) 
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involved in gene silencing of transposons.  

microRNA biogenesis  

  
 miRs are short noncoding RNA molecules, approximately 22 nucleotides in length 

that are posttranscriptional regulators of gene expression (52).  miRs bind primarily to the 

3’untranslated region (but also in the 5’UTR and coding regions) of target messenger 

RNAs leading to mRNA degradation or translational inhibition.  miRs recognize a semi-

complimentary seed sequence (6-9bp) in mRNAs, also known as miR response elements 

(53). miR seed sequences for individual miRs may match hundreds of mRNAs and 

individual mRNAs may be subject to posttranscriptional regulation via numerous miRs .  

     A majority of miRs are encoded in well-defined transcriptional units found alone, in 

tandem with other miRs, or within the introns of protein coding genes (miRtrons).  miR 

primary transcripts are predominantly transcribed by RNA polymerase II, although 

several miRs may be transcribed by RNA polymerase III. These long primary miR (pri-

miRs) transcripts are cleaved by the microprocessor complex, which includes Drosha and 

DGCR8, class III ribonucleases. The resulting hairpin product (approximately 70 

nucleotides) is referred to as a precursor miR (pre-miRs). Pre-miRs are transported out of 

the nucleus by exportin 5.  In the cytoplasm this hairpin is again processed via a class III 

ribonuclease, Dicer, yielding a roughly 22 nucleotide miR duplex. Dicer is found in the 

RNA Induced Silencing Complex (RISC) loading complex, which also contains 

Argonaute-2, Tar RNA binding protein (TRBP) and Protein Activator of PKR (PACT) 

(Fig 1.1). In the RISC complex the mature miR duplex is unwound and the guide strand 

is loaded onto Argonaute-2 while the complimentary (*) strand is degraded (54, 55). miR 

dysregulation often occurs through inhibition of key enzymes associated with miR 
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biogenesis. Specifically, loss of Dicer expression is observed in many cancers, including 

breast cancer (56).   

microRNAs in Cancer 
 

 It is known that miRs are important regulators of cellular differentiation and other 

processes in embryogenesis; miRs regulate Embryonic Stem Cells as well as cell fate in 

early embryogenesis and again later in the developmental process (57-59). For example, 

miR-196 regulates several members of the HOX gene family, and may influence 

posterior-anterior axis development (60). In addition, miRs play roles in specific 

processes ranging from brain development (61) and immune development (62) to 

hematopoiesis (63).    

     The dysregulation of miRs can interrupt their normal regulatory programs and 

contribute to cancer development and progression. The first miRs discovered to play an 

active role in cancer were miR-15 and miR-16; these miRs target oncogenic antiapoptotic 

gene Bcl2, and have sometimes undergone translocations or have been deleted in chronic 

lymphocytic leukemia (CLL) (64, 65).  Following these observations, many 

overexpressed oncomiRs and downregulated tumor suppressive miRs (targeting tumor 

suppressor genes and oncogenes, respectively) were shown to contribute to 

tumorigenesis, including let-7 [targeting Ras; (66)], miR-21 [targeting PTEN; ref (67)], 

and miR-200c [regulating E-Cadherin; ref (68)] among others.  Although individual miRs 

may exist which are dysregulated in only one cancer, most miRs appear to be 

dysregulated across multiple cancers.   

     Recently, many studies have identified tumor specific profiles of miRs, and the 

differential expression levels of these miRs can distinguish between malignant and  
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Figure 1.1 Canonical microRNA biogenesis pathway.  
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normal tissue samples.  For nearly every cancer, differential miR expression can 

distinguish between tumors and healthy tissues.  Unique miR profiles now exist for 

cancers including breast (69), prostate (70), lung (71), liver (72), stomach (73), 

esophageal (74), brain (75), colon (76), and pancreas (77). 

     How are miRs disrupted in cancer?  MiR encoding genes (whether encoded on their 

own, in miR clusters, or within introns of protein coding genes) are subject to the same 

genomic “hits” that affect protein coding oncogenes and tumor suppressor genes. 

Mutations, translocations, amplifications, and loss of heterozygosity (LOH) can all 

theoretically occur in miR encoding genes.  Cancer-related aberrant miR levels have been 

demonstrated to result from translocations (78), defects in processing, copy number 

variation (79), and epigenetic silencing (80).  In addition, mutations in regulatory 

elements of miR encoding genes have been identified that disrupt expression levels of 

miRs (81).  Mutations outside of miRs-proper that nevertheless affect miR function 

include mutations of target sites within mRNA or overexpression of RNA binding 

proteins that may compete for access near miR target sites leading to dysregulation of 

miR regulated pathways in oncogenesis. MiRs can target multiple mRNAs and multiple 

miRs can target the same mRNA. Consequently, the outcome of dysregulation of an 

individual miR is made more complicated by the cell-specific expression of redundant 

and/or overlapping miRs as well as the presence of target mRNAs. 

Epigenetic Regulation of microRNAs  
 

 There has been extensive research into the contributions of epigenetics to the 

development of cancer (82, 83).  It is well established that breast tumors possess an 

altered epigenetic landscape where many tumor suppressor genes are often silenced via 
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epigenetic inactivation (84).   Multiple epigenetic mechanisms are involved in altering 

breast cancer gene expression including DNA methylation, histone methylation, and 

histone deacetylation (85) (Fig 1.2).  Several drugs have been developed to target 

epigenetic machinery, including histone deacetylase inhibitors (HDACi) and DNA 

methyltransferase inhibitors (DNMTi), in an attempt to restore expression of silenced 

tumor suppressors and kill tumor cells (83, 86). There are numerous ongoing studies 

investigating the potential for epigenetic therapies to treat breast cancer.  

 In breast cancer, miR expression is often dysregulated through epigenetic 

mechanisms.  This is unsurprising, given that studies of normal breast tissues have 

revealed a major role for epigenetic regulation of miRs in controlling differentiation and 

cell fate. Vrba et al. examined epigenetic regulation of miRs in mammary epithelial cells 

(HMECs) and mammary fibroblasts (HMFs) (87). They found that 10% of miRs 

expressed by either cell type were subject to unique, cell type-specific epigenetic 

regulation, mostly involving DNA methylation or trimethylation of histone 3 lysine 27 

(H3K27me3).   

      DNA methylation and microRNA dysregulation 

Among the miRs epigenetically regulated in breast cancer are the miR-200 family 

members: miR-200b/miR-200a/miR-429 and miR-200c/miR-141. Promoter hyper- 

methylation and histone deacetylation were found to be associated with loss of miR-200 

family expression in invasive breast cancer cells (88, 89). It is interesting to note that the 

miR-200 family is also regulated via DNA methylation and histone modifications in 

normal breast tissue (87).   

 In addition to the miR-200 family, promoter hypermethylation has been found to be
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Figure 1.2 Epigenetic reprogramming breast cancers.  Histone acetyl transferases, histone deacetylases, 
DNA methyltransferases, and histone methyltransferases all regulate gene expression via altering 
chromatin dynamics. During cancer dysregulation of these enzymes leads to global changes in the 
epigenetic landscape including activation of oncogenes and viral elements and silencing of tumor 
suppressor genes. 
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associated with frequent down-regulation of several prospective tumor-suppressor miRs 

in breast cancer including: miR-335 (suppressor of metastasis (90)), miR-195/497 

(targets Raf1 mRNA (91)), miR-125b (targets proto-oncogene ETS1 (92)), miR-34a 

(targets E2F3 and BCL2 (93)), and miR-34b/c (targets Notch4 (94)).   

     Genome-wide approaches have revealed new insights into the epigenetic regulation of 

miR expression in breast cancer. Lehmann et al. conducted a genome-wide study of DNA 

methylation in breast cancer cell lines and control tissues using combined bisulphite 

restriction analysis (COBRA) and bisulphite sequencing (95). Their results revealed that 

regulatory regions of miR-9-1, miR-124a3, miR-148, miR-152, and miR-663 were 

hypermethylated in breast cancer cells when compared to normal tissues. Epigenetic 

therapies have also been useful tools in examining global epigenetic regulation of miRs 

in breast cancer.  Treatment of several breast cancer cell lines with 5Aza-2’dC (a DNMT 

inhibitor) resulted in significant alterations in miR expression (96). 

      Histone methylation and microRNA dysregulation 

Aberrant histone methylation is also frequently involved in alterations of miR expression 

in breast cancer.  miR-375 is highly expressed in ERα+ breast cancer cells and targets 

RASD1, a negative regulator of ERα expression  (97).  Multiple epigenetic mechanisms 

were found to contribute to miR-375 over-expression in ERα+ breast cancer cells 

including promoter DNA hypomethylation and loss of the repressive chromatin mark 

histone 3 lysine 9 dimethylation (H3K9me2) at the miR-375 locus.  Aberrant histone 

methylation was also shown to regulate miR-9-3 expression in mammary epithelial 

progenitor cells treated with the xenoestrogen Diethylstilbestrol (DES).  Repressive 

chromatin marks H3K27me3 and H3K9me2 were found at the miR-9-3 locus in 
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mammary epithelial progenitors after DES treatment (98). 

       Histone deacetylation and microRNA dysregulation 

Chang et al. discovered a novel role for tumor suppressor BRCA1 in breast cancer (99).  

They found that the R1699 variant of BRCA1 negatively regulates the oncomiR miR-155 

in breast cancer by binding to a region in the miR-155 promoter and recruiting HDAC2, 

resulting in deacetylation of H2A and H3 histones. They found that BRCA1-deficient 

breast cancer cell lines (HCC1937 and MDA-MB-436) showed 50 to 100-fold higher 

expression of miR-155 compared to BRCA1 expressing breast cancer cell lines (MDA-

MB-231 and MCF-7), suggesting a role for epigenetic dysregulation of miR-155 in 

hereditary breast cancers.  

 MicroRNA Regulation of Epigenetic Machinery  

MiRs have been found to regulate several critical epigenetic enzymes known to be 

involved in tumorigenesis.  In lung cancer and acute myeloid leukemia, tumor suppressor 

miR-29b has been reported to directly target DNMT3a and DNMT3b and also indirectly 

target DNMT1 (100).  In prostate cancer it was reported that miR-449a directly targets 

HDAC1 mRNA (101).  Recently, several reports have identified miR regulation of 

epigenetic machinery in breast cancer, linking altered miR expression to altered 

epigenetic regulation and altered epigenetic landscapes of breast cancer.  

       MicroRNA regulation of Polycomb group complexes 

Polycomb group (PcG) genes are involved in transcriptional repression of gene 

expression through post-translational histone modifications carried out through two 

protein complexes.  Polycomb repressor complex 2 (PRC2) di/tri-methylates H3K27 via 

EZH1/EZH2 histone methyltransferases and PRC1 recognizes H3K27me2/3 
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modifications and subsequently monoubiquitylates histone 2A lysine 119 (H2AK119ub) 

via RING1A and RING1B ubiquitin ligases (102). Although much is still unclear 

concerning the mechanism of PcG suppression of gene expression, it is well established 

that PcG is a critical regulator of gene expression in embryonic stem cells that is 

suspected to contribute to many cancers where members of PRC1/PRC2 have been found 

to be up-regulated (e.g. Bmi-1 and EZH2 are frequently over-expressed in breast cancers 

(103-105)).   

     Members of the miR-200 family of tumor suppressors have been reported to target 

multiple important epigenetic regulators.  Shimono et al. reported that miR-200c directly 

targeted Bmi-1 mRNA 3’UTR (a member of PRC1) in breast cancer cells. Over-

expression of miR-200c or knockdown of Bmi-1 was found to suppress self-renewal of 

breast CSCs (42). Next, Iliopoulos et al. discovered that miR-200b directly targeted 

Suz12, a member of PRC2 (106). Suz12 knockdown or miR-200b over-expression was 

found to reduce growth of breast CSCs. Finally, in transformed mammary epithelial cells, 

miR-200a has been found to target the 3’UTR of SIRT1, a class III histone deacetylase, 

member of PRC4, and a suspected oncogene in breast cancer (89). By targeting BMI1, 

Suz12, and SIRT1, the miR-200 family is a critical regulator of PcG complexes in breast 

cancer. 

Other miRs have also been reported to target PcG genes in breast cancer.  Derfoul et al. 

reported that miR-214 expression is inversely correlated with expression of EZH2 histone 

methyltransferase in breast cancer cells (107). miR-214 was found to directly target 

EZH2 mRNA 3’UTR and over-expression of miR-214 was shown to down-regulate 

EZH2 protein levels and reduce breast cancer cell growth. Similarly, Zhang et al. 
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reported that miR-26a also targets the EZH2 mRNA 3’UTR.  They found that miR-26a 

over-expression decreased EZH2 protein levels and inhibited breast tumor growth in vivo 

(108).   

Hormone regulation of microRNAs  
 

 ER is a prognostic marker monitored by pathologists that is critical for therapeutic 

selection and is a major predictor of survival; almost two-thirds of breast tumors are ER 

positive (13). It was recently discovered that miRs also play important roles in regulating 

estrogen signaling in breast tumors providing further evidence that noncoding RNAs are 

critical regulators of nearly all aspects of breast tumorigenesis. Posttranscriptional 

regulation of signaling pathways may involve complicated mRNA/miR networks wherein 

miRs may target multiple mRNAs and individual mRNAs may be subject to regulation 

by many miRs. Recent reports suggest that many miRs are involved in regulating E2 

signaling on many levels. 

      Direct targeting of the ERα mRNA 3’UTR 

The first reported miR targeting of ERα involved miR-206 binding to the ERα mRNA 

3’UTR (109). miR-206 and ERα expression is inversely correlated in breast tumors 

where ERα negative tumors express high levels of miR-206. miR-206 can target two sites 

within the ERα mRNA 3’UTR and miR-206 overexpression in MCF7 (ERα+ breast 

cancer) cells results in knockdown of ERα at the mRNA and protein levels. Furthermore, 

miR-206 activation can inhibit proliferation of MCF-7 cells by blocking ERα pro-growth 

signaling (110).  

     The miR-221/222 cluster has also been found to directly regulate ERα mRNA levels 

via targeting 2 sites in the ERα 3’UTR (111). Again, ERα and miR-221/222 expression is 
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inversely correlated in breast tumors. Using MDA-MB-468 cells, a model of ERα 

negative breast tumors, Zhao et al. found that inhibition of miR-221/222 could restore 

ERα expression. It was also found that miR-221/222 knockdown could impart Tamoxifen 

sensitivity in MDA-MB-468 cells. Inversely, miR-221/222 over-expression conferred 

Tamoxifen resistance in MCF7 and T47D breast cancer cells (ERα+, Tamoxifen sensitive 

cells) (111). Another group found that in addition to regulating ERα, miR-221/222 were 

involved in the growth and survival of ERα negative breast tumors (112).  

     miR-22 was also found to directly target a conserved site in the ERα mRNA 3’UTR in 

breast cancer cells (113). miR-22 and ERα expression were inversely correlated in patient 

breast tumor tissues (114) and miR-22 overexpression was shown to reduce ERα protein 

levels in breast cancer cells (113). Similar findings were reported by Xiong et al. when 

using a miR expression library to identify miRs that could target the ERα 3’UTR using a 

luciferase reporter (114). Again, miR-22 was shown to target the ERα 3’UTR. They also 

found that miR-22 over-expression suppressed growth of ERα+ breast cancer cells.   

      Leivonen et al. used a protein microarray to interrogate the impact of a miR 

expression library on ERα levels in breast tumors. 21 candidate regulators of ERα were 

identified and follow up studies revealed that miR-18a, miR-18b, miR-193b could 

directly target ERα 3’UTR. miR-18a/b expression was found at higher levels in ERα 

negative breast tumor tissues compared to ERα tumors (115).   

     The let-7 family of miRs was also found to regulate ERα expression via targeting the 

ERα 3’UTR. Let-7a/b/i and ERα expression inversely correlate and let-7 overexpression 

was found to reduce ERα protein expression in breast cancer cells (116).   

      Coding region targeting of ERα 
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In addition to targeting the 3’UTR of target mRNAs, miRs are known to also target 

amino acid coding regions, however this regulation is suspected to be less efficient (117). 

miR-145, a well studied tumor suppressor miR that is downregulated in breast cancer was 

shown to target the coding region of ERα mRNA and miR-145 activation was shown to 

reduce ERα protein levels in breast cancer cells (118).  

      Indirect regulation of ERα expression 

In addition to directly targeting mRNAs, miRs are frequently shown to impact gene 

expression via indirect mechanisms. miR-27a was found to target ZBTB10, a negative 

regulator of ERα (119). ZBTB10 represses Sp1, which is necessary for maintaining ERα 

basal expression levels in MCF-7 breast cancer cells. miR-27a knockdown reduced ERα 

activation as evidenced by decreased activity of an ERE-containing luciferase reporter 

(119). Next, miR-375 was found to also indirectly regulate ERα expression.  De Souza et 

al. found that miR-375 was upregulated in breast cancer cells via epigenetic mechanisms 

where miR-375 promoted breast cancer growth and survival (97). Knockdown of miR-

375 resulted in decreased ERα expression and decreased cell proliferation. They found 

that miR-375 directly targeted Ras dexamethasone-induced 1 (RASD1) mRNA 3’UTR. 

Next, they determined that RASD1 overexpression inhibited ERα expression however 

they did not describe a specific mechanism (97).  

      Targeting co-regulatory proteins 

Steroid receptor signaling is tightly controlled through cell-specific expression of co-

regulatory proteins. These co-activators and co-repressors associate with ERα at specific 

gene elements and determine the outcome of ER gene regulation, whether the response 

for specific genes will be activation or silencing following association of ER with the 
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gene promoter (16). In addition to directly and indirectly regulating expression levels of 

ERα, miRs have been found to regulate co-regulatory proteins that are critical to estrogen 

regulated gene expression in breast cancer. In addition to targeting ERα, miR-206 also 

targets the co-activator proteins Steroid Receptor Coactivator-1 and 3 (SRC-1 and SRC-

3), which are histone acetyltransferases (HATs) that activate gene expression when they 

associate with ERα and promoter regions of estrogen response genes (120). 

Overexpression of miR-206 inhibited estrogen signaling even following ERα rescue with 

an exogenous ERα that lacked the miR-206 targeted sequence.  SRC-3/Amplified in 

Breast Cancer 1 (AIB1), is also subject to regulation by miR-17-5p (121) and miR-20a 

(122).	  

      Targeting ERβ 

ERα regulation of pro-growth and proliferative gene expression following estrogen 

stimulation is well studied.  Less is known about the signaling pathways involved in ERβ 

activation.  ERβ is a suspected tumor suppressor that is anti-proliferative in vitro and in 

vivo (123). miR-92 was found to directly target ERβ1 in MCF7 breast cancer cells. 

Expression levels of ERβ1and miR-92 were found to be inversely correlated in patient 

tissues. E2 stimulation of breast cancer cells reportedly increased expression of miR-92, 

which corresponded with ERβ1 repression (124).   

       ERα Modulates miR Expression Revealing miR-mediated Feedback Loops 

While studying estrogen-induced carcinogenesis in female rats, it was revealed that 

expression of 34 miRs were significantly dysregulated following treatment with high 

levels of E2.  Dysregulation of miR expression was identified as an early event in breast 

tumorigenesis occurring after six weeks of E2 treatment in this model (preneoplastic 
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lesions were only evident after 12 weeks) (125). Similar findings have been reported in 

human breast cancer cell lines.  It was found that miR-221/222 and ERα are involved in a 

negative regulatory feedback loop. Di leva et al. found that ERα directly represses miR-

221/222 transcription (112). They found that ERα knockdown increased miR-221/222 

transcription. Furthermore, reexpression of ERα in MDA-MB-231 cells (ERα negative) 

resulted in decreasing levels of miR-221/222. Finally, chromatin immunoprecipitation 

(ChiP) revealed that ERα binds directly to an ERE in the miR-221/222 locus. Association 

of ERα with the miR-221/222 promoter was accompanied by recruitment of 

transcriptional co-repressors including nuclear receptor co-receptor (NCoR) and silencing 

mediator of retinoid and thyroid hormone receptors (SMRT). E2 treatment was also 

found to decrease miR-206 expression, which also directly targets ERα (109). Finally, E2 

treatment of breast cancer cells was also found to suppress expression of miR-34b (126).  

      Genome wide studies of E2-regulated microRNAs 

In addition to examining E2 regulation of miRs previously associated with breast cancer 

some studies have used high throughput approaches to screen global miR expression 

following E2 stimulation of breast cancer cells.  Bhat-Nakshatri et al. found that E2 

stimulation of MCF7 cells altered the expression of 28 miRs (127). 21 miRs were found 

to be E2-inducible, including miR-17-5p and let-7, both of which also directly target ERα 

and SRC-3 (116, 121).  Malliot et al. reported very different findings following E2 

stimulation of MCF7 cells, reporting a global downregulation of miRs following E2 

stimulation (128). Another group utilized a unique approach to map ERα targeted miRs.  

Using published ChIP-chip data, Xu et al. examined predicted ERα binding sites in 

regulatory regions of annotated miR genes (129).  59 miRs were found to contain at least 
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1 ERE site in their regulatory regions.  They performed follow up studies on 8 candidate 

miRs using qRT-PCR and found all 8 miRs were dysregulated following E2 stimulation 

of breast cancer cells.  

      ERα regulation of microRNA biogenesis  

A novel mechanism by which ERα can regulate miR expression was revealed by 

Castellano et al. who found that ERα could regulate miR biogenesis (130).  They found 

that E2 treatment of MCF7 cells resulted in blocked maturation of miR-17-92. Drosha 

processing wasn’t inhibited, however, processing by Dicer was found to be delayed by at 

least 12h.  Conversely, Yamagata et al. found that ERα could associate with Drosha 

complex and interfere with pri-miR processing (131).  Finally, Cochrane et al. also 

reported that miR-221/222, which is repressed via ERα signaling, can directly target 

Dicer1 mRNA 3’UTR, providing another link between ERα activation and miR 

biogenesis (132).   

     Xenoestrogen regulation of microRNA expression 

There is a clear link between xenoestrogen exposure and breast cancer risk.  

Diethylstilbestrol (DES) exposure has been shown to increase breast cancer risk in 

pregnant women to both mother and daughter (133). Hsu et al. found that DES treatment 

altered the expression of 82 miRs in breast progenitor cells, providing a potential 

mechanism by which DES might increase breast cancer risk (98). 

Noncoding RNAs in the Tumor Microenvironment  
 

 Tumors are composed of many cell types in addition to cancer cells including 

endothelial cells, immune cells, fibroblasts, and adipocytes. We now know these cells 

play important roles in tumor formation, progression, and invasion. Tumor 
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microenvironment also contains many growth factors and proinflammatory cytokines 

secreted by adipocytes, cancer cells, and endothelial cells. These factors can activate the 

tumor stroma, lead to vascular remodeling, alter tumor cell metabolism, and promote 

tumor cell invasion (134). 

     It is suspected that microRNAs and other ncRNAs may play important roles in 

regulating the activated tumor microenvironment. Sempere et al. examined miR 

expression in breast tumors using fluorescent in situ hybridization (FISH) (135).  They 

examined miR-21 and miR-155 expression, both of which were previously implicated 

oncomiRs in breast cancer. Interestingly, they observed overexpression of miR-155 

primarily in a subpopulation of infiltrating immune cells. Likewise, they observed miR-

21 overexpression was restricted to tumor-associated fibroblasts. Rask et al. confirmed 

these findings in a later study, again observing miR-21 overexpression in tumor-

associated fibroblasts in breast tumors (136). These results indicate that microRNA 

expression is altered within the tumor microenvironment. Furthermore, they suggest that 

other important cell types in tumor microenvironment might also possess altered miR 

profiles. 

lncRNA biogenesis and function  

  
 GENCODE began as part of ENCODE with the aim of mapping and annotating all 

protein coding genes (137). The GENCODE consortium is now involved in annotating all 

gene features of the human and mouse genomes including pseudogenes, alternative 

transcribed variants, and non-coding genes. Currently, GENECODE (v18) has annotated 

14,000 lncRNAs. A majority of the annotated lncRNAs are found in their own 

transcriptional unit in intergenic regions (long intergenic ncRNAs (lincRNAs)) and the 
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remainder are overlapping or antisense to other genetic loci. Most lncRNAs are 

transcribed by RNA polymerase II and are polyadenylated, undergo RNA splicing and 

are 5’-capped. lncRNAs show far less evolutionary conservation than protein coding 

genes, which may be because only short sequences are required to maintain interactions 

or secondary structures of the RNAs (138). Functionally, lncRNAs frequently serve as a 

tether (“link” RNA) for other molecules including proteins, DNA, or mRNAs where they 

may function as scaffolds for large molecular complexes (Fig 1.3) (139). Recently, a new 

role for lncRNAs has emerged as molecular sponges or competitive endogenous RNAs 

for microRNAs thereby blocking the function of other ncRNAs. 

     lncRNAs have been found to be involved in many physiologic and pathologic 

processes including human cancers. Expression profiling has revealed dysregulation of 

numerous lncRNAs in breast tumors compared to normal breast tissues (140, 141).  

Gupta et al. discovered that the lncRNA HOTAIR was overexpressed in breast tumors 

where high levels of HOTAIR were predictive of tumor metastasis (140). They 

discovered that HOTAIR overexpression promoted tumor invasiveness in breast tumors 

whereas they found that knockdown of HOTAIR could inhibit invasion. They further 

examined the function of HOTAIR in epithelial cancer cells and found that it altered 

polycomb repressor complex 2 (PRC2) chromatin localization to closer  

resemble occupancy patterns of embryonic fibroblasts. Again, knockdown of HOTAIR 

was found to inhibit breast cancer cell invasiveness. 

1.3 Cancer Stem Cells 
 

 The CSC hypothesis states that a subpopulation of heterogeneous tumors retains  

ability to self-renew, proliferate extensively, and drive tumor growth, whereas a majority 
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Figure 1.3 Functions of long non-coding RNAs. lncRNAs may serve as tethers for larger complexes, they 
may ‘link’ enzymes to chromatin, serve as competitive endogenous RNAs for microRNAs, or regulate 
mRNA stability and function. (originally published in Eades et al. World J Clin Oncol. May 10, 2014; 5(2): 
134–141) 
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of tumor cells are more differentiated cells with less proliferative capacity (142). There 

have been several challenges to this hierarchical view of solid tumors, yet breast tumors 

indeed contain subsets of more highly tumorigenic, drug-resistant cells with stem-like  

phenotypes (142-144). Knowledge of the pathways important to these cells may aid in 

future therapeutic design and may be critical in overcoming drug resistance (144).  

 Many signaling pathways in breast cancer stem cells are active in adult or embryonic 

stem cells.  It is suspected that some cancer cells hijack these self-renewal pathways and 

dedifferentiate into a stem like state. Some of the critical pathways regulating cancer stem 

cell renewal include polycomb repression of differentiation genes, EMT signaling, and 

master stem cell regulatory factors (Fig 1.4).  

Association of miRs with breast cancer stem cells   
 

 miR expression profiling has revealed that miRs are dysregulated within 

heterogeneous tumor samples with individual subpopulations of tumor cells possessing 

unique miR signatures. In particular, breast cancer stem cells (CSCs) were found to have 

a unique miR expression profile. When comparing CD44+/CD24- lineage- breast cancer 

stem cells with CD44-/CD24+ lineage- non-stem cancer cells (NSCCs) it was found that 

37 miRs were differentially expressed in CSCs (145). The miR-200 family including 

miR-200c/miR-141 and miR200b/miR-200a/miR-429 was found to be downregulated in 

breast CSCs compared to more differentiated breast cancer cells.  Furthermore, the miR-

200 family was also found to be downregulated in normal human and murine mammary 

stem cells compared to differentiated mammary epithelial cells. Among the pathways 

regulated by miR-200 members in cancer stem cells, the polycomb group family, 

including BMI-1 and SUZ12 were found to be directly targeted by miR-200c/miR-200b.  
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Figure 1.4 Stem cell programs involved in breast cancer stem cell renewal. Polycomb enzymes, EMT 
signaling, and master transcriptional factors are all critical regulators of breast cancer stem cell renewal.  
MaSC = Mammary stem cell.  CSC = Cancer stem cell. NSCC = Nonstem cancer cell.   
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Activation of miR-200 was shown to eliminate renewal of breast CSCs in vitro and in 

vivo (42). 

 The miR-200 family is a master regulator of epithelial to mesenchymal transition 

(EMT), a process that is associated with invasion and metastasis in breast cancer (68). 

The EMT phenotype is directly linked to stem cell activity in mammary epithelial cells 

(40). The ability to regulate EMT and epigenetic reprogramming makes the miR-200 

family a powerful stem cell regulator in breast cancer. 

      Other miRs have also been implicated in breast cancer stem cells.  Using a 

transformation model in which mammary epithelial cells were engineered with an ER-Src 

oncogene (Tamoxifen inducible) it was found that CSCs emerged early on in the 

transformation process and numerous miRs were found to be dysregulated in CSCs (145). 

Among the miRs that were dysregulated in breast CSCs included the miR-200 and let-7 

families as well as miR-145. 

     Other groups have also isolated CSCs subpopulations from breast cancer cell lines and 

examined miR expression profiling (146). Again, let-7 family miRs were dramatically 

downregulated in CSCs. Lentiviral infection of CSCs with let-7 significantly inhibited 

CSC self-renewal in vitro as evidenced by decreased mammosphere formation (146). 

Conversely, knockdown of let-7 was found to enhance CSC self-renewal in vitro. Next, 

let-7 overexpression reduced breast tumor growth and metastasis in vivo. Let-7 was 

revealed to target many regulators of self-renewal and differentiation including H-Ras 

and HMGA2.  

     Another miR silenced in CSCs is miR-30.  Yu et al. found that miR-30 was silenced in 

breast CSCs where its targets Ubc9 and ITGB3 were upregulated (147).  In CSCs Ubc9 
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was shown to regulate self-renewal and ITGB3 is shown to regulate apoptosis (147). 

Knockdown of miR-30 was found to promote self-renewal in differentiated breast cancer 

cells. Overexpression of miR-30 inhibited tumor initiation in vivo whereas knockdown of 

miR-30 promoted tumor growth in vivo. 

     It was discovered that the tumor suppressor miR-34c is a regulator of CSCs in luminal 

subtype tumors (94). miR-34c overexpression inhibited CSC self-renewal, blocked EMT 

and inhibited tumor cell invasion. Mechanistically, it was shown that miR-34c directly 

targeted Notch4 mRNA in breast CSCs.   

     Another miR, miR-181 also regulates CSCs in breast cancer (148). miR-181 was 

shown to be inducible by TGF-β, a critical EMT regulator. miR-181 levels were 

upregulated in breast tumor mammospheres, and increased following TGF-β stimulation.  

Breast cancer stem cells and chemoresistance 

   
 CSCs are known to be resistant to antineoplastic chemotherapy in part due to a 

suspected quiescent phenotype and also due to a higher expression of drug efflux pumps.  

miRs also play an important role in regulating the chemoresistance of breast CSCs. The 

drug efflux pump ABCC5 is a direct target of miR-128, which is significantly 

downregulated in breast CSCs (149). Overexpression of miR-128 reduced ABCC5 and 

significantly enhanced sensitivity to doxorubicin. Furthermore, miR-128 overexpression 

inhibited CD44+/CD24- breast CSCs in vitro and in vivo (150).  

     Another miR, miR-16 was also reported to regulate chemoresistance in breast CSCs.  

miR-16 was significantly downregulated in mammary tumor stem cells (151). miR-16 

activation sensitized CSCs to doxorubicin in part through directly targeting WIP1 and 

inhibiting self-renewal.  
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    Another group reported the identification of a novel unique breast CSC subpopulation 

with a PROCR+/ESA+ phenotype. This subpopulation was found to overexpress miR-

495. miR-495 was then discovered to directly target E-cadherin, a critical regulator of 

cell-cell attachment and a major regulator of epithelial cell fate and EMT.   

miR-140 regulation of invasive breast cancer stem cells  
	  

 Recently, estrogen signaling has been implicated in the regulation of breast CSCs 

(152).  Estrogen treatment of ERα positive breast cancer cells was found to increase 

mammosphere formation capacity, a surrogate measure of CSC renewal (153).  

Furthermore, estrogen treatment was found to increase the frequency of CD44+/CD24- 

breast CSCs. One proposed mechanism for ERα regulation of CSCs involved 

transcriptional control of the SOX2/NANOG/ OCT4 self-renewal pathway. For example, 

ERα was shown to be associated with the promoter region of OCT4, and the CSC 

inhibitor, Metformin, was found to inhibit ERα association with the OCT4 promoter, 

potentially interfering with CSC self-renewal (153). 

 Deep sequencing experiments have revealed miR-140 down-regulation in early in situ 

breast tumors, invasive breast tumors, and in numerous breast cancer cell lines (154).  

While examining the molecular mechanisms underlying miR-140 downregulation in 

invasive ductal carcinoma we identified ERα control of miR-140 transcriptional activity 

(155). In breast cancers ERα is a therapeutic target and prognostic marker that is 

predictive for disease aggressiveness (13). We confirmed direct recruitment of ERα to an 

ERE in the miR-140 promoter (155).   

 Several reports have indicated over-expression of SOX2 in breast cancers (156-158). 
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This well-known embryonic stem cell marker has recently been implicated in CSC self-

renewal; in particular, SOX2 has been shown to be induced in mammosphere culture, 

which is conducive to short-term propagation of mammary stem cells and breast CSCs 

(157). We first observed inverse expression between miR-140 and its predicted target 

gene SOX2 in mammary epithelium and breast cancer cells (155). We validated 

interaction between miR-140 and SOX2 using luciferase reporter assays, qRT-PCR, and 

western blot. Very little is known concerning the regulation of SOX2 in breast cancer.  In 

embryonic stem cells it is thought that auto-regulatory feedback loops involving several 

embryonic transcription factors (OCT4, KLF4, Nanog, SOX2 etc.) maintain the other’s 

respective gene expression (159). We have identified a mechanism that is in part 

responsible for SOX2 dysregulation in breast cancer, loss of miR-140 targeting of the 

SOX2 3’UTR (155). We have shown through mammosphere culture that miR-140 

targeting of SOX2 regulates stemness properties of breast cancer cells. Finally, we further 

confirmed the importance of this relationship by showing how miR-140 and SOX2 can 

regulate CD44high/CD24low breast tumor-initiating cells (155). 

 
 
1.4  Role of miRs in Breast Cancer Prevention  
 

 Chemoprevention often involves the administration and use of naturally occurring 

compounds found within dietary foods as pharmaceuticals to prevent or inhibit 

carcinogenesis. Many anticancer compounds have been developed after their 

identification in natural sources such as herbs or traditional medicine. Growing evidence 

from epidemiological studies suggest that environment and diet can play a major role in 

cancer risk as such it is suspected that this knowledge might provide novel tools or 
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approaches to prevent cancer. One such prediction was that certain foods might provide 

an anticancer benefit and within these foods might be novel compounds that are well-

tolerated powerful antitumor molecules. We now know that many foods do contain such 

molecules with potent anticancer effects in preclinical models.  Ongoing research is 

evaluating the potential for these compounds as well as studying their mechanism of 

action. 

      There is mounting evidence that many dietary chemopreventive compounds can alter 

miR expression (160). Since miRs regulate diverse cell phenotypes ranging from 

proliferation, differentiation, and apoptosis it is possible that some bioactive food 

compounds might inhibit cancer by interrupting miR regulated pathways. The potential 

link between dietary chemoprevention and miR regulation was first revealed when 

studies found that diabetes and obesity were associated with changes in miRs that are 

frequently implicated in human cancer, i.e. let-7, miR-27, and miR-145 (161). 

      Retinoids / Vitamin A 

Retinoids serve as major chemopreventive compounds that are being assessed for their 

potential to target breast cancer (162). All-trans retinoic acid (ATRA) is the major 

metabolite of Vitamin A, an essential dietary compound that regulates proliferation and 

differentiation. ATRA treatment inhibits proliferation of ERα+ breast cancer cells (163). 

miRs have been implicated in the mechanism through which ATRA targets breast cancer 

cells. ATRA was shown to upregulate miR-21, which inhibited cancer cell motility (163). 

miR-21 targets IL-1B cytokine, ICAM-1 adhesion molecule and PLAT tissue-type 

plasminogen activator in breast cancer cells. 

      Resveratrol 
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Resveratrol (3,4′,5-trihydroxy-trans-stilbene) is a dietary polyphenol found in grapes, 

berries, and peanuts that shows chemopreventive potential. Resveratrol inhibits tumor 

proliferation, promotes tumor cell death, blocks angiogenesis and metastasis (164). 

Dietary resveratrol decreased mammary tumor incidence in mice treated with 7,12-

dimethylbenz(a)anthracene(DMBA)(164). Xenograft studies found that resveratrol could 

inhibit tumor growth and block angiogenesis. The transgenic engineered breast cancer 

model, HER-2/neu, showed delayed tumor formation when resveratrol was added to 

water given to mice (164). One of the antitumor mechanisms through which resveratrol 

works is through alteration of miR expression.  Resveratrol was found to decrease 

oncogenic miR-155 and miR-21 and increase the tumor suppressor miR-663 in breast 

cancer cells through unknown mechanisms (165).  

      EGCG / Green Tea 

Green tea polyphenols including epigallocatechin-3-gallate (EGCG) have shown 

powerful chemopreventive effects against breast cancer(166). EGCG has been found to 

inhibit tumor proliferation and promote tumor cell apoptosis. Combination treatment of 

resveratrol, quercetin, and catechin was found to inhibit tumor growth of breast cancer 

xenograft in nude mice (167, 168). EGCGs have also been shown to act in part through 

alteration of miR expression.  Green tea extract treatment of MCF7 luminal breast cancer 

cells altered the expression of 23 miRs including miR-21.  

     Sulforaphane 
 
Sulforaphane (SFN) is a dietary isothiocyanate found in cruciferous vegetables.   SFN 

was originally discovered as a powerful activator of phase 2 enzymes (169);  SFN 

treatment results in elevated NQO1 and GSTs.  In addition to its role in activating cellular 
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detoxification pathways, SFN has been found to function also as a dietary histone 

deacetylase inhibitor (170).  SFN treatment has been shown to target breast CSCs and 

SFN treatment of breast tumor xenografts revealed that SFN can inhibit breast tumor 

growth in vivo (171). Given the major role of epigenetic mechanisms in regulating miR 

expression in breast cancer, it is possible that SFN may function in part by activating 

tumor suppressor miRs.  A recent report suggests that in bladder cancer cells SFN is able 

to regulate EMT by activating miR-200 expression (172). 

1.5 Metastasis 
 

Overview   
 

 Metastatic breast cancer remains an incurable disease. The most critical issue facing 

breast cancer researchers is finding therapeutic strategies that can prevent or inhibit breast 

cancer metastasis, regardless of whether that is accomplished through inhibiting the 

metastatic cascade or through overcoming drug resistance and successfully stopping 

breast cancer progression. Cancer metastasis is among one of the most complicated 

phenomena studied in cellular biology. There are multiple steps cancer cells must 

undergo and numerous changes and transformations required for tumor cells to leave 

primary tumors and successfully colonize distant metastatic sites. Characterizing the 

molecular mechanisms underlying these many steps of metastasis is a daunting task but 

necessary as biomarkers or therapeutic targets may be revealed at any stage of tumor cell 

dissemination (43). 

     Metastasis is a multistage process beginning at the site of a primary invasive breast 

tumor. At this point tumor cells have acquired growth and proliferation signals and 
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escaped tumor suppressor and cell death pathways. With the acquisition of the invasive 

phenotype as well as neo-angiogenesis, also known as the “angiogenic switch”, tumor 

cells are able to break down the basement membrane and leave the primary site via blood 

and lymphatic vessels (173).  Tumor cells must undergo intravasation into vessels, an 

environment that is inhospitable to most epithelial cells, and survive fluid shear stress of 

circulation. After traveling to distant sites in vessels or capillary beds tumor cells must 

attach to vessel walls and undergo extravasation into nearby tissues (48). Metastatic 

cancer cells may form overt metastasis in favorable tissue microenvironments including 

bone, brain, liver, and lung or lie dormant as indolent micrometastasis that remain 

clinically undetectable and can lead to disease relapse many years in the future (174).  

     There are competing theories on the timing of tumor cell dissemination, whether it 

occurs later in tumorigenesis or is a relatively early event occurring as the primary tumor 

is formed (175). The so called “early-model” for breast cancer metastasis theorizes that 

only cancer stem cells that are present at even the earliest stages of primary tumor 

formation can colonize distant metastatic sites and that this ability is inherent to these 

cells and not acquired at a later stage of tumorigenesis via additional mutations. As to the 

reason overt metastases only appear at later stages of tumorigenesis, theories include 

either unfavorable conditions in distant tissues that must be modified first by tumor cell 

secreted factors, or inhibitory signals from primary tumors themselves.  

Epithelial to Mesenchymal Transition    
 

 A critical contributor to breast cancer metastasis is epithelial to mesenchymal 

transition (EMT) of breast cancer cells (Fig 1.4). EMT is a primitive developmental 
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process through which cells lose their epithelial phenotype and become more motile 

mesenchymal-like cells (46). The EMT program is also observed in wound healing and in 

pathological states of fibrosis and cancer. During EMT, breast cancer cells lose 

expression of epithelial cell-cell junction proteins such as E-cadherin and zona occludens 

and gain expression of mesenchymal proteins vimentin, fibronectin and alpha smooth 

muscle actin. EMT is governed by master epithelial transcription factors such as SNAIL 

and SLUG as well as ZEB1/2 (176, 177). EMT is also critically linked with the TGF-β 

pathway that inhibits tumor proliferation in early stages of tumor progression but may 

promote tumor invasion and metastasis later on (178). Following EMT, breast cancer 

cells undergo cytoskeletal rearrangement, lose cell-cell attachments and begin expressing 

proteases necessary for breakdown of the basement membrane (179). It has recently been 

found that EMT signaling also reprograms cells into a more stem-like state frequently 

associated with cancer stem cells (40). 

Mesenchymal to Epithelial Transition and Metastatic colonization 

    
 It has been suggested that disseminated cancer cells undergo a reversion of EMT, 

mesenchymal to epithelial transition (MET), in order to adapt to distant tissue 

environments. This is supported by observation of E-cadherin expression by breast tumor 

metastases regardless of E-cadherin expression status of the paired primary tumors (180).  

It was reported that even primary breast tumors that were E-cadherin negative showed 

high E-cadherin reexpression in a majority of metastases tested (181)(180). An opposing 

theory is that metastases may have arisen from epithelial cells that had not undergone an 

EMT. As metastatic lesions are not routinely resected this is a challenging question to 

address. In a recent attempt to study this phenomena in a model system, xenografts of the 
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E-cadherin negative, mesenchymal breast cancer cell line MDA-MB-231 were grown in 

immunodeficient mice.  Researchers reported that spontaneous lung metastases all 

demonstrated re-expression of E-cadherin (181). 

Importance of Microenvironment to Metastatic Colonization 

   
 Stephen Paget published his “Seed and Soil” hypothesis on the dissemination of 

metastatic cancer cells in 1889. His analysis of 735 breast cancer autopsy reports revealed 

that breast cancers engrafted to specific tissues such as the liver. His work challenged the 

prevailing theory that sites of metastasis are determined by the vessel and lymphatic 

drainage of the primary tumor.  He instead proposed that certain conditions present in the 

“soil” or distant site had to match with the properties of the “seed” or disseminated 

cancer cells. We now understand at a molecular level that Paget was correct, that 

homeostatic interaction with the new tissue environment helps to determine the 

metastatic potential of disseminated cancer cells.  

     Cancer stem cells are suspected to play a major role in the metastatic process. As 

already mentioned, there is a major link between EMT signaling and cancer stem cell 

phenotype. Furthermore, cancer stem cells are suspected to have the required self-

renewal potential to drive formation of distant tumors. Breast cancer stem cells 

demonstrate high expression of the hyaluronic acid receptor CD44 (143). In a recent 

study the importance of CD44 signaling in the metastatic process was investigated. 

Syngeneic mammary cancer cells were injected into the tail vein of mice where they form 

lung metastases. It was found that blocking CD44 interaction with lung matrix could 

prevent formation of micrometastases (182). They found that blocking CD44 interactions 

did not affect adherence to capillary beds or invasion into lung stroma, suggesting that 
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CD44 may interact with stromal cells and provide important pro-growth and survival 

signals to disseminated cancer stem cells. 

Angiogenic Switch and Colonization  

  
 It has also been suggested that in order for tumor cells to colonize distant sites and 

form overt metastasis it requires the tumor to modify its environment through secretion of 

growth factors and cytokines to recruit and organize a protumor microenvironment. For a 

micrometastasis to overcome the nutrient limitations and continue to grow it requires 

neovascularization as it must once again undergo an angiogenic switch. An important cell 

type suspected to play a major role in expansion of micrometastasis is endothelial 

progenitor cells (EPCs) (183). Tumor cells secrete signaling molecules that recruit EPCs 

from the bone marrow to assist in vascularization of the micrometastasis.  The 

transcription factor Id-1 (183)(184) and the chemokine receptor CXCR4 (185) are known 

to be important in priming, mobilizing, and homing EPCs to metastatic sites to promote 

angiogenesis.  

Role of miRs in Breast Cancer Metastasis   
 

 miRs have also been implicated in breast cancer metastasis via the regulation of the 

many  stages of the metastatic process.  A recent study using microarray profiling of 43 

matched primary breast tumors and lymph node metastasis to identify miR signatures of 

metastasis identified a specific miR signature including miR-10b, miR-21, miR-30a/e, 

and members of the miR-200 family (186). 

     miR-10b is frequently overexpressed in high-grade breast cancers and in metastatic 

breast cancer cell lines. Overexpression of miR-10b was found to impart metastatic 
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potential in vivo in xenograft studies of previously non-metastatic breast cancer cells 

(187).  

     miR-21 is a well studied oncomiR for many cancer types including breast cancer.  

miR-21 is frequently overexpressed in breast cancer where it correlates with aggressive, 

hormone refractory disease (188).  miR-21 has also recently been shown to regulate 

breast tumor invasion via targeting tropomyosin 1 and mapsin mRNAs (189) as well as 

tissue inhibitor of metallopreinase-3 (TIMP3) a protease involved in breakdown of 

extracellular matrix (190). miR-21 knockdown was shown to suppress breast cancer cell 

invasion in vitro and metastasis in vivo. miR-21 was shown to be upregulated following 

treatment with TGF-β and was found to positively correlate with TGF-β1 levels in 

patient breast tumor tissues (188). 

    miR-30a loss was found to correlate with lymph node involvement and lung metastasis 

in breast cancer patients (191).  Overexpression of miR-30a was found to inhibit tumor 

growth and metastasis in xenograft mouse models. miR-30a was shown to directly target 

the 3’UTR of Metadherin a cell surface protein known to bind to lung vasculature and 

facilitate breast cancer metastasis to the lung. miR-30a also blocks breast cancer 

metastasis in xenograft models in NOD/SCID mice. 

    The miR-200 family is composed of two clusters of miRs at different chromosomal 

loci, miR-200b/a/429 and miR-200c/141 (68).  miR-200 has been shown to regulate EMT 

by targeting the transcriptional activity of E-cadherin.  miR-200 family members and 

miR-205 target the 3’UTR of ZEB1/2 transcriptional repressors of E-cadherin (68).   
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1.6 microRNAs as Biomarkers 
 

 Recent advances in technology and molecularly targeted drugs have improved 

detection and therapeutic management for breast cancer. Nevertheless, breast cancer 

remains the second leading cause of cancer deaths in women in the United States (6). 

There is a critical need for novel biomarkers that aid in diagnosis, prognosis, and 

therapeutic selection in breast cancer.  Recent evidence suggest that miRs may serve as 

powerful prognostic biomarkers and could serve as molecular targets for future 

therapeutic strategies. 

Tumor miR Profiles as Prognostic Biomarkers   
 

 It is thought that in advanced breast cancer altered expression or function of miR 

processing enzymes Drosha or Dicer might contribute to global miR dysregulation.  

Dedes et al. examined whether Drosha or Dicer expression had prognostic value for 

patients who received adjuvant chemotherapy.  They examined 245 breast cancer patients 

and detected Drosha downregulation in 18% of the samples and detected Dicer 

downregulation in 46% of patient samples (192).  Drosha loss was found to correlate with 

high tumor grade, high Ki67 status, Bcl2 negative, HER2 positive, and TOPO2A 

amplification.  Dicer loss was found to correlate with high tumor grade, high Ki67, Bcl2 

negative, and triple negative disease. Several miRs are known to undergo non-canonical 

processing, however for a majority of miRs, Drosha or Dicer loss would result in blocked 

biogenesis and accumulation or generation of immature miR transcripts. Global 

downregulation of mature miR transcripts appears to correlate with both aggressive 

HER2+ and triple negative disease. 
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     In another study, Foekens et al. examined association of specific miR signature and 

breast cancer aggressiveness (193). They examined 185 ER+ and 115 ER- tumors and 

performed miR expression profiling.  They found that in ER+ patients, miR-7, miR-128, 

miR-210, and miR-516 correlated with time to distant metastasis (TDM).  In ER- disease 

miR-210 correlated with early relapse.  Additionally, miR-210 correlated with poor 

prognosis for triple negative tumors.  

     Rothe et al. also explored correlations between miR expression and breast cancer 

clinical outcome by examining 56 patient tumors (194).  Again, miR-210 was found to 

correlate with reduced relapse-free survival.  They next examined a new cohort or 89 

patients with ER+ disease and miR-210 was found to positively correlate with poor 

outcome in a multivariate analysis that adjusted for age and tumor size. Another group 

confirmed these findings by examining miR-210 expression in 219 tumors where again 

miR-210 was found to show an inverse correlation with overall survival as determined by 

a cox multivariate analysis (195). 

    Buffa et al. performed a comprehensive analysis of miR expression across 207 well-

annotated breast tumors that had data from 10 years of follow-ups.  They used cox 

regression analysis to search for miRs that correlated with distant relapse-free survival 

(DRFS) (196). They adjusted for covariates including age, size, grade, ER status, 

treatment, and HER2 status. They found that miR-767, miR-769, and miR-128 correlated 

with poor prognosis in ER+ patients but miR-135 expression was associated with a good 

prognosis.  Next, for ER- patients they found that miR-27, miR-144, and miR-210 were 

associated with poor prognosis and miR-342, miR-140, and miR-30 were associated with 

good prognosis (196). 
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     Others have attempted to identify miRs that could serve as biomarkers in 

preneoplastic lesions.  Sempere et al. found that miR-145 expression could be detected 

via in situ hybridization (ISH) in samples of atypical hyperplasia and DCIS (197). 

Compared to normal tissue, miR-145 was significantly downregulated in preneoplastic 

breast lesions. These results suggest that miRs might also serve as biomarkers for early 

stage breast cancers.  

Circulating miRs for Breast Cancer Detection 

  
 MiRs can be detected in peripheral circulation of breast cancer patients that are able 

to distinguish between disease bearing and healthy individuals (198).  Tumor miR 

profiles are known to be clinically useful for identifying metastasis of unknown primary 

origin and classification of tumor subtypes (199-201). The discovery of tumor-derived 

miRs in peripheral circulation uncovered the potential for circulatory miR profiles to 

serve as prognostic biomarkers. 

     Circulatory miR profiles.  

Wang et al. performed a candidate approach to look for miRs in serum of breast cancer 

patients (202). They examined expression levels of 6 miRs that were dysregulated in 

primary breast tumor tissues: miR-21, miR-106, miR-126, miR-155, miR-199, and miR-

335. They examined serum miR levels of 68 breast cancer patients and 40 healthy control 

patients. They were able to detect overexpression of miR-21, miR-106, and miR-155 as 

well as loss of miR-126, miR-199, and miR-335 in serum of breast cancer patients 

relative to normal subjets (202).  miR-21 an miR-155 levels were found to positively 

correlate with tumor grade. 
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     Heneghan et al. used a very similar approach to examine miR-10, miR-21, miR-145, 

miR-155, miR-195, miR-16, and let-7 in whole blood from 83 breast cancer patients and 

44 healthy control patients (198).  miR-195 and let-7 were found to be significantly 

decreased in breast cancer whole blood compare to healthy controls.  Importantly, these 2 

markers were found to dramatically decrease following surgery in breast cancer patients. 

      A third group also employed a candidate gene approach to examine miR-10, miR-34, 

miR-141, and miR-155 in serum of 89 breast cancer patients and 29 healthy control 

patients (203). They found that miR-155 expression could distinguish healthy serum from 

breast cancer serum, where miR-155 was upregulated.  Furthermore, they found that 

miR-34 and miR-10 levels were significantly increased in patients that had metastatic 

disease. 

 Wu et al. used a novel approach by performing deep sequencing to establish a profile 

of miRs that were altered by 5-fold or greater in breast tumor tissues.  They then screened 

this profile in breast cancer serum and healthy patient (204).  miR-29 and miR-21 

expression was found to be significantly upregulated in breast cancer serum.  Next, Zhao 

et al. performed a genome-wide exploration of miR expression in breast cancer patient 

plasma (205).  26 miRs were found to differentially expressed (both up- and 

downregulated) in breast cancer patient plasma compared to healthy patient plasma.   

    Taken together these pilot studies frequently detected miR-21 and miR-155 in the 

circulation of breast cancer patients and these miRs deserve careful study in well-

controlled larger cohort studies. 

     Early detection 
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Heneghan et al. examined 7 candidate miRs in whole blood of 163 cancer patients and 

age-matched healthy patients (206).  They detected dramatic overexpression of miR-195 

in breast cancer patients (n=83) compared to healthy controls (n=63) and other cancer 

types (n=80) suggesting that miR-195 might serve as a breast cancer specific biomarker.  

Interestingly, they also found that miR-195 levels were significantly elevated in patients 

with DCIS suggesting that circulatory levels of this miR might be useful in early tumor 

detection. 

     Ongoing debate 

Despite the promising potential of circulatory miR profiles, several issues must be 

addressed to directly assess their current value. First, reliable controls must be established 

for normalizing small RNA species in serum and plasma.  snRNA-U6 and miR-16 are 

frequently used as tissue specific small RNA controls, however, Appaiah et al. found that  

U6 is elevated in breast cancer serum and miR-16 demonstrated significant variability 

between samples, raising major questions over the suitability of both as appropriate 

controls (207).  Furthermore, the biological mechanisms underlying the phenomena of 

circulatory miRs must be better understood. Pigati et al. found that although a majority of 

miRs secreted by breast cancer cells correlated with cellular expression levels, however 

certain miRs were selectively exported including miR-451 and miR-1246 (208). What 

governs cellular retention or secretion of miRs remains poorly understood. 

Genetic Variation and Breast Cancer Susceptibility   
 

  Several groups have examined the potential for single-nucleotide polymorphisms 

(SNPs) in noncoding RNAs to impact breast cancer risk.  Duan et al. discovered a SNP in 

miR-125 locus that blocked Drosha processing of pri-miR-125 (209). Another group 
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examined the frequency of this SNP in breast cancer patients and found the miR-125 SNP 

in 6 out of 72 breast cancer patients (8.3%) while this allele was absent in 869 healthy 

control patients. It was concluded that this SNP is likely a germline mutation that 

enhanced breast cancer risk (210).    

     Nicoloso et al. examined well-known SNPs that associate with increased risk of breast 

cancer and tested whether any of these might impact miR target sites (211).  SNPs in 

TGF-βR1 and XRCC1 mRNAs were identified that overlapped with miR-187 and miR-

138 target sites.  Using luciferase assays they determined that these SNPs completely 

ablated miR targeting.  The same group also discovered a new SNP within the BRCA1 

coding region that blocked miR-638 targeting (211).  In a separate study a SNP in the 

ryanodine receptor gene 3 (RYR3) was found to abolish miR-367 targeting (212).  The 

RYR3 SNP was further found to correlate with poor overall survival in breast cancer 

patients.  

     Germline mutations in enzymes involved in miR processing have also been shown to 

increase risk of breast cancer.  Leaderer et al. detected a missense SNP in Exportin 5, the 

enzyme that shuttles pre-miRs to the cytoplasm, which correlated with increased breast 

cancer risk (213).  Computational predictions indicated that this SNP would critically 

interfere with Exportin-5 protein function.  This suggests that other SNPs might exist that 

impact any of the multiple stages in miR biogenesis. 

1.7 miRs as Therapeutic Tools 
 

 We now know that miRs can drive tumorigenesis and can regulate all the hallmarks 

of human cancer.  There is major interest in finding novel ways to modulate miR 

expression as a breast cancer therapy. To eliminate oncogenic miRs (“onocomiRs”) 
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numerous miR inhibition technologies have been developed including 2’O-methyl/locked 

nucleic acid (2’OMe/LNA) oligonucleotide antagonists (antagomiRs), mRNA-protecting 

oligonucleotides, and tandem miR response element containing ‘sponge’ inhibitors (214). 

There are also investigations into restoring silenced tumor suppress miRs including pri-

miR constructs (resembling shRNAs) and 2’OMe/LNA oligonucleotide synthetic miRs. 

Attempts at introducing these novel drugs have made use of both viral (adeno-associated 

virus, lentivirus) and non-viral (liposomes, nanoparticles, antibody targeted) gene therapy 

approaches (Fig 1.5).   

Animal models    
  

 Many of the miRs implicated in breast cancer by expression profiling have been 

functionally characterized and are now being examined as therapeutic targets in breast 

cancer animal models. miR-145 is downregulated in all subtypes of breast cancer and has 

been found to regulate proliferation, invasion, and stemness (215-217).  Kim et al. 

examined the therapeutic efficacy of activating miR-145 for targeting breast cancer in 

vivo (218).  They injected adenoviral miR-145 (Ad-miR-145) into orthotopic breast 

tumor xenografts and found that miR-145 restoration could inhibit tumor growth in nude 

mice. They also tested combinatorial treatment and found that Ad-miR-145 in 

combination with 5-fluorouracil (5-FU) proved more effective than either treatment 

alone.  

     Next, the miR-200 family has been implicated as a tumor suppressor miR that is a 

major regulator of EMT, metastasis, and CSCs. Shimino et al. found that lentiviral 

restoration of miR-200c could inhibit tumor growth in nude mice (42). Similar findings 
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were reported by Iliopoulous et al. following treatment of breast cancer xenografts with 

 

 

Figure 1.5 Potential methods of microRNA therapeutic delivery. Left- lipid nanoparticle encapsulation of 
ncRNAs, which can be targeted to tumors via inclusion of specific antibodies.  Middle- viral methods 
including lentiviral, retroviral, and adenoviral have all been explored as gene therapy methods. Right- 
indirect activation or silencing of microRNAs using small molecules i.e. Epigenetic therapy reactivation of 
silenced tumor suppressor microRNAs. 
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miR-200b (106).  Furthermore, they found that combing miR-200b restoration with 

Doxorubicin treatment could prevent the relapse of xenograft tumors that was observed 

following Doxorubicin-only treatment. 

     Other groups have focused on targeting and inhibiting oncogenic miRs.  miR-10b is a 

miR associated with breast cancer metastasis (187).  Ma et al. examined a potential  

metastasis suppression therapy involving miR-10b inhibition in a syngenic breast cancer 

xenograft model (219) .  They injected 4T1 breast cancer cells into mammary fat pads of 

BALB/c mice, which form large primary tumors and metastasize to the lungs in 4 weeks. 

They applied miR-10b antagomiR inhibitor via tail vial injection and found it 

significantly inhibited tumor metastasis. They performed toxicity studies on BALB/c 

mice treated with miR-10b inhibitor and found that the miR-10b inhibitor was well 

tolerated.   

Clinical Trials    
 

 Despite numerous ongoing animal studies of miR-based breast cancer therapies none 

of these have yet been investigated in clinical trials.  There is however, a first of its kind 

study on miR-34 restoration in liver cancer or solid tumors involving liver metastasis 

being done by MiR Therapeutics that entered Phase I trials in 2013.  It is only a matter of 

time before the potential for miR based breast cancer therapies are tested in clinical trials. 

1.8 Scope of Work  
 

Significance  
 

 The major goals of this research are to understand how noncoding RNAs regulate 

stem cell signaling in breast cancer and how this relates to tumor progression, invasion, 
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and disease recurrence. Stem cell signaling is suspected to play a critical role in 

therapeutic resistance and drug relapse (144). Cancer stem cells are inherently resistant to 

antineoplastic drugs and radiotherapy due to a combination of factors including 

sometimes being more quiescent, harboring enhanced/activated repair and survival 

signaling, and expressing high levels of drug efflux pumps that can transport 

chemotherapeutic drugs away from tumor cells. The cancer stem cell model posits that 

tumors possess a hierarchical organization in which cancer stem cells solely possess the 

potential to self-renew (limitless replication) and can undergo multilineage differentiation 

to populate the heterogeneous lineages of more differentiated tumor cells (142). The 

therapeutic implications of the inherent resistance of cancer stem cells is that current 

cancer therapies might be sufficient to eliminate the bulk of the tumor’s more 

differentiated cancer cells while cancer stem cells survive therapy and even in small 

numbers are capable of driving tumor relapse.   

 In addition to drug resistance and driving tumor recurrence it is suspected that cancer 

stem cells play a critical role in the metastatic process. First, it may be that only cancer 

stem cells can drive metastatic colonization as they are capable of self-renewal and 

replicative immortality. Non stem cancer cells may not be able to form clonal 

micrometastasis. The gold standard assay of self-renewal is serial transplantation of 

cancer cells in immunodeficient mice.  Breast cancer stem cells have been identified in 

invasive breast cancers that possess this robust self-renewal potential. Next, it has been 

suspected that epithelial to mesenchymal transition (EMT) shares many links with cancer 

stem cell signaling. Breast cancer cells that have undergone EMT are enriched in cancer 

stem cell markers and have been used as tools in drug screens for identifying compounds 
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that can target cancer stem cells. This suggests that EMT and cancer stem cells may in 

fact be closely related; several groups have suggested that activated EMT signaling can in 

part reprogram differentiated epithelial cells into self-renewing stem cells (40). 

 An area that has received very little consideration in connection with the roles of 

cancer stem cells is early stage breast cancer. The biology underlying malignant 

progression is poorly understood and it is possible that malignant precursor cells exist in 

premalignant lesions (37). Progression to frank malignancy requires acquisition of 

invasive phenotypes and it is possible that cancer stem cells might play some role in this 

process. Finding which patients with premalignant disease are at greatest risk for tumor 

relapse might be accomplished through detecting possible cancer stem cell signatures.  

 Noncoding RNAs, especially microRNAs, are known to play critical roles in 

embryonic stem (ES) cells. Dicer deficient ES cells are defective in differentiation.  

Furthermore, in mice Dicer knockout is embryonic lethal (59). We also know that 

microRNAs are critical to adult stem cell signaling and regulate lineage specific 

differentiation. Early reports also suggest that microRNAs play a major role in regulating 

cancer stem cell signaling. The goal of this project is to characterize the biological and 

clinical implications of microRNA regulated stem cell signaling in breast cancers. 

Specific Aims 
 

 Specific Aim 1 .  We hypothesize that premalignant breast tumors, particularly 

ductal carcinoma in situ (DCIS) lesions, contain cancer stem cells that are important in 

the malignant progression of breast cancers. Furthermore, we predict that microRNA 

dysregulation plays a key role in hijacking stem cell programs in DCIS tumors.  
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We will examine stem cell signaling in a model of basal-like DCIS and isolate and 

functionally characterize putative DCIS stem cells in vitro and in vivo.  (chapter 2 ). 

 Specific Aim 2.  We hypothesize that microRNA dysregulation regulates epithelial-

to-mesenchymal transition in breast cancers and that microRNA regulation further links 

EMT and cancer stem cell phenotypes. 

We will examine microRNA expression following transformation of mammary epithelial 

cells with TGF-β.  We will characterize novel pathways by which microRNA networks 

can regulate EMT (chapters 3 & 4).  

 Specific Aim 3. We hypothesize that microRNAs are also critical regulators of 

invasive breast cancer and invasive breast cancer stem cells.   

Here we will examine microRNA expression in invasive breast cancer and invasive 

cancer stem cells. Also, we will examine microRNA regulation of aggressive triple-

negative breast cancers (TNBC) which lack molecularly targeted drugs and for which the 

underlying mechanisms driving tumorigenesis are poorly understood. In addition, we will 

identify novel pathways regulated by microRNAs that are critical to breast tumor 

invasion (chapters 5, 6). 
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Chapter 2. Characterization of a Stem-like 
Subpopulation in Basal-like Ductal Carcinoma in Situ 

(DCIS) Lesions 
 
This research was originally published in J Biol Chem. Li Q1, Eades G1, Yao Y, Liu Z, 

Zhang Y, Zhou Q. (2014) Characterization of a Stem-like Subpopulation in Basal-like 

Ductal Carcinoma In Situ Lesions. 289(3):1303-12. © the American Society for 

Biochemistry and Molecular Biology 

2.1 Introduction 
 
 Ductal carcinoma in situ (DCIS) is a non-invasive early breast cancer totally confined 

to the mammary duct (220).  DCIS currently accounts for 25% of new breast cancer cases 

in the US (28). Prior to widespread mammography screening, DCIS detection was rare 

(27).  Most DCIS is detected by mammography as clustered microcalcifications (221).  

DCIS is classified by nuclear grade (low, intermediate, high), the presence of necrosis 

(220, 222), and genetic markers (e.g. ER or HER2 status).  Left untreated, DCIS may 

progress to invasive disease, with higher grade DCIS demonstrating a greater risk of 

progression (222, 223). Lumpectomy followed by radiation therapy is the standard of 

care for DCIS (29).  Following treatment ~15% of patients show recurrent disease (30).   

 Like invasive tumors, DCIS are heterogeneous lesions with differing malignant 

potential (224). The underlying biology of DCIS is poorly understood and clinicians 

cannot currently predict recurrence or invasive progression. Adjuvant tamoxifen 

treatment is administered in order to decrease the risk of disease recurrence or 

progression, however, this is only beneficial to patients with estrogen receptor α (ERα) 

positive DCIS, whereas basal-like DCIS remains a therapeutic challenge (225, 226). 
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     Previous studies indicated that malignant precursor cells exist within DCIS lesions 

(37).  We recently published evidence that cancer stem-like cells can be identified within 

basal-like DCIS that might drive malignant progression. Furthermore, we demonstrated 

that these DCIS stem-like cells possessed self-renewal properties in vitro and in vivo 

(39). 

     Studies in invasive breast tumors have identified multiple markers delineating cancer 

stem cells from non-stem breast cancer cells. The first solid tumor stem cell markers were 

identified in breast tumors where CD44-high/CD24-low breast cancer cells were shown 

to be enriched in cancer stem cells (41, 143). These markers are sufficient for enriching 

for cancer stem cells primarily in luminal type breast tumors, whereas basal-like or 

claudin-low breast tumors consist primarily of CD44-high breast cancer cells (227, 

228)(229).  It may be possible to utilize additional markers such as EpCAM+ (ESA) to 

further enrich for CSCs in breast tumors that are primarily CD44 high (227). Others have 

taken a different approach, utilizing enzymatic activity of ALDH1 (aldefluor assay) to 

identify stem-like cells in breast tumors, with basal like IDC possessing higher levels of 

ALDH1+ cells (230).  Finally, some groups have identified breast cancer stem cells by 

separating tumor cells that possess the highest number of drug efflux pumps by using dye 

exclusion assays (the side population) (231).  

     Many studies have examined the molecular profiles of various stem-like cells in IDC 

tumors. However, the molecular characteristics of DCIS stem cells is less clear. Here, we 

examine a model of basal-like DCIS and identify stem like subpopulations involving 

ALDH1+ and CD49f+/CD24- cells. We demonstrate that these cells possess enhanced 

migration capacity; this aggressive phenotype suggests these cells may be malignant 
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precursor cells. We find that these cells are sensitive to the dietary chemopreventive 

compound SFN. SFN treatment reduces mammosphere formation and decreases ALDH1 

expression in these DCIS stem-like cells.  

     Signaling within the tumor microenvironment is considered to play an important role 

in the progression from DCIS to invasive disease (232). One mechanism through which 

tumor cells signal within the tumor microenvironment is exosomal secretion (233). 

Exosomes are small (<100 nm) vesicles secreted by cells that contain cargo proteins and 

nucleic acids .  It has been shown that specific microRNAs (miRs) are secreted by tumor 

cell exosomes that can signal to nearby tumor, immune, or endothelial cells. We 

characterized unique cell-cell signaling of these DCIS stem-like cells involving exosomal 

trafficking of miRs, which we demonstrate might regulate stem cell activity in nearby 

cells. 

2.2 Methods and Materials 
 

     Cell culture  MCF10DCIS were grown in DMEM/F12 supplemented with 5% horse 

serum (Invitrogen; Carlsbad, CA) and 1% L-glutamine (Invitrogen; Carlsbad, CA). MCF-

7, MDA-MB-231, and HEK-293T cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM) with 5% fetal bovine serum (FBS, HyClone; Rockford, IL) and 1% L-

glutamine. SUM102PT cells were grown in Ham’s F12 with 10 ng/ml EGF, 5 µg/ml 

insulin, 1 µg/ml hydrocortisone, 5 mM ethanolamine, 10 mM HEPES, 5 µg/ml 

transferring, 10 nM of Triiodo thyronin, and 0.1% BSA. Cells were incubated in 5% CO2 

at 37°C.  Sulforaphane (Sigma) was dissolved in EtOH. 

     Transwell migration  Transwell migration assays were carried out using Transwell 

migration chambers (8µm pore size; Costar; Cambridge, MA). Cells were grown in 
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DMEM (0.5x105 cells/ml) in the upper chamber.  The lower chamber contained DMEM 

with 10% FBS.  The cells were allowed to migrate towards the 10% FBS gradient 

overnight. Non-migrated cells were removed with cotton swabs. The migrated cells were 

stained with 1% crystal violet in methanol/PBS and counted using light microscopy. Five 

random fields were counted per experiment. 

     Quantitative real-time PCR and microRNA array   qRT-PCR analysis of 

mRNA/miR expression was performed as previously described (89) with normalization 

to GAPDH mRNA or U6 snRNA. GAPDH, F: GAAGGTGAAGG TCGGAGTC, R: 

GAAGATG GTGATGGGATTTC. Exosomal microRNA expression was screened for an 

88-miR panel, human miFinder array (SABioscience; Flat Lake, MD) 

     Flow cytometry, immunofluorescense, and western blotting  Flow cytometry was 

performed on cells stained with CD44-APC, CD49f-APC, and CD24-PE antibodies (BD 

Pharmingen, San Diego, CA). Immunostaining of breast cancer cells was performed 

using anti-CK8/18 antibody (University of Iowa Developmental Hybridoma Studies 

Bank, clone Troma-I) and anti-CK14 (Covance; San Diego, CA).Western blotting was 

performed as previously described (89) using β-Actin (Sigma), and ALDH1 (BD 

Pharminigen) antibodies. Immunofluorescent staining was performed using Alexa Fluor 

488/555 conjugated secondary antibodies (Invitrogen) with DAPI counterstaining. 

Fluorescent staining was visualized using an Olympus IX81 spinning disk confocal 

microscope. 

     Mammosphere, aldefluor assay, and progenitor differentiation assay   Single cells 

were obtained using cell dissociation buffer (Millipore; Billerica, MA) and 40 µm cell 

strainers (Fisher Scientific; Pittsburgh, PA) and counted.  20,000 cells / mL were seeded 
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in 6-well plates coated with 2% polyhema (Sigma) in DMEM/F12 containing 2% B27, 20 

ng/ml EGF, 4 µg/ml insulin, and 0.4% BSA. After 7 days, spheres >100 µm were 

quantified by light microscopy. Aldefluor assay was performed according to 

manufacturer’s instructions (StemCell Technologies, Durham, NC). Progenitor 

differentiation assays were performed by culturing 10^3 breast cancer cells with 5x10^4 

irradiated NIH-3T3 fibroblasts in DMEM/F12 containing 2% B27, 20 ng/ml EGF, 4 

µg/ml insulin, and 0.4% BSA. After 7 days cells were visualized by light microscopy or 

stained with fluorescent antibodies. 

     Xenograft formation   All studies were done in accordance with federal guidelines 

and institutional policies of University of Maryland Animal Care and Use Committee.  

Six week old nude mice (Charles River Lab., Wilmington, MA) were injected with DCIS 

cells resuspended in a 1:1 ratio of media/matrigel at the no. 5 mammary gland nipple.  

Tumor size was monitored weekly using digital calipers.  Paraffin embedding, sectioning 

and H&E staining were performed by University of Maryland Histology Core. 

     Exosomal isolation and internalization assay Exosomes were isolated using the 

Total Exosome Isolation kit (Invitrogen; Carlsbad, CA). Exosomal RNA was isolated 

using the Total Exosome RNA and Protein Isolation Kit (Invitrogen).  HEK-293T cells 

were co-transfected with miR-140 overexpression vector and CD9-GFP vector using 

Lipofectamine 2000 (Invitrogen) according to manufactures instructions. After 3 days 

exosomes were isolated and added to MCF10DCIS or MDA-MB-231 cell medium. 24h 

later cells were washed and RNA was harvested. All exosomal experiments were 

performed in exosome-free media as obtained via ultracentrifugation.  
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    Statistical Analysis  Statistical analysis was performed by Student’s T test. p values 

of < 0.05  (*) were considered significant. Data are presented as mean ± S.E.M. Data 

were analyzed using GraphPad Prism 6.0.  

2.3 Results 
      

Basal-like DCIS lesions contain a CD49f+/CD24- stem-like subpopulation enriched in 

ALDH1 activity  

     In our previous studies we have examined the underlying biology of several models of 

basal-like DCIS (39). Here, we set out to better characterize the stem cell compartment in 

these DCIS lesions. Previous studies of invasive ductal carcinoma have revealed that 

ALDH1 activity is a marker of mammary stem cells and breast cancer stem cells (230). 

Specifically, basal-like invasive ductal carcinoma has been shown to contain a stem cell 

subpopulation that possesses ALDH1 activity (229). We examined ALDH1 activity 

levels in MCF10DCIS cells, which are clonally derived from H-Ras transformed 

MCF10A cells (non-tumorigenic mammary epithelial cells) (234), and in SUM102PT 

cells, a breast cancer cell line derived from a patient with DCIS and concomitant IDC 

lesions. We performed the aldefluor fluorescent assay to measure ALDH1 activity and 

found that compared to MCF-7 luminal invasive carcinoma (known to show little to no 

ALDH1 activity), MCF10DCIS and SUM102PT cells possess a stem-like subpopulation 

(roughly 3-5% of cells) with high ALDH1 activity (Fig. 2.1).  

     We have previously demonstrated that MCF10DCIS cells are enriched in CD44-high/ 

CD24-low cells (39), well-known markers for breast cancer stem cells. We examined 

whether use of these combined markers, CD44-high/CD24-low and ALDH1 activity 

might allow greater enrichment of highly tumorigenic cells. However, as shown in  



	   69	  

 

 

Figure 2.1 Basal-like DCIS cell lines possess high levels of ALDH1 activity. We examined ALDH1 
activity levels in DCIS and SUM102PT cells using the Aldefluor assay.  The percentage of ALDH1+ cells 
minus the amount detected in the presence of DEAB inhibitor is graphed below. Invasive MCF-7 (luminal) 
cell lines are used as a control as they are known to posses very little ALDH1 activity. 
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Figure 2.2  There is no overlap of CD44-high/CD24-low and ALDH1+ cells in basal-like DCIS. A. CD44-
high/CD24-low cells do not overlap with ALDH1+ cells in basal-like DCIS.  Cells were stained with 
CD44-APC/CD24-PE antibodies and ALDH1 activity was measured using the aldefluor kit.  B. CD49f-
high/CD24-low cells are enriched in ALDH1+ cells. Cells were stained with CD49f-APC/CD24-PE 
antibodies and ALDH1 activity was measured using the aldefluor kit. C&D, Quantification of ALDH1+ 
cells (minus DEAB control).   
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Fig. 2.2A we found that the CD44-high/CD24-low subpopulation of cells failed to show 

an enrichment in ALDH1 activity as compared to the whole cell population (still roughly 

3-5% of cells) in either MCF10DCIS cells or SUM102PT cells (Fig. 2.2C).      

 As there was little overlap between CD44-high/CD24-low and ALDH1+ 

subpopulations, we examined other potential stem cell markers that might further enrich 

for DCIS stem-like cells. We examined CD49f (α6 integrin) expression, a marker of  

mouse mammary stem cells (235), in MCF10DCIS and SUM102PT cells (Fig. 2.2B). We 

found that CD49f- high/CD24-low subpopulation of cells were enriched in ALDH1+ 

populations (10%-18% of cells) (Fig. 2.2D). This result suggests that these overlapping 

markers might allow greater enrichment of DCIS stem-like cells for further study. 

     Next, we were also interested in potential stem cell activity in MCF10DCIS cells 

grown in attachment-free mammosphere conditions. We found that CD49f+/CD24- DCIS 

stem-like cells formed more mammospheres than MCF10DCIS control cells (Fig. 2.3A) 

indicating enrichment in self-renewal capability.  

DCIS stem-like cells are highly tumorigenic in vivo 
 

     Next, we examined the tumorigenicity of these cells in vivo to further assess their 

stem cell properties. We performed xenograft experiments by injecting mammary glands 

of nude mice with  CD49f+/CD24- MCF10DCIS stem-like cells. We found that 

MCF10DCIS stem-like cells could form fast growing tumors in nude mice (Fig. 2.3B 

left) when compared to MCF10DCIS control cells. We observed very low tumorigenic 

formation in mice injected with MCF10DCIS control cells. Furthermore, we observed 

DCIS structures in mice injected with MCF10DCIS stem cells which were confirmed by 

paraffin embedding, tissue sectioning, and H&E staining of tumors (Fig. 2.3B right).     
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Figure 2.3 DCIS stem cells can form mammospheres and are enriched in ALDH1 staining in vivo. A, 
CD49f+/CD24- cells can form mammospheres that are capable of serial passage.  B, DCIS stem-like cells 
are tumorigenic in vivo. Nude mice were injected with CD49f+/CD24- stem like cells and tumor growth 
was monitored weekly using digital calipers.  Tumor cells were harvested and dissociated and then grown 
in attachment free mammosphere culture C, DCIS stem-like cells were grown as mammosphere for 7 days 
after which cells were harvested and allowed to attach to cover slips for 24h before performing 
immunofluorescence for ALDH1 and Cytokeratin 14 and counterstained for DAPI.  D, Tissue from 
xenograft tumors (DCIS stem like cells or DCIS whole population cells) were examined by 
immunofluorescence for ALDH1 and Cyto keratin 14. 
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 Dissociated cells from the MCF10DCIS tumors demonstrated increased 

mammosphere formation compared to MCF10DCIS control cells, providing further 

evidence for the self-renewal capacity of these MCF10DCIS stem cells (Fig. 2.3C). 

     Next, we used immunofluorescence to examine ALDH1 expression in mammospheres 

and in tumor tissues. We found that a majority of mammospheres from MCF10DCIS 

stem-like cells contained ALDH1-bright cells (Fig. 2.3D) as compared to whole 

population cells, which had variable intensity ALDH1 staining. We analyzed tumor 

tissues of xenograft tumors from MCF10DCIS stem-like cells and from MCF10DCIS 

whole populations and found that tumor cells from MCF10DCIS stem-like cells had 

much higher expression of ALDH1 stem-cell marker and intense staining of the basal 

lineage marker cytokeratin 14 (Fig. 2.3E). This corresponds with our earlier observation 

that CD49f+/CD24- stem-like cells were enriched in ALDH1 activity (Fig. 2.2B&D). 

DCIS stem-like cells possess enhanced migratory capacity 

  
     Malignant precursor cells are predicted to exist within DCIS lesions that predetermine 

invasive progression and recurrence. DCIS stem-like cells are a likely candidate to 

contain this malignant program and therefore might be an important therapeutic target for 

prevention of disease progression. As such, we sought to functionally characterize the 

invasive potential of DCIS stem-like cells. We isolated ALDH1+ and ALDH- 

populations from MCF10DCIS cells and performed cell invasion assays on transwell 

inserts (8 µm pore) using serum as a chemoattractant. As expected, a majority of cells 

(ALDH-) demonstrated low migratory potential. However, ALDH1+ stem-like cells 

demonstrated a significantly enriched migratory capacity (Fig 2.4). This suggests that 

these cells might be primed to become invasive.  
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Figure 2.4 DCIS stem cells possess enhanced migratory capacity. We isolated CD49f+/CD24- stem-like 
cells, which were enriched in ALDH1 activity, from MCF10DCIS cells and we performed transwell 
migration assays. After 24 hours of migrating towards a chemoattractant (10% FBS), we stained migrated 
cells with 1% crystal violet and visualized with light microscopy. 5 random fields were counted. n = 3. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Progenitor Colony Formation of DCIS cell models. Immunofluorescent staining for luminal 
(cytokeratin 8/18) and myoepithelial/basal (cytokeratin 14) lineage-associated markers. 1,000 DCIS cells 
were co-cultured with 50,000 irradiated NIH-3T3 fibroblasts. Staining was performed using Alexa Fluor 
488/555 conjugated secondary antibodies. DAPI counterstaining was used to visualize cell nuclei.   
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Characterization of DCIS progenitor cells 

     Stem cells are defined by their potential for self-renewal and multi-lineage 

differentiation. Mimicking normal tissue hierarchy, cancer stem cells possess aberrant 

self-renewal and a capacity to differentiate into non-stem cancer cells that make up the 

bulk of the tumor. To examine the differentiation capacity of our DCIS model we 

performed co-culture colony formation assays that promote progenitor proliferation and 

differentiation. We grew MCF10DCIS and SUM102PT cells in clonal conditions atop a 

feeder layer of irradiated NIH-3T3 fibroblasts. We examined colony formation by 

morphologic analysis and the expression of lineage-associated cytokeratins denoting 

basal (cytokeratin 14) or luminal (cytokeratin 8/18) lineage (236). As expected, MCF-7 

control cells formed only CK18+/CK14- luminal colonies with visible luminal epithelial 

morphology and cell-cell contacts (Fig. 2.5). SUM102PT cells, previously characterized 

as basal-like, were found to form only CK14+/CK18- basal-like colonies with fewer 

visible cell-cell junctions. Finally, MCF10DCIS cells demonstrated strong CK14+ 

staining with weak CK18 staining resembling cells of primarily basal lineage. Their 

morphology however more closely resembled that of luminal lineage MCF-7 breast 

cancer cells. These results suggest that MCF10DCIS cells may possess mixed lineages of 

progenitor cells or could contain bipotent progenitors. 

Targeting DCIS stem-like cells with Chemopreventive agent Sulforaphane 
 

     We previously demonstrated that treatment with the isothiocyanate SFN could inhibit 

DCIS-stem like cells in vitro and in vivo (39). Because our current studies further 

characterized these basal-like DCIS contain CD49f+/CD24- ALDH1+ stem-like  
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Figure 2.6 SFN treatment targets DCIS stem-like cells. A, SFN treatment reduces progenitor colony 
formation. Colonies were stained with crystal violet and colonies were quantified by light microscopy.  B, 
SFN treatment reduced mammosphere formation of DCIS stem-like cells.  Isolated CD44-high/CD24-low 
stem-like cells were culture in mammosphere conditions with or without SFN treatment (0, 10, 20 µM) and 
after 7 days, spheres > 100 µm were quantified by light microscopy.  C, SFN treatment reduces ALDH1 
expression.  Western blotting was used to quantify ALDH1 expression following SFN treatment (10 µM). 
β-Actin was used as a loading control. 
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subpopulations, we next decided to test if treatment with SFN can impact DCIS stem-like 

characteristics including progenitor proliferation and unique exosomal microRNA 

signature.  

    Here, we examined the impact of the SFN on colony formation of MCF10DCIS 

progenitor cells. We observed a decrease in colony formation upon SFN treatment 

possibly due to decreased progenitor proliferation (Fig. 2.6A). Next, we examined the  

impact of SFN on self-renewal of DCIS stem-like cells in mammosphere culture 

conditions. We observed a decrease in mammosphere formation upon SFN treatment 

indicating that SFN can inhibit the self-renewal of DCIS stem-like cells (Fig. 2.6B). 

Finally, we observed a decrease in ALDH1 expression following SFN treatment via 

western blotting, indicating that SFN treatment could block stem cell signaling in DCIS 

stem-like cells (Fig. 2.6C).  

Characterization of DCIS exosomal trafficking 
 

     We next examined how DCIS stem-like cells might signal between other cancer cells 

and/or tumor microenvironment to influence disease progression. Previous studies have 

found that invasive breast cancers secrete tumor-derived exosomes, small membrane 

bound vesicles of endosomal origin that contain proteins and RNAs that can provide 

active pro-tumor signals to recipient cells within the tumor and surrounding stroma (233). 

We first isolated exosomes from MCF10DCIS stem-like cells and MCF10DCIS whole 

cell populations and then extracted exosomal RNA content. We performed array-based 

analysis of miR species present in the exosomes from MCF10DCIS stem-like cells. 

Compared to exosomes isolated from DCIS whole-cell populations, exosomes from 

DCIS stem-like cells contained altered miR content (Fig. 2.7A). miR array analysis
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Figure 2.7 Differential expression of exosomal miRs in DCIS stem-like cells. A, miR qRT-PCR array, 
comparing exosomal expression of 88 miRs in MCF10DCIS stem-like cell exosomes (CD44-high / CD-24 
low) and DCIS whole cell population exosomes. Results that met a 2-fold cutoff are listed in the table. B, 
Follow up qRT-PCR validation of array results for miR-140-3p, miR-21, and miR-29a. Results are 
normalized to U6 snRNA. M10 = MCF10A, DCIS = MCF10DCIS. C, qRT-PCR examining miR-140, 
miR-21 and mi-29a levels following 10 µM SFN treatment. 
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 revealed differential expression of 38 miRs (9 downregulated, 29 upregulated) in DCIS 

stem-like cell exosomes, among them miR-140 was found to be down-regulated in DCIS 

stem-like exosomes. This matches what we previously observed regarding cellular 

expression of miR-140 in DCIS stem-like cells (where miR-140 is down-regulated 

compared to non-stem like cells).   

    We also tested if expression of exosomal miRs from DCIS stem cells reflected a stem 

cell program in common with that of parental non-tumorigenic MCF10A stem cells. We 

isolated exosomal miRs from MCF10A stem cells and MCF10DCIS stem cells and 

compared expression of candidate miRs identified by our array. Interestingly, we  

observed an inverse trend regarding exosomal miR expression in normal stem cells 

compared to DCIS stem cells (Fig. 2.7B). MCF10A stem cells secreted higher levels of 

miR-140 than MCF10A non-stem cells, whereas MCF10DCIS stem cells secreted lower 

levels of miR-140 than MCF10DCIS non-stem cells.  A dramatic inverse trend was also 

observed for miR-21 and miR-29 in which DCIS stem-like cells secreted higher levels of 

these miRs whereas normal stem cells secreted lower levels of these miRs. This 

extracellular signaling may serve as a differentiation signal that is missing in DCIS stem 

cells.  

     We further examined whether SFN treatment might impact secretion of candidate 

miRs from DCIS stem-like cells. We found that sulforaphane treatment resulted in 

increased exosomal miR-140 and decreased exosomal miR-21 and miR-29 (Fig. 2.7C). 

This provides further evidence that SFN can inhibit DCIS stem cell signaling which may 

promote differentiation in recipient cells. 
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Exosomal secretion and internalization of miR-140 
 

     Finally, we examined what impact these altered exosomal miRs might have on breast 

cancer cell signaling. As we have previously reported on its significance in stem cell 

signaling in DCIS lesions, we decided to focus on miR-140 exosomal secretion (39). We 

constructed an artificial system to study miR-140 secretion and internalization. We 

overexpressed GFP-tagged CD9, a protein marker of exosomes (237), along with miR-

140 expression vector in HEK293T cells cultured in exosome free media (obtained via 

ultracentrifugation). We isolated exosomes containing miR-140. We verified successful 

isolation of exosomes from cell culture medium using western blot for CD9 (data not 

shown). We treated MDA-MB-231 (invasive basal-like breast cancer cells) and 

MCF10DCIS cells with purified exosomes and examined uptake of exosomal miR-140 

using qRT-PCR. We found that exosomal transfer of miR-140 into breast cancer cells 

resulted in a small but detectable increase in cellular miR-140 levels in both cell lines 

(Fig. 2.8). This suggests that exosomal secretion of miR-140 has the potential to impact 

miR-140 signaling in nearby tumor and stromal cells. Furthermore, this suggests that in 

addition to directly targeting DCIS stem cells, SFN treatment may be able to also block 

stem cell signaling in nearby cells by increasing exosomal miR-140 secretion in the 

tumor microenvironment. 

2.4 Discussion 
 

     Here we have shown that basal-like DCIS contain subpopulations of cells with stem-

like markers CD49f+/CD44+/CD24-.  Furthermore, we found that these cells are 

enriched in ALDH1+ activity.  These DCIS stem-like cells possess enhanced mobility
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Figure 2.8 Artificial model of exosomal miR-140 secretion and internalization. HEK-293T cells were 
transfected with miR-140 and the exosomal marker CD9-GFP. Exosomes were harvested from the media 
following 3 days.  MDA-MB-231 and MCF10DCIS cells were treated with purified exosomes and after 
24h cells were harvested for RNA. miR-140 levels were examined by qRT-PCR, normalizing to U6 
snRNA. 
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relative to non-stem like DCIS cells. This enhanced migratory phenotype further supports 

that stem-like cells are the malignant precursors in DCIS lesions responsible for disease 

recurrence and disease progression. 

     Next, we also demonstrated that the dietary compound SFN can target these DCIS 

stem like cells.  We show that SFN is able to decrease ALDH1 expression in DCIS stem-

like cells and that this corresponds with decreased mammosphere and colony formation 

capacity of DCIS stem-like cells. This provides further support for the chemopreventive 

potential for the dietary compound SFN.  

     Finally, we identified unique exosomal secretion of miRs by DCIS stem-like cells. We 

found that SFN was able to dramatically alter exosomal levels of miR-21, miR-140, and 

miR-29a in culture of DCIS stem-like cells. Previously we have shown that miR-140 

plays an important role in regulating stemness in DCIS stem-like cells by targeting SOX9 

and ALDH1 (39). It is possible that exosomal miR-140 may then regulate stem cell 

signaling in recipient cells. A recent study has shown that in lung cancer, miR-21 and 

miR-29a are frequently upregulated in tumor-derived exosomes (238). This study found 

that these miRs actually signaled through nearby immune cells via interaction with Toll 

Like Receptors to upregulate secretion of TNFα and IL-6 secretion, which promotes 

tumor invasion and metastases.  IL-6 is known to promote invasion and metastasis in 

breast cancer cells (239) and it is possible that these exosomal miRs may also promote 

DCIS progression by targeting nearby immune cells in breast cancer. 

 Together, our findings from chapter 3 and chapter 4 suggest that cancer stem cell 

populations exist within DCIS lesions that are regulated via microRNA networks.  We 

have functionally characterized these stem cells and find they demonstrate increased 
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cellular motility compared to more differentiated DCIS cells.  Next, we have identified a 

miR-140/SOX9/ALDH1 axis that regulates DCIS stem cell renewal.  Finally, we have 

observed that dietary epigenetic drugs such as Sulforaphane can be used to target DCIS 

stem cells in vivo, in part through activating silenced tumor suppressor microRNAs.  
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Chapter 3. MiR-200a Regulates SIRT1 and EMT-like 
Transformation in Mammary Epithelial Cells. 

 
This research was originally published in J Biol Chem. Eades G, Yao Y, Yang M, Zhang 

Y, Chumsri S, Zhou Q (2011) miR-200a Regulates SIRT1 Expression and  Epithelial to 

Mesenchymal Transition (EMT)-like Transformation in Mammary Epithelial Cells. 

286(29): 25992-26002. © the American Society for Biochemistry and Molecular Biology 

3.1 Introdution 
 

SIRT1 is a class III histone deacetylase (HDAC) and plays important roles in aging, 

obesity, and cancer (240, 241).  Dramatic up-regulation of SIRT1 has been observed in 

various cancers including breast, prostate, and ovarian cancers, implicating a role for 

SIRT1 in tumorigenesis (242-244). SIRT1 functions by deacetylating histone (e.g., K9-

H3 and K16-H4) and non-histone proteins (e.g., p300 and Ku70) in an NAD+ dependent 

manner, thus modifying gene expression and modulating protein function (240, 245). 

Previous studies have illustrated several mechanisms of SIRT1-dependent gene silencing. 

It was shown that SIRT1 deacetylates histones and may recruit DNA methyltransferases 

(DNMTs) to promoter regions thereby leading to epigenetic silencing of tumor 

suppressor genes (e.g., E-cadherin) (246). It is also known that SIRT1 facilitates 

transcriptional repression of tumor suppressor genes by modulating histone methyl-

transferase SUV39h1, the key enzyme responsible for histone H3 methylation 

(H3K9me3) in regions of heterochromatin (247). SIRT1 induction of tumor suppressor 

gene silencing promotes the initiation and progression of tumors as well as drug 

resistance (240, 248, 249).  Studies from our laboratory and others show that inhibition of 

SIRT1 by pharmacological inhibitors or genetic depletion reduces estrogen dependent 
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breast cancer cell growth (250, 251). The inhibition of SIRT1 in breast and prostate 

cancer cell lines has resulted in acetylation of p53 and subsequent growth arrest and 

apoptosis, while not affecting viability in several non-cancer epithelial cell lines, ARPE-

19 and HTB-125 (252, 253).  Although several inhibitors of sirtuins have been described 

(reviewed in (254)) and the potential value that SIRT1 inhibition may possess for cancer 

therapy has been recognized, there are no ongoing clinical trials of SIRT1 inhibitors for 

cancer therapy because of serious concerns (e.g., stability and toxicity). These 

deficiencies have lead to the search for new molecules that regulate SIRT1 expression. 

SIRT1 expression is largely mediated at the transcriptional level and several 

mechanisms involved in dysregulation of SIRT1 in cancer cells have been proposed 

(255). Tumor suppressors p53 and HIC1 (hypermethylated in cancer 1) can bind to the 

SIRT1 promoter and form a complex with SIRT1 leading to inhibition of SIRT1 

transcription (256, 257).  In cancer cells, inactivation of these tumor suppressor genes by 

genetic or epigenetic mechanisms leads to up-regulation of SIRT1 transcription. 

However, this is not the sole mechanism for overexpression of SIRT1 in tumors.  For 

example, the RNA binding protein HuR, a potential oncoprotein, stabilizes SIRT1 mRNA 

through 3’ untranslated region (3’UTR) interactions leading to elevated SIRT1 (258). 

This suggests that the 3’UTR of SIRT1 mRNA may also be important in governing 

SIRT1 expression. 

MiRs are small non-coding RNAs (18~24 nucleotides) that elicit their regulatory 

effects by imperfectly base pairing with specific sequences largely in the 3'UTR of target 

mRNAs causing degradation of mRNA or inhibition translation of mRNA to functional 

protein (55). The differential expression of miRs with associated oncogenic or tumor 
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suppressive roles has been implicated in tumorigenesis by many recent reports (259, 

260). These cancer-related aberrant miR levels may result from copy number variation 

(79), defects in processing (79), or epigenetic silencing (80).  

Several miRs including miR-34a, miR-132 and miR-199a directly bind to the 3’ UTR of 

SIRT1 mRNA leading to suppression of SIRT1 expression in colon, adipocyte, and 

cardiac tissues (261-263). However, array-based miR profiling suggests that these miRs 

may not be expressed in mammary epithelial cells or differentially expressed in breast 

cancers (264), indicating that any miRs that regulate SIRT1 expression may do so in a 

tissue-dependent manner.    

     The miR-200 family has been highlighted for its importance in tumor progression and 

metastasis, specifically, maintenance of epithelial phenotype. The miR-200 family 

consists of two clusters: miR-200b, miR-200a, and miR-429 located on chromosome 1 

and miR-200c and miR-141 located on chromosome 12.  Both clusters are encoded as 

polycistronic transcripts and contain predicted CpG islands in their promoters (265). 

ZEB1 and SIP1, transcriptional repressors of E-cadherin and inducers of EMT 

(177)(176), have been thoroughly investigated as targets of miR-200 family members.  

As such, enforced expression of miR-200 family members prevented Transforming 

Growth Factor β (TGF-β) induced EMT, while inhibition of the miR-200 family resulted 

in EMT (68).  It is known that in several mesenchymal-phenotype breast cancer cell lines, 

the miR-200 family is down-regulated (68).  In breast cancer, in addition to targeting 

ZEB1 and SIP1, miR-200 family has been shown to target PLCγ1 and BMI1, reducing 

EGF-driven motility and cancer stem cell self-renewal, respectively (42, 266). 

Levels of miR-200 family members are regulated by genetic and/or epigenetic 
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mechanisms.  MiR-200c is transcriptionally suppressed by ZEB1/SIP1, creating negative 

feedback loops that act in a switch-like manner to regulate EMT/MET (265, 267). Also, 

loss or reduced expression of miR-200c in breast cancer cell lines has been attributed to 

down-regulation of Dicer, a key component of miR processing machinery (268). In 

addition to these genetic mechanisms, miR-200c/miR-141 silencing was shown to be 

associated with hypermethylation of promoter CpG islands in several aggressive, 

mesenchymal-phenotype breast and prostate cancer cell lines (269). 

 Our present work uses an in vitro model of EMT-like transformation to tackle the 

questions of how normal mammary epithelial cells undergo transformation and whether 

SIRT1 over-expression is present in such transformations. We identify that loss of miR-

200a expression is associated with both transformation and SIRT1 over-expression.  This 

verifies another oncogenesis-related target in the miR-200 repertoire, further expanding 

the miR-200 tumor suppressive role through regulation of SIRT1 in mammary 

epithelium. 

3.2 Methods and Materials 
 

 Cell culture    MDA-MB-231 cells were maintained in Dulbecco's modified Eagle's 

medium (DMEM) with 5% FBS and 1% glutamine (Invitrogen; Carlsbad, CA).  Cells 

were grown at 37°C in an atmosphere containing 5% CO2. Human mammary epithelial 

cells (HME, Lonza; Walkersville, MD) were maintained in MEGM (mammary epithelial 

cell growth medium) with BPE (bovine pituitary extract), GA-1000 (gentamicin sulfate 

amphotericin-B), rhEGF (epidermal growth factor), hydrocortisone, and insulin. HME-T 

cells were also grown in the presence of 10% FBS.  TGF-β1 was purchased from R&D 
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Systems (Minneapolis, MN).  Drug treatments included SAHA (BioVision; Mountain 

View, CA) and 5-Azacytidine (Sigma; St. Louis, MO). 

 MiR screening and mRNA/miR expression analysis.   Cell line total RNA was 

extracted with TRIzol reagent (Invitrogen).  Small RNA was converted to complimentary 

DNA using poly-A polymerase based First-Strand Synthesis kit (SABioscience; Flat 

Lake, MD).  Total RNA was converted to cDNA using M-MLV reverse transcriptase 

(Invitrogen).  MiR expression was screened by qRT-PCR for an 88-miR panel, human 

miFinder array (SABioscience).  Subsequent miR analysis was performed by real time 

qRT-PCR with miR (miR-200a, miR-141) primer assays (SABiosciences) normalizing to 

control U6 snRNA levels.  SIRT1 and CDH1 mRNA was normalized to housekeeping 

gene GAPDH (SIRT1_S: CCCTCAAAGTAAGACCAG TAC, SIRT1_AS: 

CACAGTCTCCAAGAAGCTC TA, CDH1_S: CAACGATGGCATTTTGAAA ACAG, 

CDH1_AS: TCACATCCAGCACAT CCAC, GAPDH_S: GAAGGTGAAGGTCGGAG 

TC, GAPDH_AS: GAAGATGGTGATGGGATT TC).  Patient blood samples and fresh 

patient tissue samples were obtained from the Tissue Bank of the University of Maryland 

School of Medicine.  Total RNA was isolated using whole-blood RNA isolation kit 

(Zymo Research; Orange, CA) and tissue samples were extracted using RNeasy Lipid 

Tissue Kit (Qiagen; Valencia, CA).  All real time PCR was carried out with the Light 

Cycler 480 II (Roche Diagnostics; Indianapolis, IN). 

 Luciferase reporter assays.  HEK293T cells were seeded in six-well plates 

(5x10^5/well) and transfected with pGL3 luciferase vector containing wild-type SIRT1 

3’UTR or mutant SIRT1 3’UTR (A mutated to G in miR-200a response element) by 

Lipofectamine 2000 (Invitrogen). Cells were co-transfected with 50 nM miR-200a 
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precursor (Ambion; Austin, TX). Luciferase activity was determined using the dual 

luciferase assay system (Promega; Madison, WI) after 48 h of transfection. Luciferase 

activity was normalized to Renilla luciferase activity. Similar procedures were followed 

to measure promoter activity of a pGL3 (Promega) reporter construct containing miR-

200a promoter (-1574 to +120). 

 Immunoblotting  Whole cell lysates were prepared in cell lysis buffer (50mM Tis-

Hcl, 150mM NaCl, 0.5% sodium deoxycholate, 0.1%SDS, 1% NP-40) and supernatants 

collected by centrifugation.  Equal amounts of protein were denatured in SDS sample 

buffer and separated on 10% polyacrylamide gels. Separated proteins were transferred to 

PVDF membrane and probed with antibodies (SIRT1, E-Cadherin and N-Cadherin) from 

Santa Cruz Biotechnology (Santa Cruz, CA). Protein expression was detected by 

chemiluminescence (ECL, Amersham; Arlington Heights, IL). Expression of β-actin was 

used as a loading control.  Band density analysis was performed in Adobe Photoshop 

CS4. 

 CpG island identification.  The genomic DNA segment encompassing the mir-

200a coding and promoter sequences was analyzed with the USC CpG island searcher 

software (http:// cpgislands.usc.edu/cpg.aspx). The following parameter were used: 

minimum GC%, 55%; minimum observed CpG to expected CpG ratio, 0.65; minimum 

length of an island, 200 bp; and minimum gap between adjacent islands, 100 bp. 

 Bisulfite mapping and methylation specific PCR. Genomic DNA was prepared 

from cultured cells using the ZymoBead genomic DNA kit (Zymo Research; Orange, 

CA). Bisulfite conversion to genomic DNA was performed using the EZ DNA 

methylation-direct kit (Zymo Research). Bisulfite treated DNA was used as template for 
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PCR with Zymo Taq Premix (Zymo Research) and sets of bisulfite sequencing primers; 

miR-200a promoter region-S:GTTTGGTATAGGTGGGGTTTAGTT, AS: 

CCAAACTTCAAAAA AACCAATAATC and miR-200a coding region- S:  

GTTTGATTTTAATATTGTTTGGTAA, AS:  AAACTAACCAAACCCTCTACC.  

Primers were designed using MethPrimer software (http://www.urogene.org/ 

methprimer/index1.html). The following PCR conditions were used: 10 min at 95°C; 40 

cycles of 30s at 95°C, 30s at 55°C, and 1 min at 72°C; and 7 min at 72°C.  PCR products 

were purified and cloned into pGEM-T Easy vector (Promega) and sequenced. At least 5 

clones were sequenced.  CDH1 methylation specific PCR was carried out using 

previously described primers (270).   

 Chromatin immunoprecipitation.  ChIP was performed as previously described 

(250) with anti-polyclonal rabbit acetyl-histone H3, anti-polyclonal rabbit acetyl-histone 

H4(Millipore; Billerica, MA), anti-polyclonal rabbit SIRT1(Delta Biolabs; Gilroy, CA), 

anti-polyclonal rabbit DNMT1(Santa Cruz), anti-polyclonal rabbit DNMT3A(Pierce, 

Rockford, Il), and anti-polyclonal rabbit DNMT3B(Santa Cruz) antibodies.  Real time 

PCR was performed for the proximal promoter region of the miR-200a cluster (S: 

CACCGCCTCCCATTGTC AS: CACAGGAA GTCAGTTCAGACC) or for CDH1 

proximal promoter (S:GCTAGAGGGTCACCGCGTCT 

AS:ACCGCTGATTGGCTGAGGGT). Results are presented as the percent of input 

chromatin. 

 Immunohistochemistry.  Formalin fixed and paraffin-embedded human breast cancer 

and normal tissue samples were obtained from the Tissue Bank of the University of 

Maryland School of Medicine.  Sections were deparaffinized and rehydrated using xylene 
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and gradient ethanol.  Antigens were retrieved by boiling in sodium citrate(10mM, pH 

6.0).  Polyclonal rabbit anti-SIRT1 antibody (1:200, Delta Biolabs) was applied at 4°C 

overnight followed by a biotin conjugated bovine anti-rabbit secondary antibody (1:250, 

Santa Cruz Biotech) at room temperature for 1 hour.  Avidin-biotin peroxidase substrate 

kit (Vector Laboratories; Burlingame, CA) was used to develop brown precipitate.  

Hematoxylin was utilized for nuclei staining.  Quantitative analysis was performed on 

cells determined morphologically to be mammary epithelial cells by calculating the 

percentage of cells with positive staining out of total cells counted. 

 Soft agar assay and transwell migration assay.   Soft agar assays were performed 

in triplicate in six-well plates.  Each well contained a bottom layer of 0.6% agarose (Bio-

Rad; Hercules, CA) and top layer of 0.3% agarose with 10^4 cells.  The agarose was 

diluted in MEBM medium (Lonza).  A few drops of MEBM medium were added on the 

top layer after it solidified.  The plates were incubated for 3 weeks.  The top layer was 

replenished every week.  The cells were stained with 0.05% crystal violet overnight at 

37°C.  Colonies were visualized and counted by light microscopy. Transwell migration 

assays were carried out in duplicate using Transwell migration chambers (8µm pore size; 

Costar; Cambridge, MA) coated with 0.5mg/ml Matrigel (BD Science; Franklin Lakes, 

NJ) atop the membrane.  Cells were seeded with MEBM (0.5X105 cells/ml) in the upper 

chamber.  The lower chamber contained MEBM with 10% FBS.  Cells were allowed to 

migrate towards the 10% FBS gradient overnight.  Non-migrated cells on the top of the 

membrane were removed with cotton swabs.  The migrated cells were stained with 1% 

crystal violet in methanol/PBS and counted using light microscopy. 
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 Statistical analysis Results are shown as mean ± S.E.  Results are of three 

independent experiments except when otherwise stated.  Data were analyzed with 

GraphPad Prism 4.0, conducting two-tailed unpaired t tests.  p values < 0.05 were 

considered significant. 

3.3 Results 

TGF-β induced EMT of normal human mammary epithelial cells leads to SIRT1 over-
expression.   
 

 We examined an in vitro model of EMT-like transformation and monitored 

alterations of SIRT1 expression. Normal human mammary epithelial cells (HME) were 

stably transfected with human telomerase reverse transcriptase (hTERT) and underwent 

immortalization.  The immortalized cells were cultured in the presence of 10% FBS and 

treated with 10ng/ml human TGF-β1 for 21 days.  Treatment with TGF-β1 has been 

shown to induce EMT-like transformation of epithelial cells in many cell culture models 

(271).  Fig 3.1A shows that treatment with TGF-β1 leads immortalized HME cells to 

undergo EMT-like transformation evidenced by loss of cell-cell adhesion and alterations 

of morphology from a round compact shape to spindle shaped.  These transformed cells 

were defined as HME-T.  Using Western blot analysis in Fig 3.1B, we found a 

phenotypic transition from an epithelial morphology towards mesenchymal-like 

properties evidenced by loss of the epithelial marker E-cadherin and over-expression of 

the mesenchymal marker N-cadherin in HME-T cells.  Importantly, this transformation 

was associated with remarkable up-regulation of SIRT1, a key class III HDAC that can 

induce epigenetic inactivation of E-cadherin in breast cancer (272). 
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Figure 3.1 Transformation of mammary epithelial cells is associated with altered SIRT1 and miR 
expression. A, An altered morphology is associated with transformation. Representative images display 
morphological changes from normal human mammary epithelial cells (HME) to transformed HME cells 
(HME-T, immortalized and treated with 10ng/ml TGF-β1 for 21 days). Scale bar is 100 µm.  B, SIRT1 
protein levels are overexpressed upon transformation. Western Blot comparing protein levels in normal 
(HME) and transformed cells (HME-T).  Representative results from 3 independent experiments. C, 
Transformation is associated with altered miR expression.  Results from a miR qRT-PCR array, comparing 
88 miRs before and after transformation.  Scatter plot values represent miR fold change between cell lines, 
Log10 ( 2 ^ -delta Ct ).  Dark middle line represents stable expression between cell lines while pink lines 
represent 4 fold up or down-regulation cutoff of miR expression in transformed cells.  MiRs up or down-
regulated by 4 fold or greater are presented in the table.     
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EMT-like Transformation leads to a loss of miR-200 family members.  

 To identify dysregulated miRs that might play critical roles in the transformative 

process, we performed PCR-based miR array analysis and evaluated differential 

expression of 88 highly characterized miRs, many of which had been previously 

implicated in tumorigenesis. Analysis of miR arrays revealed numerous oncogenic or 

tumor-suppressive miRs (up or down-regulated miRs) with differential expression in 

transformed cells (HME-T) as compared with parental cells (HME).  Fig 3.1C shows that 

among all miRs examined, miR-141 and miR-200c (members from the miR-200 family 

tested on this array), were the most significantly dysregulated miRs.  MiR-141 and miR-

200c were down-regulated 3,100-fold and 1,500-fold respectively in transformed cells. 

We further confirmed the results of our array by examining miR-200 family expression 

by real-time qRT-PCR. The miR-200 family is encoded in two locations, on chromosome 

1 (miR-200b/miR-200a/miR-429) and chromosome 12 (miR-200c/miR-141), where these 

individual clusters of miR-200 family members are co-transcribed.   We tested expression 

of members from both clusters and as shown in Fig 3.2A, miR-200a (chr. 1) and miR-141 

(chr. 12) are significantly decreased upon transformation (p<0.01, data for other members 

of miR-200 family not shown). These miRs (miR-200a and miR-141) are also found 

decreased in MDA-MB-231 cell line (breast cancer cell line with mesenchymal 

phenotype) compared with MCF-10A (a non-tumorigenic breast epithelial cell line).  

These results clearly demonstrate down-regulation of miR-200 family members between 

normal mammary epithelial cells and cells having undergone EMT-like transformation.   

DNA hypermethylation is associated with loss of miR-200a in transformed cells.  
	  

 The CpG dinucleotide is clustered in 40-50% of human gene promoters (273). 
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Figure 3.2 Epigenetic silencing of miR-200a associated with transformation. A, Loss of miR-200a/miR-
141 in transformation. Results of qRT-PCR comparing miR-200a and miR-141 between normal and 
transformed HME cells as well results comparing non-tumorigenic MCF-10A breast epithelial cells with 
breast cancer cell line MDA-MB-231.  N=3 ± S.E. B, Methylation levels of the promoter region and coding 
region CpG islands of miR-200a. Blank and black circles represent cytosine unmethylated and cytosines 
methylated, respectively. The promoter region CpGs are located from nucleotides 370633 to 370819 on 
chromosome 1 [strand (+),NCBI Reference Sequence:  AC_000133.1]  The coding region CpGs are located 
from nucleotides 374693 to 374845 on chromosome 1 [strand (+),NCBI Reference Sequence:  
AC_000133.1]. The black rectangle represents the coding region of mir-200a in relation to sequencing 
results. Results of 5 clones sequenced and mean % of methylated CpGs is shown.   

 

 



	   96	  

Methylation of CpG islands (CG-rich sequences) in these gene promoters can lead to an 

inactive transcriptional state and loss of gene expression (274). As miR-200a and miR-

141 exist on separate chromosomes, we decided to focus our efforts on first examining 

dysregulation of miR-200a.  We set out to determine if DNA methylation may contribute 

to the dramatic down-regulation of miR-200a in our model of EMT-like transformation in 

HME-T cells.  A 2,500 bp CpG island on chromosome 1 was identified in the miR-

200b/miR-200a/miR-429 cluster promoter [NCBI Reference Sequence: AC_000133.1 

strand (+), nucleotides 369401 to 371963]. We performed bisulfite sequencing analysis to 

determine DNA methylation status of a 187 bp region within this miR-200a promoter 

CpG island. In Fig 3.2B, the results from bisulfite sequencing revealed hypermethylation 

in transformed cells as well as in MDA-MB-231 cells. Promoter methylation levels were 

nearly identical between HME-T cells (83.6%) and MDA-MB-231 cells (96.3%). These 

observations were further confirmed by methylation specific PCR (MSP) (data not 

shown). These data suggest that DNA hypermethylation of the miR-200a promoter region 

may contribute to miR-200a silencing upon EMT.   

 It was previously shown that coding region methylation may also affect gene 

expression (275).  While examining the miR-200a promoter region CpG island, an 

additional 321-bp CpG island on chromosome 1 [NCBI Reference Sequence:  

AC_000133.1  strand(+), nucleotides 374588 – 374908] was identified encompassing the 

coding region of miR-200a. Bisulfite sequencing of a 153 bp region within this CpG 

island revealed differential methylation of the miR-200a coding region between 

transformed cells (28.8%) and MDA-MB-231 cells (90%) (shown in Fig 3.2B).  These 
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data suggest that intragenic methylation may also influence miR-200a expression in 

addition to promoter region methylation. 

Epigenetic therapy can lead to restoration of miR-200a/miR-141 in transformed cells. 

 To further address if epigenetic mechanisms (DNA methylation and histone 

deacetylation) contribute to depressed expression of the miR-200 family, we treated 

TGF-β transformed cells (HME-T) as well as breast cancer cells (MDA-MB-231) with 

epigenetic therapies capable of reversing methylation-induced gene silencing: histone 

deacetylase inhibitors and DNA methyltransferase (DNMT) inhibitors.  Fig 3.3A shows 

that treatment with SAHA (10µM; a HDAC inhibitor) or 5-Azacytidine (5 µM; Aza, a 

DNMT inhibitor) resulted in elevated expression of miR-200a in HME-T cells.  Similarly 

treatment of MDA-MB-231 cells with SAHA or Aza resulted in elevation of miR-200a 

levels, but to a lesser extent.  Additionally, treatment of transformed cells with SAHA or 

Aza also resulted in elevated miR-141 expression (shown in Fig 3.3B), but while Aza 

treatment of MDA-MB-231 did result in elevated miR-141 levels, SAHA treatment of 

MDA-MB-231 cells did not result in elevation of miR-141.  We explored these 

phenomena further through ChIP experiments focusing on the miR-200a promoter and 

histone acetylation status.  In Fig 3.3C, analysis of ChIP results revealed low levels of 

histone acetylation (Ac-H3 and Ac-H4) at the miR-200a promoter region, along with 

increased histone acetylation status after treatment with SAHA, suggesting that HDACs 

are involved in epigenetic repression of miR-200a expression. These results in 

combination with bisulfite sequencing data support that epigenetic mechanisms (DNA 

methylation and histone deacetylation) contribute to decreased miR-200a expression in 

transformed cells. 
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Figure 3.3 Epigenetic therapy restores levels of miR-200a and miR-141 in transformed cells. A.  Treatment 
with SAHA or Aza restores miR-200a expression in transformed cells.  MiR-200a levels after 24 h SAHA 
(10µM) or 96 h Aza (5 µM) treatments in transformed cells and MDA-MB-231 cells. Mean ± S.E., N=3. B, 
Therapeutic restoration of miR-141 in transformed cells. MiR-141 levels after 24 h SAHA (10µM) or 96 h 
Aza (5 µM) treatments in transformed cells and MDA-MB-231. Mean ± S.E., N=3. C, Levels of histone 
acetylation at miR-200 promoter region.  Results for miR-200a promoter region ChIP.  Cross-linked, 
sonicated chromatin was immunoprecipitated with acetylated histone H3 (Ac-H3) N=2, acetylated histone 
H4 (Ac-H4) N=3, or IgG control antibodies before and after 24 h treatment with SAHA (10µM). Histone 
acetylation status was assessed at the miR-200 promoter by real-time qRT-PCR. Mean ± S.E. 
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Identification of SIRT1 as a new target of miR-200a.   
 

 To determine if a possible correlation existed between SIRT1 up-regulation and miR-

200a down-regulation we probed for a mechanistic link between the two.  It has been 

known that miR-200a targets the 3’UTR of ZEB1 and SIP1 in breast cancer cells (68). 

However, the full complement of miR-200 family target genes is not known. To identify 

new molecular targets of the miR-200 family during transformation, we explored 

TargetScan 5.1 (276) and mirBase (277) targets database and found that one of the best 

scoring mRNAs that can be targeted by miR-200a/miR-141 is SIRT1. As miR-200a and 

miR-141 target identical seed sequences we subsequently examined miR-200a and 

whether it can directly target SIRT.   

 The ability of miR-200a to regulate the 3’UTR of SIRT1 was evaluated via luciferase 

reporter assays. TargetScan 5.1 predicted a single miR responsive element (MRE) 

containing a conserved 7-mer exact seed match at positions 1728–1734 as a miR-200a 

target (Fig 3.4A). Wild-type SIRT1 3’UTR as well as mutSIRT1 3’UTR with mutated 

target sites (A to G) were cloned into a pGL3 luciferase vector. HEK293T cells, which do 

not express detectable levels of miR-200 family (data not shown), were co-transfected 

with a pGL3 luciferase vector and pRL-TK renilla luciferase vector. To examine the 

impact of miR-200a on SIRT1 3’UTR activity, HEK293T cells were co-transfected with 

miR-200a precursor (Ambion) that activated miR-200a expression. Fig 3.4B shows that 

miR-200a inhibits the luciferase activity of the wild-type SIRT1 3’UTR, but mutation of 

the miR-200a MRE within the SIRT1 3’UTR abolishes miR-200a action, suggesting that 

miR-200a targets one complementary sequence in the SIRT1 3’UTR.  
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Figure 3.4 SIRT1 is a new target for regulation by miR-200a. A, Illustration of SIRT 3’UTR as well as the 
seed sequence of miR-200a and miR-141 showing the computationally predicted target region on the 
3’UTR of SIRT1 mRNA. B, MiR-200a decreases SIRT1 3’UTR luciferase activity.  HEK293T cells were 
transfected with 2µg of pGL3 luciferase vector containing either SIRT1 3’UTR or SIRT1 MUT 3’UTR 
(with A to G mutation in MRE).  Cells were co-transfected along with 50 nM miR-200a precursor for 24 h 
and then lysed and assessed for luciferase activity. Mean ± S.E, N=3.  C, qRT-PCR results for SIRT1 
mRNA levels normalized to GAPDH mRNA. SIRT1 mRNA levels in normal and transformed cells (left). 
SIRT1 mRNA levels in transformed cells transfected with 50 nM miR-200a precursor for 72 h (center).  
SIRT1 mRNA levels after 24 h SAHA (10µM) or 96 h Aza (5µM) treatment of transformed cells. (right) 
Mean ± S.E., N=3.  D, Western blotting of SIRT1 protein levels. SIRT1 levels in HEK293T cells 
transfected with 50 nM miR-200a precursor for 48 h (left) n=3.  SIRT1 levels in transformed cells 
transfected with 50 nM miR-200 precursor (center) n=2, or HEK293T cells co-transfected with 50 nM 
miR-200a and 2 µg flag-tagged SIRT construct lacking the 3’UTR (right) n=3. A-C: p value determined by 
two-sided unpaired t test, * p < 0.05. 
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 Since SIRT1 has the ability to induce epigenetic inactivation of tumor suppressor 

genes, we decided to focus on the impact of miR-200a on SIRT1 expression in EMT-like 

transformation.  We examined the impact of miR-200a on SIRT1 mRNA expression by 

qRT-PCR analysis. We first observed that loss of miR-200a is associated with SIRT1  

mRNA over-expression in HME-T (transformed) cells (Fig 3.4C left).  HME-T cells 

were subsequently transfected with 50 nM miR-200a precursor for 72h. Fig 3.4C (center) 

shows that introduction of miR-200a is sufficient to inhibit SIRT1 mRNA levels. We had 

previously shown that treatment with epigenetic therapies resulted in an increase in miR-

200a in HME-T cells (Fig 3.3A).  We tested whether these treatments would also result 

in an associated down-regulation of SIRT1 mRNA.   A decrease in SIRT1 mRNA was 

confirmed by qRT-PCR after treatment of HME-T cells with either SAHA (10µM for 24 

h) or Aza (5µM 96 h) (Fig 3.4C right). These data indicate that miR-200a re-expression 

correlates with inhibition of SIRT1 expression.  HEK293T cells, which show detectable 

levels of SIRT1 protein, were transfected with 50 nM miR-200a precursor and Western 

blot analysis showed that miR-200a inhibits SIRT1 protein expression (Fig 3.4D left). 

Similar results were observed in HME-T cells (Fig 3.4D center).  To further examine the 

impact of miR-200a on the SIRT1 3’UTR, a SIRT1_CDS construct (without 3’UTR, 

coding region only) was co-transfected with 50 nM miR-200a precursor into HEK293T 

cells. In Fig 3.4D (right) Western blot analysis shows that miR-200a is unable to alter 

SIRT1 protein expression when cells are transfected with SIRT1 construct lacking a 

3’UTR, supporting that miR-200a reduces SIRT1 expression by targeting the SIRT1 

3’UTR.   
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SIRT1 involvement in a negative feedback loop regulating miR-200a expression. 

 Since down-regulation of miR-200a may lead to over-expression of SIRT1, we set 

out to determine if the high levels of SIRT1 in HME-T cells might be involved in miR-

200a epigenetic silencing.  We first tested the ability of SIRT1 to regulate a miR-200a 

promoter luciferase reporter.  Co-transfection of pGL2-miR-200a reporter and SIRT1 

resulted in significant decrease in reporter activity  compared to reporter only controls 

(Fig 3.5A). Next, we performed ChIP experiments to monitor SIRT1 recruitment to the 

miR-200a promoter and observed increased levels of SIRT1 occupying the miR-200a 

promoter in HME-T cells compared to control HME cells (Fig 3.5B).  As it was 

previously shown that SIRT1 might participate in the recruitment of DNMTs to silence 

tumor suppressor genes (246) we also examined if increased recruitment of SIRT1 was 

associated with altered recruitment of DNMTs (DNMT1, DNMT3A, or DNMT3B) to the 

miR-200a promoter.  Similarly to SIRT1, we observed increased DNMT1, DNMT3A, 

and DNMT3B localized at the miR-200a promoter region in HME-T cells compared to 

control HME cells (Fig 3.5B).  These data provide further support for the involvement of 

epigenetic mechanisms in miR-200a silencing as well as demonstrate a negative 

regulatory circuit wherein SIRT1 and miR-200a are involved in the negative regulation of 

one another in mammary epithelium. 

Activation of miR-200a and inhibition of SIRT1 decrease anchorage-independent cell 
growth in HME-T cells. 
 

  In order to demonstrate the possible function of SIRT1 and miR-200a in mammary 

epithelial cell transformation, HME-T cells were transfected with SIRT1 shRNA (HME-

T/shSIRT1) or miR-200a precursor (HME-T/miR-200a) (Fig 3.6A). HME-T cells
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Figure 3.5 SIRT1 regulation of miR-200a expression.  A, SIRT1 regulation of a miR-200a promoter 
luciferase reporter.  Co-transfection of SIRT1 (2µg) or control vector, with miR-200a promoter reporter 
(2µg) (-1574 to +120) and renilla luciferase control for 48 h, after which cells were lysed and luciferase 
activity assessed.  Mean ± S.E., N=3. B, Altered SIRT1 recruitment to the miR-200a promoter.  Real-time 
qRT-PCR results from ChIP experiments for the miR-200a promoter after IP with SIRT1, DNMT1, 
DNMT3A, DNMT3B antibodies.  Mean ± S.E., N=3.  A&B: p value determined by two-sided unpaired t 
test, * p < 0.05. 
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Figure 3.6 miR-200 regulation of SIRT1 influences transformation-induced anchorage-independent growth 
and invasion. A, Reversal of transformation-associated morphology by miR-200 addition or SIRT1 
inhibition.  Representative images of normal HME cells, HME-T transformed cells, HME-T transformed 
cells transfected with 50 nM miR-200a precursor, and HME-T transformed cells transfected with shRNA 
against SIRT1 for 3 days. Scale bar is 100 µm. B, Colony formation of cells in soft agar assay. HME-T 
cells were transfected with 50 nM miR-200a precursor or SIRT1 shRNA. 104 cells from each cell line were 
seeded in each well of a 6-well plate. After 3 weeks, the colonies were stained with crystal violet. 
Quantitative analysis was performed by averaging colony number over 4 random fields (10X objective), 
Mean ± S.E. for 3 independent experiments. Scale bar is 100 µm.  C, miR-200a/shSIRT1 inhibit 
transformation-induced colony formation in soft agar. Transwells with 8 µm pore size and coated with 
matrigel were used. HME-T cells were transfected with 50 nM miR-200a precursor or shRNA targeting 
SIRT1 for 2 days.  0.5x105 cells from each cell line was used per well for overnight migration. Migrated 
cells were stained with crystal violet.  Analysis was performed by averaging migrated cell number for 4 
random fields (10X objective), Mean ± S.E. for 2 independent experiments. Scale bar is 100 µm. Asterisks 
indicate significance, p value determined by two-sided unpaired t test,***p< 0.001. 
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showed more colony formation in a soft agar assay than control HME cells (Fig 3.6B). 

However, HME-T/shSIRT1 and HME-T/miR-200a cells showed significantly decreased 

colony formation compared to HME-T cells. These results indicate that SIRT1 plays a 

role in HME-T anchorage-independent cell growth, therefore maintaining the 

transformation of these cells. 

Activation of miR-200a and inhibition of SIRT1 decreases cell migration in HME-T 
cells.  
 

 The ability of SIRT1 and miR-200a to regulate cell migration and cell invasion was 

investigated by utilizing transwell migration assays.  HME-T cells were much more 

migratory than control HME cells (Fig 3.6C).  HME-T cells transfected with either 

shRNA for SIRT1 (HME-T/shSIRT1) or miR-200a precursor (HME-T/miR-200a) 

showed dramatically decreased cell migration.  These findings further confirmed a 

functional role for SIRT1 in promoting EMT-like transformation of mammary epithelial 

cells as well as establishing a role for miR-200a in inhibiting this process. 

SIRT1 recruitment to the CDH1 promoter is correlated with epigenetic silencing of E-
cadherin expression. 
 

 SIRT1 inhibition has been shown to result in re-expression of epigenetically silenced 

E-cadherin in breast cancer cell lines (246).  Since E-cadherin expression is required for 

maintenance of the epithelial phenotype in mammary epithelium, we determined whether 

SIRT1 has the ability to regulate E-cadherin expression in transformed HME-T cells. Fig 

3.7A shows that knockdown of SIRT1 by shRNA in HME-T cells resulted in restoration 

of E-cadherin expression. This provided evidence that SIRT1 inhibits E-cadherin and 

promotes EMT-like transformation.  We next examined E-cadherin expression by qPCR 
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in HME-T cells.  Compared with control HME cells, E-cadherin mRNA is dramatically 

down-regulated in HME-T cells (Fig 3.7B).  To determine if SIRT1 was directly 

involved in E-cadherin gene silencing we performed ChIP experiments to examine 

SIRT1 localization at the E-cadherin (CDH1) promoter.  We found that SIRT1 along with 

DNMT3B showed increased recruitment to the CDH1 promoter in HME-T cells 

compared with control HME cells (Fig 3.7C).   We did not observe increased localization 

of DNMT1 or DNMT3a. We next wanted to determine if increased SIRT1 and DNMT3B 

localization was associated with epigenetic silencing of E-cadherin.  We performed 

methylation specific PCR for the CDH1 promoter and were able to detect DNA 

methylation in HME-T cells but not in control HME cells (Fig 3.7D).  These results 

suggest that SIRT1 is involved in the epigenetic silencing of E-cadherin upon EMT-like 

transformation of mammary epithelium.  

SIRT1 expression is increased in breast cancer patient samples.  

  
 Our in vitro studies have established that mammary epithelial transformation may 

involve SIRT1 up-regulation upon decreased miR-200a targeting of SIRT1 3’UTR.  We 

began to explore the translation of these findings by examining SIRT1 levels in early 

stage breast cancer- ductal carcinoma in situ (DCIS), as well as in invasive breast cancer, 

invasive ductal carcinoma (IDC).  We examined SIRT1 expression in DCIS and IDC 

patient samples by immunhistochemistry (IHC). When comparing to normal human 

breast tissue, samples of DCIS and IDC showed elevated SIRT1 expression (Fig 3.8A).   

MiR-200a levels are found decreased in breast cancer patient samples.    
 

 We next investigated the expression of miR-200a in patient tissue samples.  Fig 3.8B  
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Figure 3.7 SIRT1 regulates E-cadherin via epigenetic modification A., SIRT1 knockdown can restore E-
cadherin expression. Western Blot of HME-T cells transfected with scrambled control or shRNA for 
SIRT1.  B., qRT-PCR results for E-cadherin mRNA normalized to GAPDH C., Altered SIRT1 recruitment 
to the E-cadherin (CDH1) promoter.  Real-time qRT-PCR results from ChIP experiments for the CDH1 
promoter after IP with SIRT1 and DNMT3B antibodies.  Mean ± S.E., N=2.  D., Methylation status of the 
CDH1 promoter.  Results from methylation specific PCR for the CDH1 promoter in HME-T (transformed) 
and HME-C (control) cells.  Product sizes Unmethylated-97bp Methylated: 116bp.  * p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 SIRT1 elevation is associated with miR-200a down-regulation in breast cancer patient samples. 
A, Over-expression of SIRT1 in breast cancer patient samples. IHC staining of SIRT1 in DCIS (n=3) and 
IDC (n=5) or normal breast tissue (n=2).  Hematoxylin was used to visualize nuclei. DAB was used to 
demonstrate SIRT1 staining. Quantification is performed for percentage of mammary epithelial cells with 
positive staining nuclei (Mean ± S.D).  Scale bar is 60 µm. B, MiR-200a levels are decreased in breast 
cancer patient samples.  qRT-PCR for miR-200a in 5 DCIS and 5 IDC patient samples relative to healthy 
mammary epithelial tissue.  Results normalized to snRNA U6 levels.   C, MiR-200a/miR-141 levels are 
decreased in breast cancer patient blood.  Results of qRT-PCR measuring miR-200a and miR-141 levels in 
DCIS (n=2) and IDC (n=4) patient sample whole blood relative to control patient blood.   Results 
normalized to snRNA U6 levels.   A&B: p value determined by two-sided unpaired t test, * p < 0.05.   
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shows that in 5 patient samples of DCIS and 5 samples of IDC we detected decreased  

levels of miR-200a relative to normal tissue.  In support of our in vitro findings, miR-

200a down-regulation in tissue samples of breast cancer correlates with the high levels of 

SIRT1 over-expression observed by IHC.   

Circulatory levels of miR-200a and miR-141 are decreased in breast cancer patients.  

 MiRs have been detected in peripheral circulation of cancer patients that distinguish 

tumor-bearing individuals from healthy individuals (278-280).  The source for these 

altered circulating miRs is suggested to be dysregulation of miRs in tumors, indicating 

these circulating miRs may serve as surrogates for tumor miR levels.  As a preliminary 

test of our in vitro findings, we examined levels of miR-200a and miR-141 in the blood 

of several DCIS and IDC patients. Fig 3.8C shows that compared to healthy control 

patient blood, levels of miR-200a and miR-141 are decreased in blood from 2 DCIS and 

4 IDC patients.  These results suggest that a down-regulation of miR-200a and miR-141 

in blood may be associated with SIRT1 over-expression in patients with breast cancer.   

3.4 Discussion 
 

 Previous studies have explored dysregulated miRs in breast cancer and have 

implicated tumor suppressive and oncogenic miRs in various stages of the disease.  In our 

study we examined a TGF-β induced model of EMT-like transformation, attempting to 

identify differentially expressed miRs that were associated with the transformation of 

normal mammary epithelial cells.  Among the miRs with altered expression, miR-200 

family members were dramatically down-regulated upon TGF-β induced transformation.  

Exploring possible mechanisms responsible for miR-200a loss, we identified epigenetic 

repression of miR-200a in transformed mammary epithelial cells.  In addition, we 
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examined SIRT1 levels in our transformation model, given that over-expression of SIRT1 

is reported for several cancers including breast cancer.  We demonstrated transformation-

associated over-expression of SIRT1 at the protein and transcript level and find that 

SIRT1 is a novel target for miR-200a regulation through a 3’UTR dependent mechanism.  

Indeed, re-expression of silenced miR-200a with epigenetic therapy correlated with 

down-regulation of SIRT1. Additionally, we showed transformation-associated altered 

recruitment of SIRT1, DNMT1, DNMT3A, and DNMT3B to the miR-200a promoter, 

further implicating epigenetic machinery in miR-200a silencing and establishing a 

negative feedback loop involving miR-200a and SIRT1. We also observed increased 

SIRT1 recruitment to the E-cadherin (CDH1) promoter, which correlated with 

methylation of the E-cadherin promoter and silencing of E-cadherin expression.  

Importantly, we attempted to test and establish the translation of these findings by 

examining SIRT1 and miR-200a expression in breast cancer patient samples.  We found 

SIRT1 up-regulation in DCIS patient samples as well as in IDC and additionally 

demonstrated a decrease of miR-200a in DCIS and IDC patient samples. 

 Members of the miR-200 family are already known to target regulators of E-

Cadherin, ZEB1/SIP1, as well as regulators of stem cell self-renewal and cancer cell 

motility: BMI1 and PLCγ1.  We identify SIRT1 as a new target of miR-200a/miR-141 

placing further emphasis on the importance of the miR-200 family as tumor suppressive 

miR.  Our observations in TGF- β transformed mammary epithelium confirm a possible 

role of SIRT1 in EMT-like processes in breast cancer and suggest a new mechanism of 

SIRT1 up-regulation in breast cancer: increased SIRT1 expression by loss of miR-

200a/miR-141. 
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 We investigated an epigenetic role in the loss of miR-200a by both monitoring DNA 

methylation and examining effects of epigenetic therapy on expression level and histone 

acetylation status.  We observed hypermethylation of the miR-200a promoter region in 

transformed cells as well as MDA-MB-231 cells (breast cancer cells with a mesenchymal 

phenotype).  It is well established that aberrant DNA methylation in promoter regions can 

silence gene expression and it has previously been shown that treatment with TGF-β can 

result in the acquisition of DNA methylation and silencing of E-cadherin (281).   We find 

that treatment with epigenetic therapies (SAHA and Aza) resulted in re-expression of 

miR-200a and miR-141 in transformed cells.  Similarly, epigenetic therapies resulted in 

re-expression (although a less dramatic response) of miR-200a in MDA-MB-231 breast 

cancer cells.  However, SAHA treatment of MDA-MB-231 cells did not result in miR-

141 re-expression. MDA-MB-231 cells are highly malignant cells having undergone 

many genetic and epigenetic changes and would likely not respond to therapy identically 

to acutely transformed mammary epithelial cells. Additionally, miR-200a and miR-141 

reside in clusters on separate chromosomes, and as such may not respond identically to 

epigenetic therapies, as was the case with SAHA treatment of MDA-MB-231 cells.   

 We also discovered intragenic methylation of a CpG island overlapping the miR-200a 

coding region.  This island showed heavy methylation in MDA-MB-231 cells and may 

negatively regulate miR-200a expression in breast cancer. Studies indicate that intragenic 

methylation may inhibit gene expression through decreasing transcriptional elongation 

efficiency (275).  The more extensive methylation of miR-200a in MDA-MB-231 cells 

may also contribute to the lessened response to epigenetic therapies compared with 

treatment of transformed cells.  To our knowledge, this might be the first report of 
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intragenic methylation within a miR-encoding region. Whether a reversal of methylation 

in the promoter region or coding region of miR-200a is of unique relevance for response 

to epigenetic therapy is unknown and will be investigated further. 

 We also find that over-expression of SIRT1 upon EMT-like transformation results in 

increased recruitment to the miR-200a promoter region along with other epigenetic 

machinery (DNMT1/3A/3B).  This suggests a negative feedback loop exists between 

miR-200a and SIRT1 and also provides further evidence for the involvement of 

epigenetic mechanisms in the silencing of miR-200a.  Additionally, we find evidence that 

SIRT1 is involved in the epigenetic silencing of E-cadherin, a critical step in EMT-like 

transformation of mammary epithelium.     

 We sought to explore the translational impact of our findings by examining patient 

tumor samples for SIRT1 expression.  We were able to detect elevated levels of SIRT1 in 

samples of DCIS and IDC, supporting a role for SIRT1 in early and later stages of cancer 

progression.  As a preliminary stage of testing our in vitro findings concerning miR-200a, 

we examined patient tissue samples and patient blood samples of DCIS and IDC.  We 

were able to demonstrate a decrease in miR-200a levels in DCIS and IDC patient tissue 

samples.  Additionally we observed decreased circulating miR-200a/miR-141 levels in 

the blood of breast cancer patients.  Serum and whole blood levels of circulating miRs are 

currently being explored in cancer research for their potential prognostic value as 

surrogates of tumor cell miR levels (278-280).  Additional work needs to be done to test 

our in vitro findings by examining levels of miR-200 family in additional patient samples 

of in-situ and invasive breast carcinomas.  
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 SIRT1 over-expression has been demonstrated to occur through various mechanisms 

in cancer, including loss of negative regulation by p53 or HIC1 tumor suppressors.   

However, no study has demonstrated a mechanism of SIRT1 up-regulation in EMT-like 

processes in breast cancer.  The finding of novel miR-200a/141-related dysregulation of 

SIRT1, in a model of transformed mammary epithelial cells, may be therapeutically 

relevant and reveal new ways to clinically manipulate SIRT1 expression.   

 We previously reported down-regulation of miR-200 family members in DCIS stem 

cells.  Two groups have identified miR-200b/c as critical regulators of invasive breast 

cancer stem cell renewal.  First, miR-200c was found to target polycomb group factor 

Bmi-1 mRNA and regulate breast cancer stem cell renewal in (42). miR-200b was shown 

to target Suz12 mRNA (also a member of polycomb) and was found to regulate 

chemosensitivity of breast cancer stem cells (106). Together, findings from our lab and 

other labs indicate a direct link between regulation of EMT (for which miR-200 is a 

master regulator) and cancer stem cells that involves microRNA regulation. 
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Chapter 4. Epigenetic therapy activates the Nrf2 
pathway through miR-200a targeting of Keap1 

 
This research was originally published in J Biol Chem. Eades G, Yang M, Yao Y, Zhang 

Y, Zhou Q (2011) miR-200a Regulates Nrf2 Activation by Targeting Keap1 mRNA in 

Breast Cancer Cells. 286 (47):40725-40733. © the American Society for Biochemistry 

and Molecular Biology 

4.1 Introduction 

 Nrf2 is an important transcription factor responsible for inducing phase II detoxifying 

and antioxidant enzymes. Nrf2 binds to antioxidant response elements (ARE) within 

promoter regions of Nrf2-regulated genes and activates gene transcription (282, 283). 

Nrf2 regulates the expression of numerous detoxifying enzymes, including glutathione S-

transferases (GSTs), γ-glutamylcysteine synthetase, NQO1 (NAD(P)H-quinone 

oxidoreductase 1), and glucuronosyl transferases, thus protecting against carcinogen-

induced DNA damage (284). Functional activity of Nrf2 strongly depends on its 

regulation by the Keap1 (Kelch-like ECH-associated protein 1) adaptor protein. Keap1 

binds to and sequesters Nrf2 in the cytoplasm, thus leading to Nrf2 ubiquitination by 

Cul3 and proteasomal degradation (285-287). Inactivation of Keap1 releases Nrf2, 

resulting in Nrf2 nuclear translocation and subsequent activation of cytoprotective gene 

transcription (287-289).  

 Due to its role in protecting against genotoxic stress, it has been hypothesized that 

Nrf2 could be a target for chemopreventative strategies. Nrf2 is found down-regulated in 

breast cancer cell lines and breast cancer patient samples when compared to healthy 

mammary epithelial cells (290). However, Nrf2 is not down-regulated in all cancers. For 
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example, in lung and pancreatic cancers, mutation of Keap1 disrupts Keap1/Nrf2 

interaction, leading to constitutive activation of Nrf2 (291, 292). In these cancers, it is 

thought that hijacking of detoxifying pathways, through constitutive hyperactivation of 

Nrf2, promotes resistance to chemotherapy. Nevertheless, in support of a protective role 

for Nrf2, several studies have found that Nrf2-deficient mouse models show increased 

carcinogen sensitivity and cancer incidence (293-296). Furthermore, other studies suggest 

additional roles for Nrf2 in opposing tumorigenesis. Nrf2 knockdown in lung cancer cells 

has been shown to result in loss of E-cadherin and increased cell motility (297). 

Similarly, the activation of the Nrf2 pathway in renal tubular epithelial cells (undergoing 

immunosuppressive induction) has been shown to prevent epithelial to mesenchymal 

transition by maintaining E-cadherin expression (298). Finally, it was found that 

knockdown of Nrf2 can facilitate hepatocellular carcinoma and hepatocellular 

adenocarcinoma cell migration by activating transforming growth factor β (TGF-β)/Smad 

signaling pathways (297). Thus, in addition to protecting against genotoxicity, Nrf2 may 

oppose tumorigenesis by suppressing tumor cell invasion. Regardless, the exact role of 

Nrf2 in tumorigenesis is likely to be cancer-specific and stage-specific.  

In addition to somatic mutation, other mechanisms have been found that impact Keap1 

expression in cancers. It was shown that CpG methylation of the Keap1 promoter can 

affect Keap1 expression in gliomas (299). Additionally, aberrant mRNA splicing has 

been found to impact Keap1 expression in prostate cancer (300). Due to a limited 

understanding of Keap1 regulation in breast cancers, we sought to determine what if any 

role miRs play in the regulation of the Keap1/Nrf2 pathway in breast cancer cells. Of 
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particular importance to our studies, there has been no previous characterization of Keap1 

regulation by miRs.  

 miRs are ∼22-nucleotide single-stranded non-coding RNAs that suppress gene 

expression post-transcriptionally by binding to miR response elements within 3′-UTRs of 

target mRNAs. miR regulation results in inhibition of target gene expression through 

mRNA degradation and/or translational inhibition (301, 302). Aberrant expression of 

miRs is closely associated with various human diseases, including breast (260, 302, 303).  

 Among miRs dysregulated in breast cancers, the miR-200 family is often found 

down-regulated (304, 305) and subject to aberrant epigenetic silencing (89). The miR-

200 family has been found to play a critical role in the maintenance of the epithelial 

phenotype by targeting ZEB1, SIP1, and SIRT1, thus preventing the silencing of E-

cadherin (265)(89). Within the miR-200 family, there are two clusters: miR-

200b/200a/429 located on chromosome 1p36, and miR-200c/141 located on chromosome 

12p13 (266). 

 SAHA (vorinostat) is an HDAC inhibitor that targets Class I/II HDACs that is being 

evaluated in multiple clinical trials for treatment of advanced solid tumors and 

hematological malignancies and is currently approved for the treatment of cutaneous T-

cell lymphoma. HDAC inhibitors, such as SAHA, function by increasing histone (and 

non-histone) acetylation, which can lead to re-expression of epigenetically silenced genes 

(306, 307). It has recently been demonstrated that treatment of breast cancer cell lines 

with histone deacetylase inhibitors can result in the re-expression of epigenetically 

silenced miRs (89, 269, 308).  
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 Here we show that miR-200a regulates Keap1 expression by binding to the Keap1 

mRNA 3′-UTR. It was previously demonstrated that epigenetic mechanisms played a key 

role in miR-200a loss in breast cancer. We now demonstrate that epigenetic silencing of 

miR-200a contributes to dysregulation of Keap1 and interferes with the Keap1/Nrf2 

pathway. Treatment of breast cancer cell lines with epigenetic therapy (SAHA) resulted 

in miR-200a restoration and Keap1 down-regulation, which ultimately led to reactivation 

of the Nrf2-dependent antioxidant pathways.  

4.2 Experimental Procedures   
 

 Cell Lines and Reagents  Human breast cancer cell lines MDA-MB-231 and 

Hs578T and human embryonic kidney cell line 293T (HEK293T) were grown in 

Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS, 

HyClone; Rockford, IL) and 1% L-glutamine (Invitrogen; Carlsbad, CA). Human 

mammary epithelial cell line MCF-10A was maintained in DMEM/F-12 medium 

(Invitrogen) supplemented with 10 µg/ml insulin (Sigma, St. Louis, MO), 100 ng/ml 

cholera toxin (Sigma), 0.5 µg/ml hydrocortisone (Sigma), 20 ng/ml EGF (Invitrogen), 

and 5% horse serum (Invitrogen). Cells were incubated in an atmosphere containing 5% 

CO2 at 37°C. Reagents used in this study include 17-β-Estradiol (E2) (Sigma) which was 

dissolved in ethanol, as well as Vorinostat (SAHA) (BioVision, Inc; Mountain View, 

CA) and Actinomycin D (Act D) (Sigma) which were dissolved in DMSO. 

 Quantitative Real-time PCR  Total RNA from cell lines was extracted for 

analysis as previously described (89). Briefly, total RNA was extracted with TRIzol 

reagent (Invitrogen). cDNA was synthesized from 1µg total RNA using M-MLV Reverse 
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Transcriptase (Invitrogen).  Total RNA from mouse mammary gland tissue was isolated 

with RNeasy Lipid Tissue Midi Kit (Qiagen; Velancia, CA) following manufacturer’s 

instructions. Quantitative real-time PCR (qRT-PCR) was carried out using a Light Cycler 

480II (Roche Diagnostics; Indianapolis, IN) with primers for Keap1, F: 5’-

TACGATGTGGAAAC AGAGACGTGGA-3’, R: 5’-TCAACAGGTACA 

GTTCTGGTCAATCT-3’ and NQO1, F: 5’-AGGCTGGTTTGAGCGAGTTC-3’, R: 5’ 

ATTGAATTCGGGCGTCTGCTG-3’. mRNA levels were normalized to levels of  

GAPDH mRNA using primers for GAPDH, F: GAAGGTGAAGGTCGGAGTC, R: 

GAAGATG GTGATGGGATTTC .  In addition, small RNA was converted to cDNA 

from 1µg total RNA using First-Strand Synthesis Kit (SABiosciences; Frederick, MD).  

Follow-up miR analysis was performed by qRT-PCR using miR specific (miR-200a) 

primer sets (SABiosciences) with normalization to U6 snRNA levels as an internal 

control. MiR expression was screened for an 88-miR panel using Human miFinder Array 

(SABioscience). 

 Plasmids, Transfection, Lentiviral Generation and Luciferase Assay   pLenti4.1EX-

miR-200a expression vector, that encodes miR-200a cluster, was a generous gift from Dr. 

Gregory J. Goodall (Hanson Institute and Division of Human Immunology, Institute of 

Medical and Veterinary Science, Adelaide, Australia.)(265). pSGG-Keap1 3’UTR 

reporter plasmid contains wild type Keap1 3’UTR cloned into pSGG vector (SwitchGear 

Genomics; Menlo Park, CA) using the following primers: F: 5’-

ACGTACGCTAGCGAAGCAG ATTGACCAGCAGA-3’, R: 5’-ACGTACG 

CTAGCGAAGCAGATTGACCAGCAGA-3’. The 3’UTR mutant pSGG-Keap1 reporter 

plasmid was generated with point mutations within miR-200a seeding site using the 
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following primers: F: 5'-GAAGGGAGGCCAGGATGCCTGACTCTTA 

AAATGACATCTCAAAAGA-3', R: 5'TCTTTTGAGATGTCATTTTAAGAGTCAGG 

CATCCTGGCCTCCCTTC-3', and the Generate Site-Directed Mutagenesis System 

(Invitrogen).  Keap1 3’UTR mutant contains three point mutations: T(C to G) A (G to 

C)T(G to C)TT and was confirmed by sequencing. NQO1-ARE luciferase plasmid 

contains NQO1 promoter including ARE region. 

 Cells were transfected with miR-200a expression vector, Nrf2-myc expression 

plasmids, antagomir-200a (Invitrogen), empty vector control plasmids, or scramble 

antagomiR controls using Lipofectamine 2000 (Invitrogen) according to the 

manufacturer’s instructions. 

 Luciferase assays were performed as previously described (89). Cells were 

transfected with luciferase reporter plasmids along with Renilla Luciferase phGR-TK 

(Promega; Madison, WI) as an internal control using Lipofectamine 2000 (Invitrogen). 

The luciferase activity was measured forty-eight hours after transfection using the Dual-

Luciferase Reporter Assay System (Promega). 

 Analysis of Keap1 mRNA Stability  Keap1 mRNA stability assays were 

performed as previously described (89). Briefly, cells were transfected with miR-200a 

expression vector or empty control vector. Forty-eight hours after transfection, cells were 

incubated with Act D (5µg/ml) and harvested at subsequent time intervals (0, 1, 2 and 4 

hours). Total RNA was extracted and cDNA was synthesized as described above. qRT-

PCR analysis was used to monitor Keap1 mRNA decay. Housekeeping gene GAPDH, 

which shows little to no decay over 4h, was used as an internal control. Results from Act 
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D assays were processed using Prism 4.0 software (GraphPad; La Jolla, CA) to calculate 

Keap1 mRNA half-life.  

 Western Blotting   Western blotting was performed using anti-Keap1 (Santa Cruz 

E-20 Santa Cruz, CA,) goat polyclonal antibody and anti-Nrf2 rabbit polyclonal antibody 

(Santa Cruz H-300). Nuclear extraction was performed using ProteoJET™ Cytoplasmic 

and Nuclear Protein Extraction Kit (Fermentas; Glen Burnie, MD). Anti-PCNA rabbit 

polyclonal antibody (Santa Cruz) was used as a nuclear marker and a loading control. 

Actin antibody (Santa Cruz) was used to normalize protein expression. 

 Chromatin Immunoprecipitation (ChIP) ChIP assay was carried out as described 

previously (23, 33). Briefly, cells were cross-linked with 1% formaldehyde followed by 

sonication. Soluble chromatin was collected and incubated with antibodies against Nrf2 

(Santa Cruz) overnight at 4°C for immunoprecipitation. Rabbit IgG was used as negative 

control. The recovered DNA was then analyzed by PCR amplification using primers 

flanking the ARE of the human NQO1 promoter and resolved by agarose (2%) gel 

electrophoresis. 

 Anchorage-independent Cell Growth Assay  Soft agar assay was performed in 

six-well plates (in duplicate) as previously described (89). Each well consisted of a 

bottom base layer (0.6% agarose diluted in DMEM) (Bio-Rad; Hercules, CA) and top 

layer (0.3% agarose diluted in DMEM) containing 5x104 cells.  We added a few drops of 

DMEM to the solidified top layer.  The top layer was replenished on a weekly basis.  

After 3 weeks, cells were stained with 0.05% crystal violet overnight at 37°C.  Colonies 

were visualized and counted with light microscopy.  Colonies larger than 50µm in 

diameter were counted from 4 random 4X objective fields. 
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 Immunohistochemistry (IHC)   Adult female C57BL6 mice were obtained from the 

Jackson Laboratory (Bar Harbor, ME) and were housed under controlled temperature, 

humidity, and lighting conditions. The Institutional Animal Care and Use Committee 

approved all procedures. Three treatment groups were included in the study: 1) E2 treated 

group which was treated with 20mg/kg E2 for 28 days by mammary fat-pad injection, 2) 

E2 and SAHA co-treated group which was treated with 20mg/kg E2 for 28 days in 

combination with oral treatment of 50mg/kg SAHA on days 14-28. 3) control group, 

which was injected with ethanol  in the fat-pad for 28 days. Formalin fixed and paraffin-

embedded mammary gland tissue sections were prepared for immunohistochemistry 

staining. 3 animals from each treatment groups were examined. Polyclonal goat anti-

Keap1 antibody (Santa Cruz E-20) and polyclonal rabbit anti-Nrf2 antibody (Santa Cruz, 

H-300) were applied and followed by a biotin conjugated donkey anti-goat secondary 

antibody (1:250, Santa Cruz Biotech). Avidin-biotin peroxidase substrate kit (Vector 

Laboratories; Burlingame, CA) was used to develop brown precipitate. Hematoxylin was 

utilized for nuclei staining.  

 Statistical Analysis  Statistical analysis was performed using Student’s t test and p 

values of < 0.01 were considered significant. Data were represented as mean ± S.E.M.  

GraphPad Prism 4.0 software was used for all data analysis. 

4.3 Results 
 

Identification of miR-200a as a potential regulator of Keap1 in breast cancer     

    
 We began our studies interested in probing possible regulation of the Keap1/Nrf2 

pathway by miR networks in mammary epithelium.  Because the Keap1/Nrf2 pathway is 
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dysregulated in breast cancer, we first attempted to explore the dysregulation of miRs in 

breast cancer by profiling the expression of 88 highly characterized miRs in metastatic 

breast cancer cell line MDA-MB-231 and comparing miR expression to that of MCF-10A 

non-tumorigenic mammary epithelial cell line.  Fig 4.1A shows the results of our 

expression profiling revealed up or down-regulation of 18 miRs by 4 fold or greater in 

MDA-MB-231 breast cancer cell line.  Among these 18 miRs were 2 members examined 

from the miR-200 family (miR-141 and miR-200c; Chr. 12) that were found to be the  

most significantly down-regulated miRs (miR-141 >800 folds, miR-200c >400 folds) 

examined by this array. Importantly, when exploring the TargetScan5.1 miR target 

prediction algorithm, only one conserved miR targeting site was identified within the 

Keap1 3’UTR, a site matching the seed regions for miR-200a and miR-141 (which share 

identical seed sequences) (Fig 4.1C). Based on the predicted targeting information and 

our array data, we further examined dysregulation of miR-200 family by examining miR-

200a (Chr. 1) expression by qRT-PCR.  We found that miR-200a levels were also 

significantly decreased in breast cancer cell lines MDA-MB-231 and Hs578T (invasive, 

triple-negative breast cancer cell line) compared with non-tumorigenic MCF-10A cells 

(Fig 4.1B, p<0.01).   

Keap1 mRNA 3’UTR contains a validated miR-200a target site     

    
 In order to validate if miR-200a could regulate the predicted targeting site within the 

Keap1 mRNA 3’UTR, we performed luciferase reporter assays by cloning the 3’UTR of 

Keap1 into luciferase reporter constructs.  We also constructed mutant 3’UTR luciferase 

reporters by mutating 3 bases of the predicted miR-200a seeding site ((T(C to G) A (G to 

C)T(G to C)TT) with PCR based mutagenesis, to disrupt miR-200a targeting.  We 
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Figure 4.1 miR-200a targets Keap1 in breast cancer cell lines. A) Array profiling of 88 miRs comparing 
expression between MCF-10A and MDA-MB-231 cell lines. Scatter plot showing fold change in miR 
expression between cell lines. Log10 (2 ^ -delta Ct). The middle line represents stable expression between 
cell lines.  The outer lines illustrate 4 fold up or down-regulation of expression. miRs up or down-regulated 
by 4 fold or greater are also listed in the table.  B) Down-regulation of miR-200a in breast cancer cell lines.  
qRT-PCR comparing miR-200a expression in MCF-10A and MDA-MB-231 or Hs578T cells, normalizing 
to U6 snRNA.  N=2 ± s.e.m C) Schematics of Keap1 mRNA 3’UTR containing a potential miR-200a 
binding site and the generated binding site mutants. Keap1 3’UTR mutant was generated with point 
mutations in the miR-200a binding site referred to as the MRE. HEK293T cells were co-transfected with 
wild type (WT) or mutant Keap1 mRNA 3’UTR luciferase reporter plasmids along with miR-200a 
expression vector or empty vector control. Firefly luciferase activity were normalized to those of Renilla 
luciferase from a co-transfected control reporter vector. The relative luciferase activities were calculated by 
normalizing to controls. N=2 ± s.e.m. D) miR-200a targeting leads to Keap1 mRNA down-regulation.  
Keap1 mRNA levels after miR-200a expression vector or control vector transfection of MDA-MB-231 and 
Hs578T cell lines as determined by qRT-PCR, normalizing to GAPDH mRNA.  N=2 ± s.e.m. B-D * 
represents statistical significance (P<0.01) as determined by Student’s t test.  231 = MDA-MB-231, 10A = 
MCF-10A, 578T = Hs578T. 
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examined reporter activity in HEK293T cells, which do not express detectable levels of 

miR-200a (data not shown). HEK293T cells were co-transfected with wild type or mutant 

psGG Keap1 3’UTR luciferase vectors (along with phGR-TK Renilla luciferase for 

normalization) in addition to miR-200a expression vector or empty vector control.  Co-

transfection of miR-200a expression vector was found to decrease wild type Keap1 

3’UTR reporter activity by 85% (P<0.01) compared to transfection of empty vector 

controls (Fig 4.1C).  However, co-transfection of miR-200a expression vector did not 

significantly alter mutant Keap1 3’UTR reporter activity (P>0.05) (Fig 4.1C).  This result 

provides validation that miR-200a targets this predicted site in the 3’UTR of Keap1.  

MiR-200a targeting results in Keap1 mRNA destabilization       
 

 We next examined the impact of miR-200a expression vector transfection on 

endogenous Keap1 expression in breast cancer cell lines.  In both MDA-MB-231 and 

Hs578T cell lines, transfection of miR-200a expression vector significantly reduced 

Keap1 mRNA level (>4 fold and >400 fold respectively) (Fig 4.1D, P<0.01) compared to 

transfection of empty vector controls. Subsequently, we continued investigation of miR-

200a regulation of Keap1 mRNA by performing mRNA stability assays. MDA-MB-231 

and Hs578T cells were transfected with miR-200a expression vector or empty vector 

control and treated with the transcriptional inhibitor Actinomycin D (Act D), after which 

the cells were harvested at various time points. Using Prism 4.0 software, we calculated 

the half-life (t1/2)of Keap1 mRNA in empty vector control transfected MDA-MB-231 

and Hs578T cells to be 1.5 h and 1 h, respectively.  However, after transfection of miR-

200a expression vector we observed a decrease in Keap1 mRNA half-life in MDA-MB-

231 and Hs578T cells to 0.7 h and 0.4 h, respectively (Fig 4.2A).  In addition, we 
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confirmed that miR-200a targeting of Keap1 mRNA also resulted in decreased Keap1 

protein levels by western blotting (Fig 4.2B).  

Collectively, these results demonstrate that miR-200a targets the 3’ UTR of Keap1 

mRNA resulting in destabilization of Keap1 mRNA and a corresponding decrease in 

Keap1 protein levels.  This establishes miR-200a as a potentially important regulator of 

Keap1 expression and hence, the Keap1/Nrf2 pathway.   

MiR-200a targeting of Keap1 promotes Nrf2 nuclear translocation     
 

 In order to confirm if miR-200a regulation of Keap1 impacts Nrf2, we transfected 

breast cancer cell lines (MDA-MB-231 and Hs578T) with miR-200a expression vector 

and examined Nrf2 expression by Western blotting in whole-cell lysates and nuclear 

extracts.  Upon over-expression of miR-200a, we found a significant increase in Nrf2 

expression in both whole cell lysates (Total Nrf2) and nuclear extract (Nuclear Nrf2) 

compared to control transfections (Fig 4.2C).  Next, to further examine if miR-200a 

induced up-regulation of Nrf2 restored the function of Nrf2 as the key transcription factor 

regulating the expression of detoxifying enzymes (e.g. NQO1), we performed qRT-PCR 

to examine NQO1 (a Nrf2 target gene) mRNA levels. NQO1 mRNA expression in miR-

200a over-expressing breast cancer cell lines was significantly up-regulated (MDA-MB-

231 >2 fold and Hs578T >7 fold) compared to control transfected cells (Fig 4.2D, 

p<0.01). To determine if up-regulation of NQO1 mRNA was the result of increased 

NQO1 transcriptional activity, we examined an NQO1-ARE promoter luciferase reporter.  

Transfection of miR-200a expression vector was found to increase NQO1-ARE promoter 

activity, as measured by luciferase assay (Fig 4.2E, P<0.01).  Together, these results  
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Figure 4.2 miR-200a promotes Nrf2 activation by targeting Keap1 mRNA. A) Keap1 mRNA stability 
assay was performed in MDA-MB-231 and Hs578T cell lines transfected with miR-200a expression vector 
or empty vector controls. Cells were treated with 5µg/ml Actinomycin D (Act D) 48 hours after 
transfection, and total RNA was extracted 0, 1, 2, and 4 h after Act D treatment. qRT-PCR was used to 
examine Nrf2 mRNA levels, normalizing to GAPDH mRNA. B) Western blotting was performed to 
examine Keap1 expression in miR-200a expression vector or control vector transfected MDA-MB-231 and 
Hs578T cell lines. C) Nrf2 expression in whole cell lysates and nuclear extracts of miR-200a expression 
vector transfected MDA-MB-231 and Hs578T cell lines or empty vector control transfected cells. Anti-
PCNA antibody was used as a loading control and nuclear marker. Anti-actin antibody was used as a 
loading control for whole cell lysates. D) NQO1 mRNA levels in miR-200a expression vector transfected 
MDA-MB-231 and Hs578T cell lines or empty vector control transfected cells (examined by qRT-PCR, 
normalizing to GAPDH mRNA).  N=2 ± s.e.m. E) NQO1 promoter luciferase activity in miR-200a 
expression vector transfected MDA-MB-231 and Hs578T cell lines or empty vector control transfected 
cells. N=2 ± s.e.m. A,D,E * represents statistical significance (P<0.01). 231 = MDA-MB-231, 578T = 
Hs578T. 
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reveal that miR-200a regulation of Keap1 results in up-regulation of Nrf2 and Nrf2 

translocation into the nucleus where Nrf2 functionally actives the transcription of target  

antioxidant response genes including NQO1. 

Treatment with epigenetic therapy results in miR-200a re-expression, Keap1 targeting, 
and Nrf2 activation     
 

  In breast cancer, down-regulation of miR-200 family (including miR-200a) can result 

from DNA hypermethylation and aberrant epigenetic silencing (89).  As a result, we set 

out to examine if treatment with epigenetic therapy would decrease Keap1 levels and 

impact the Nrf2 pathway in breast cancer cell lines. We began by treating MDA-MB-231 

and Hs578T cell lines with SAHA and examining miR-200a and Keap1 mRNA 

expression with qRT-PCR. Compared to DMSO treated controls, both MDA-MB-231 

and Hs578T cell lines treated with SAHA showed significant increases in miR-200a 

expression (Fig 4.3A, MDA-MB-231 >8 fold and Hs578T > 25 fold P<0.01) as 

determined by qRT-PCR.  Interestingly, SAHA treatment also resulted in decreased 

Keap1 mRNA levels in both cell lines (Fig 4.3B, MDA-MB-231 >2 fold decrease and 

Hs578T >3 fold decrease P<0.01).  

 We next examined the specificity with which SAHA treatment had resulted in Keap1 

mRNA down-regulation.  We treated MDA-MB-231 cell line with synthetic miR-200a 

inhibitor (antagomiR-200a) and re-examined the impact of SAHA treatment on Keap1 

mRNA levels.  Transfection with antagomir-200a (50nM) abolished SAHA treatment-

induced Keap1 mRNA down-regulation compared with scramble oligonucleotide (Fig 

4.3C). This indicates that SAHA treatment of breast cancer cell lines resulted in the 
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Figure 4.3 Epigenetic therapy restores Nrf2 activity in breast cancer cell lines through miR-200a re-
expression and Keap1 downregulation.  A) SAHA treatment of breast cancer cell lines results in miR-200a 
re-expression.  miR-200a levels in SAHA treated MDA-MB-231 and Hs578T cell lines or vehicle treated 
control cells, as determined by qRT-PCR results normalized to U6 snRNA. N=2 ± s.e.m. B) SAHA 
treatment of breast cancer cell lines results in Keap1 down-regulation.  Keap1 mRNA levels in SAHA 
treated MDA-MB-231 and Hs578T cell lines or vehicle treated control cells as determined by qRT-PCR, 
results normalized to GAPDH mRNA.   C) AntagomiR-200a treatment inhibits Keap1 down-regulation 
following SAHA treatment of breast cancer cell lines. Keap1 mRNA levels in MDA-MB-231 cells after 
SAHA treatment following Antagomir-200a transfection or scrambled control transfection, as measured by 
qRT-PCR normalizing to GAPDH mRNA. N=2 ± s.e.m. D) SAHA treatment results in up-regulation of 
Nrf2 protein levels. Western blotting was used to detect Keap1 and Nrf2 expression in whole cell lysates or 
nuclear extracts following SAHA or DMSO treatment of MDA-MB-231 and Hs578T cells. Anti-PCNA 
antibody was used as a loading control and nuclear marker. Anti-actin antibody was used as a loading 
control for whole cell lysates. E) SAHA treatment of breast cancer cell lines results in Nrf2 pathway 
activation. (Left) Occupation of the NQO1 promoter by Nrf2 was examined by ChIP assay. Nrf2 antibody 
was used for chromatin IP. PCR amplification was performed with primers flanking the ARE of NQO1 
promoter and resolved by agarose (2%) gel electrophoresis. Rabbit IgG was used as negative control. 
(Right) NQO1 mRNA levels in SAHA treated MDA-MB-231 and Hs578T cell lines or DMSO treated 
control cells were examined by qRT-PCR, normalizing to GAPDH mRNA.  N=2 ± s.e.m. A,B,C,E * 
represents statistical significance (P<0.01). 231 = MDA-MB-231, 578T = Hs578T. 
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down-regulation of Keap1 specifically through actions of miR-200a and also provided 

additional evidence for endogenous miR-200a targeting of Keap1. Finally, we next 

examined Keap1 expression by Western blotting and found that SAHA treatment also 

resulted in down-regulation of Keap1 protein levels in MDA-MB-231 and Hs578T cell 

lines (Fig 4.3D).   

 Again, we wanted to determine if miR-200a targeting of Keap1 would result in Nrf2 

activation. However, this time we wanted to know if SAHA treatment would produce 

similar results by stimulating endogenous miR-200a re-expression.  We examined Nrf2 

protein levels in whole cell lysates and nuclear extracts from SAHA treated MDA-MB- 

231 and Hs578T cell lines.  Western blotting revealed that SAHA treatment resulted in 

increased Nrf2 protein levels in whole cell lysates (Total Nrf2) and nuclear extracts 

(Nuclear Nrf2) of MDA-MB-231 and Hs578T cell lines (Fig 4.3D).  We then addressed 

if increased nuclear Nrf2 levels correlated with increased localization of Nrf2 to the 

promoters of antioxidant response genes. Using ChIP, we found that SAHA treatment 

dramatically increased Nrf2 localization at the NQO1 promoter in MDA-MB-231 cells 

(Fig 4.3E).  The increased occupation of the NQO1 promoter also correlated with 

elevated NQO1 mRNA expression in MDA-MB-231 and Hs578T cell lines (Fig 4.3E, 

MDA-MB-231 >30 fold and Hs578T > 20 fold P<0.01) as determined by qRT-PCR.  

 In summary, treatment of breast cancer cell lines with epigenetic therapy (HDAC 

inhibitor SAHA) was found to restore Nrf2 expression and Nrf2 function by reversing 

miR-200a epigenetic silencing and leading to subsequent Keap1 mRNA down-regulation.  

Nrf2 restoration by epigenetic therapy, reduces anchorage-independent growth of 
breast cancer cell lines      
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 To investigate the functional effect of restoring Nrf2 expression in breast cancer cell 

lines we utilized soft agar assays to examine anchorage-independent cell growth.  We 

treated breast cancer cell lines with SAHA or over-expression of Nrf2 using Nrf2-myc 

expression vector (Fig 4.4A) and evaluated the impact on colony formation in soft agar.    

After 3 weeks, colony formation in SAHA treated MDA-MB-231 and Hs578T cells was 

decreased by 90% (Fig 4.4B and Fig 4.4C, P<0.01) compared to DMSO treated controls.  

Interestingly, MDA-MB-231 and Hs578T cells over-expressing Nrf2 also showed a 

>90% reduction in colony formation (Fig 4.4B and Fig 4.4C, P<0.01) compared to empty 

control vector transfection. This indicates that Nrf2 restoration  

(directly or as a response to SAHA treatment) can interfere with the anchorage-

independent growth of breast cancer cell lines.   

SAHA treatment up-regulates Nrf2 expression in vivo through miR-200a re-expression

 Finally, using a mouse model of mammary carcinogenesis we explored miR-200a 

regulation of Keap1 in vivo and examined the chemopreventative potential for SAHA to 

regulate Nrf2 activation.  We performed 17-β-estradiol (E2) injections into fat-pads of 

mouse mammary glands (20mg/kg E2 for 28 days) to induce the dysregulation of 

Keap1/Nrf2 expression within a carcinogen induced model of mammary epithelial 

transformation. It is well known that E2 treatment promotes mammary epithelial 

hyperplasia through estrogen receptor signaling and estrogen metabolite induced 

genotoxicity (125, 309, 310). Compared to control treatment groups, E2 treated mouse 

mammary glands show extensive mammary epithelial proliferation, disorganization and 

disappearance of luminal structure, indicating the formation of hyperplastic lesions. (see  
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Figure 4.4 Epigenetic therapy reduces anchorage-independent cell growth in breast cancer cell lines and 
influences Keap1/Nrf2 pathway in vivo. A) Western blotting showing Nrf2 protein expression in Nrf2-myc 
vector or control vector transfected MDA-MB-231 and Hs578T cells. Actin was used as loading control. 
(B-C) SAHA treatment or NRF2 over-expression reduces anchorage-independent growth of breast cancer 
cell lines B) Soft agar colony formation of MDA-MB-231 and Hs578T cell lines treated with SAHA or 
transfected with Nrf2 expression construct as well as control MDA-MB-231 and Hs578T cells. C) 
Quantification of soft agar colony formation in SAHA treated, Nrf2 transfected, and control MDA-MB-231 
and Hs578T cells. N=4 ± s.e.m. (D-E) miR-200a regulates Keap1/Nrf2 pathway in a mouse model of 
mammary carcinogenesis. D) IHC staining examining Keap1 and Nrf2 expression in mammary epithelium 
from control, E2 treated, and E2+SAHA treated mice. Brown precipitates represents Keap1 or Nrf2 staining. 
N=3 in each group. E) qRT-PCR examining Keap1 mRNA levels in mammary glands of control, E2 
treated, and E2+SAHA treated mice (normalizing to GAPDH mRNA). N=2 ± s.e.m. F) miR-200a levels in 
mammary gland tissue of control, E2 treated, and E2+SAHA treated mice examined by qRT-PCR, 
normalizing to U6 snRNA.. N=2 ± s.e.m.  C,E,F * represents statistical significance (P<0.01). 231 = MDA-
MB-231, 578T = Hs578T. 
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Fig 4.4D) (125, 309, 310). We first examined Keap1 and Nrf2 expression in mammary 

epithelium of E2 treated mice (20mg/kg E2 injected for 28 days) and in mice co-treated 

with E2 and SAHA (20mg/kg E2 injected for 28 days in addition to 50mg/kg oral SAHA 

for days 14-28). Using immunohistochemistry staining, we found significantly higher 

expression of Keap1 and significantly lower Nrf2 expression in E2 treated mammary 

epithelium compared to control mice (Fig 4.4D). When examining E2 + SAHA co-

treated mice, however, we observed reduced Keap1 and increased Nrf2 staining of 

mammary epithelium compared to E2 only treated mice (Fig 4.4D).  

 Next, we examined Keap1 mRNA and miR-200a expression in mammary glands of 

E2 treated and E2 + SAHA co-treated mice by qRT-PCR. At the mRNA level, Keap1 

was found to be significantly up-regulated in mammary glands of E2 treated mice (>2 

fold, P<0.01) when compared with control mice. Conversely, in SAHA + E2 co-treated 

mice, Keap1 mRNA expression was found to be lower in mammary glands when 

compared with E2-only treated mice (Fig 4.4E, >10 fold P<0.01). We next investigated 

miR-200a levels in the mammary glands of E2 treated and E2 + SAHA co-treated mice.  

Interestingly, in E2 treated mice, miR-200a was significantly down-regulated in 

mammary glands (>10 folds, P<0.01) when compared to control mice.  What’s more, 

miR-200a was found to be significantly up-regulated in the mammary glands of SAHA + 

E2 co-treated mice when compared to E2 treated mice (Fig 4.4F, >8 folds, P<0.01).  

 Collectively, these data show that SAHA treatment results in miR-200a up-regulation 

and the down-regulation of Keap1 expression in mammary glands in vivo, which also 

correlates with increasing Nrf2 expression in mammary epithelium.  This confirms, in a 

mouse model of carcinogenesis, a miR-200a/Keap1/Nrf2 pathway that may play an  
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Figure 4.5 Illustration of miR-200 regulation of Keap1/Nrf2 antioxidant pathway.  miR-200, which is 
epigenetically silenced in breast cancer cells, can be activated using epigenetic therapy, including the 
histone deacetylase inhibitor SAHA. Following activation with epigenetic therapy, miR-200 can activate 
Nrf2 signaling and downstream detoxification pathways. 
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important tumor suppressive function lost in breast cancer initiation and progression (Fig 
4.5).    
 
4.4 Discussion 
 

 The Nrf2 antioxidant pathway can serve as an important cellular defense against 

oxidative stress, genotoxicity, and potentially cancer initiation or progression (311, 312).  

Keap1 serves as the key regulator and repressor of this pathway. The mechanisms, which 

regulate Keap1 expression, however, remain poorly understood.  In our study, for the first 

time, miR regulation of Keap1 expression was examined.  TargetScan5.1 prediction 

algorithm identified one conserved miR targeting site within the Keap1 mRNA 3’UTR, a 

site complementary to the miR-200 family members miR-200a and miR-141 (which 

share identical seed sequences).  We have evaluated this prediction and found miR-200a 

to be involved in the regulation of Keap1 expression at the posttranscriptional level, 

having validated miR-200a targeting of the 3’UTR of Keap1 mRNA with luciferase 

reporter assays.  MiR-200 family members have been heavily investigated in breast 

cancer, as they play a pivotal role in maintenance of epithelial phenotype by targeting 

ZEB1, SIP1, and SIRT1 expression. The miR-200 family, including miR-200a, is often 

found to be down-regulated in breast cancer cells (Fig. 2A). As down-regulation of Nrf2 

has been found in breast cancers, and often preceded by the dysregulation of Keap1, we 

investigated the possible relationship between these phenomena and found that loss of 

miR-200a correlated with Keap1 dysregulation and Nrf2 down-regulation in breast 

cancer cell lines.   

 Aberrant epigenetic silencing of gene expression has been found to be a prominent 

mechanism for miR dysregulation in cancers, where epigenetic therapies are often been 



	   134	  

found capable of restoring expression of silenced miRs (95). In our laboratory and others, 

DNA hypermethylation has been found to be associated with miR-200 family silencing in 

breast cancer (89). We have found that epigenetic therapy, including treatment with the 

HDAC inhibitor SAHA, can lead to re-expression of miR-200a in breast cancer cells. 

Here, we find that up-regulation of miR-200a after SAHA treatment correlates with 

Keap1 down-regulation and activation of the Nrf2 pathway.  

 Having established that epigenetic therapy can manipulate the Keap1/Nrf2 pathway in 

our system, we also examined what functional consequence this would have on 

tumorigenic properties of breast cancer cell lines such as anchorage-independent growth.  

We found that Nrf2 restoration (either directly or by SAHA treatment) decreased colony 

formation in soft agar of MDA-MB-231 and Hs578T cell lines.  The mechanism by 

which Nrf2 restoration inhibits cell growth in soft agar is currently unknown.  But 

previously, Nrf2 was shown to inhibit tumor cell growth by inducing cell cycle arrest in 

late-G1-phase (313) and was also shown to interfere with the TGF-β pathway (297). It is 

possible these and additional mechanisms may provide a means for Nrf2 inhibition of 

breast cancer cell growth in soft agar. Regardless, our findings offer further support for a 

role for Nrf2 in the inhibition of tumor cell growth.   

 Finally, we confirmed our in vitro findings in vivo using a mouse model of mammary 

gland carcinogenesis.  We found that treatment of mouse mammary glands with high 

levels of E2 induced miR-200a down-regulation and Keap1 over-expression in mammary 

epithelium along with Nrf2 down-regulation.  Conversely, we found that co-treatment 

with SAHA provided a chemopreventative effect by stabilizing miR-200a and repressing 

Keap1, thus maintaining Nrf2 expression.  This provides compelling evidence for the 
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existence of a miR-200a/Keap1/Nrf2 tumor suppressive pathway in normal mammary 

epithelium that may be dysregulated in breast cancer. 

 To summarize, our study not only demonstrates a novel mechanism by which Keap1 

expression is regulated, but also provides insights as to what might contribute to the loss 

of Nrf2 activity in breast cancer by providing direct evidence for the involvement of miR-

200a down-regulation in the over-expression of Keap1. Finally, we show that epigenetic 

therapy (HDAC inhibitors) can inhibit breast cancer cell growth through activation of the 

Nrf2-dependent antioxidant pathway, mediated by miR-200a re-expression and the 

targeting of Keap1 3’UTR.  

  Together our findings from chapters 3 & 4 indicate that miR-200a is deeply involved 

in regulating EMT in breast cancer cells. Furthermore, we also find that SIRT1 histone 

deacetylase and the Keap1/Nrf2 antioxidant pathway are regulated via miR-200a 

targeting and may in turn be regulators of epithelial cell identity.   
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Chapter 5. miR-145 Regulation of Breast Cancer Stem 
Cell Renewal 

 

5.1 Introduction 
 

 The CSC hypothesis states that a subpopulation of heterogeneous tumors retains 

ability to self-renew, proliferate extensively, and drive tumor growth, whereas a majority 

of tumor cells are more differentiated cells with less proliferative capacity (142). There 

have been several challenges to this hierarchical view of solid tumors, yet breast tumors 

indeed contain subsets of more highly tumorigenic, drug-resistant cells with stem-like 

phenotypes (142-144). Knowledge of the pathways important to these cells may aid in 

future therapeutic design and may be critical in overcoming drug resistance (144).  Here, 

we attempt to define a role for miR-145 loss in promoting CSC self-renewal, which in 

turn may reveal druggable targets or new biomarkers for diagnostic or prognostic use. 

 Recently, a role for miR-145 regulation of ES cell renewal was reported (217). Levels 

of miR-145 in ES cells remain low, while upon forced differentiation, miR-145 levels 

increase dramatically, whereas levels of pluripotency factors OCT4, SOX2, and KLF4 

decrease. OCT4, SOX2, and KLF4 were all confirmed to be direct targets of miR-145 in 

ES cells and embryoid bodies (217). Remarkably, studies have now shown miR-145 

capable of regulating OCT4, SOX2, KLF4, and c-Myc, a cocktail of transcription factors 

known for its ability to induce a pluripotent state (iPS cells), suggesting a deep 

connection between miR-145 and stemness (215, 217).  Among stem cell targets of miR-

145, OCT4 is implicated in self-renewal of ES cells where OCT4 knockout mice fail to 

form an inner cell mass (314). Recently, miR-145 targeting of OCT4 was shown to 
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regulate epithelial-to-mesenchymal (EMT)-like program in breast cancer cells (315).  

Also involved in ES cell self-renewal is SOX2 (316), a reported oncogene in basal-like 

breast cancers (317). SOX2 has been shown to interact with Wnt and Notch pathways 

(both important in CSCs (318, 319)) in Xenopus retinal progenitors and thus maintain 

progenitor populations (320). Another miR-145 target, KLF4, is also critical to ES cell 

renewal (321). Although KLF4 is suggested to function as a tumor suppressor for many 

cancers (322), KLF4 was found over-expressed in breast CSCs, ~2.5 fold the levels 

present in NSCCs (323). Knockdown of KLF4 with siRNA dramatically decreased breast 

CSC self-renewal (323).   

 In addition to regulating ES cell renewal, miR-145 has also been shown to be a 

regulator of adult stem cell renewal. miR-145 was found to regulate mesenchymal stem 

cell differentiation by targeting SOX9, a master regulator of chondrocyte maturation 

(324). SOX9 has also been implicated as an important regulator of the mammary stem 

cell state. Coexpression of Slug and SOX9 was found to reprogram differentiated 

mammary epithelial cells into multipotent mammary stem cells with the ability to 

reconstitute mammary glands through serial passage in cleared fat pads of mice (40). 

Recently, genetic profiling revealed that a fetal mammary program shared similar 

molecular profiles with breast cancer cells (325). This suggests that in addition to 

hijacking of adult stem cell circuitry, breast cancer cells may also reactivate 

embryonic/developmental stem cell signatures.  

5.2 Methods 
 

 Cell culture MCF-7 and MDA-MB-231 cells were maintained in Dulbecco's 

modified Eagle's medium (DMEM) with 5% FBS and 1% glutamine (Invitrogen; 
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Carlsbad, CA).  MCF10A were grown in DMEM/F-12 medium supplemented with 10 

µg/ml insulin, 100 ng/ml cholera toxin, 0.5 µg/ml hydrocortisone (Sigma, St. Louis, MO), 

20 ng/ml EGF, and 5% horse serum (Invitrogen). Cells were grown at 37°C in an 

atmosphere containing 5% CO2.  

 qRT-PCR Total RNA was extracted with TRIzol reagent (Invitrogen).  Small RNA 

was converted to complimentary DNA using poly-A polymerase based First-Strand 

Synthesis kit (SABioscience; Flat Lake, MD).   Subsequent miR analysis was performed 

by real time PCR with miR-145 primer assays (SABiosciences) normalizing to control 

U6 snRNA levels. Total RNA was converted to cDNA by first treating with DNase I to 

remove genomic DNA and then using M-MLV reverse transcriptase (Invitrogen) and 

oligodT12-18 or random hexamer primers.   

 western blotting   Western blotting was performed as previously described using 

SOX2 (Neuromics) or SOX9 (Santa Cruz)  antibodies. Data were normalized to β-actin 

(Sigma; St. Louis, MO).  

 soft agar and 3-D cell culture Soft agar assays were performed as previously 

described. For 3-D cell culture, MCF-10A cells were dissociated into single cells and 

cultured with DMEM/F-12 containing 5% Matrigel, 5% heat-inactivated FBS, 0.5 ug/ml 

hydrocortisone, 100 ng/ml cholera toxin, 10 ug/ml insulin, 10 ng/ml EGF, and 5 µM Y-

27632. Cells were embedded into matrigel-coated chamber-slides and grown for 7–14 

days with replacement of fresh assay medium every 4 days. Fluorescence was visualized 

using an Olympus IX81 spinning disk confocal microscope. The images presented are 

representative of three independent experiments.  

 Transwell invasion assay  Invasion assays were carried out using Transwell  
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migration chambers (8µm pore size; Costar; Cambridge, MA) coated with 0.5mg/ml 

Matrigel (BD Science; Franklin Lakes, NJ) on top of the membrane.  0.5x10^5 cells/ml 

were seeded in the upper chamber in serum free medium. The lower chamber contained 

15% FBS. The cells were allowed to migrate towards the 15% FBS gradient overnight. 

Non-migrated cells on the top of the membrane were removed with cotton swabs. The 

migrated cells were stained with 1% crystal violet in methanol/PBS and counted using a 

light microscope. 

 Progenitor differentiation assay  Progenitor differentiation assays were 

performed by culturing 103 breast cancer cells with 5x104 irradiated NIH-3T3 fibroblasts 

in DMEM/F12 containing 2% B27, 20 ng/ml EGF, 4 µg/ml insulin, and 0.4% BSA. After 

7 days cells were visualized by light microscopy or stained with fluorescent antibodies. 

 Mammosphere Assay  Cells were separate using cell dissociation buffer 

(Millipore; Billerica, MA) and 40 µm strainers (Fisher Scientific; Pittsburgh, PA).  

20,000 cells / mL were seeded in 6-well plates coated with 2% polyhema (Sigma).  After 

7 days, spheres >100 µm were quantified.  

5.3 Results 
 

Tumor Suppressor miR-145 is Downregulated in Breast Cancer Cells 
 

 We began by investigating miR-145 expression breast cancer cell lines and in primary 

breast tumors. Using qRT-PCR we found that miR-145 was down-regulated in all 

samples of breast cancer tested  (Fig 5.1 A&B). Next, we examined the function of miR-

145 in breast cancer cells using overexpression of miR-145. Restoration of miR-145 

results	  in	  decreased	  anchorage-‐independent	  growth	  in	  MCF-‐7	  breast	  cancer	  cell	   
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Figure 5.1 miR-145 down-regulation in breast cancer. A, down-regulation in breast cancer cell lines, qRT-
PCR B, down-regulation in patient samples of invasive ductal carcinoma n=3 S.D., qRT-PCR C, 
overexpression of miR-145 decreases growth in soft-agar, MCF-7 cells D, over-expression of miR-145 
decreases breast cancer cell invasion in MDA-MB-231 cells *p<.05 
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lines, and decreased invasion in MDA-MB-231 breast cancer cells (Fig 5.1 C&D).  

miR-145 is Downregulated in Breast Cancer Stem Cells 
 

 miR-145 was recently implicated in the regulation of ES cell self-renewal through 

targeting several important pluripotency genes: OCT4, KLF4, and SOX2 that are also 

upregulated in breast CSCs (217). Furthermore, in mesenchymal stem cells, miR-145 was 

found to target the transcription factor SOX9, which also happens to be a master 

regulator of mammary stem cell state (40, 324).  Based on these observations, we 

hypothesized that miR-145 might regulate breast CSCs where expression of potential 

miR-145 target genes (OCT4, SOX2, KLF4, SOX9) are elevated as a result.  We 

examined previously implicated miR-145 stem-cell targets and found that miR-145 

overexpression in breast cancer cells reduced expression of SOX2 and SOX9 mRNAs but 

not OCT4 or KLF4 (Fig 5.2A). Next using qRT-PCR, we observed both SOX2 and 

SOX9 overexpression in breast cancer cell lines (Fig 5.2B). Furthermore, from FACS-

sorted CD44high/CD24low breast CSCs we found that miR-145 was dramatically down-

regulated in CSCs where SOX2 and SOX9 were significantly upregulated (Fig 5.2C). We 

confirmed miR-145 targeting of SOX2 3’-untranslated region (UTR) and SOX9 3’UTR 

using luciferase reporter assays (Fig 5.2D) and also observed decreased SOX2 and SOX9 

protein in breast cancer cells overexpressing miR-145 (Fig 5.2E).  

miR-145 Regulates Breast Cancer Stem Cells  
 

 Key properties of stem-like cells are the ability to self-renew and differentiate into all 

the cells of a tissue (or tumor in the case of CSCs). We next examined the potential for 
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Figure 5.2 miR-145 targets SOX2 and SOX9 in breast CSCs. A, miR-145 overexpression decreases SOX2 
and SOX9 mRNA in MCF-7 cells B, SOX2 and SOX9 are upregulated in breast cancer cell lines C, miR-
145 is down-regulated in FACS-isolated CSCs, whereas SOX2 and SOX9 are up-regulated (MCF-7 cells) 
D, miR-145 targets SOX2 and SOX9 3’UTR luciferase reporter HEK-293T E, miR-145  overexpression 
reduces SOX 2/9 protein levels in MCF-7 cells. *p<.05 (231 = MDA-MB-231 cells) 
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miR-145 to regulate breast CSC function. We found that overexpression of miR-145 in 

breast cancer cells reduces mammosphere formation (Fig 5.3A), an assay (in attachment-

free conditions) where differentiated breast cancer cells die from anoikis while more 

stem-like cells remain viable and grow as clonal expansions from single cells with self-

renewal properties (326, 327)(328). Mammosphere formation is often presented as a 

surrogate measure of self-renewal in vitro.  

 Next, we also performed other colony-formation assays that rely on differentiation 

capacity of multipotent cells and examined the impact of miR-145 restoration. We found 

that in conditions that promote progenitor differentiation (grown atop a feeder layer of 

irradiated 3t3 fibroblasts (329)), miR-145 overexpression reduced colony formation of 

breast cancer cells (Fig 5.3B).  

 We next examined growth of cells in 3-D cell culture (embedded in matrigel), which 

can be used to recapitulate mammogenesis in vitro (330). It has been previously found 

that only mammary stem cells or bipotent mammary progenitors can proliferate and 

differentiate into hollow acinii structures, which consist of an inner layer of luminal 

epithelial cells surrounded by an outer layer of myoepithelial cells. We used synthetic 

antagomiR inhibitors to knock down miR-145 in non-tumorigenic mammary epithelial 

cell line MCF-10A. We found that loss of miR-145 resulted in a hyperproliferative 

phenotype in 3-D culture as evidenced by increased detection of proliferative marker 

Ki67 (Fig 5.3C). Furthermore, we found that overexpression of miR-145 reduced Ki67 

staining in breast cancer cells grown in 3-D cultures.  

 Finally, we examined miR-145 regulation of CSC frequency using flow cytometry to 

examine surface markers of breast cancer stem cell (CD44high/CD24low). We found  
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Figure 5.3 miR-145 restoration decreases breast cancer self-renewal in vitro. A, miR-145 overexpression 
reduces mammosphere formation in MCF-7 cells. B, miR-145 overexpression reduces mammary colony 
formation in the presence of irradiated feeder layer of NIH-3T3 cells. C, miR-145 knockdown increases 
Ki67 staining of MCF-10A acinii grow in 3-D Cell Culture.  Overexpression of miR-145 reduces Ki67 
staining in MCF-7 cells grown in 3-D. *p<.05 



	   145	  

that miR-145 overexpression reduces the frequency of breast CSCs as evidenced by flow 

cytometry for CD44high/CD24low subpopulation (Fig 5.4A). We have also confirmed that 

overexpression of SOX2 or SOX9 (miR-145 target genes) results in increased 

mammosphere formation, suggesting that these targets are indeed involved in miR-145 

regulation of breast CSCs (Fig 5.4B).  

5.4 Discussion 
 

 Here, we report miR-145 downregulation in breast cancer cell lines and breast tumor 

tissues. We also find that miR-145 is further silenced in cancer stem cell subpopulations 

in breast cancer cells.  We examined several stem cell related targets of miR-145 in breast 

cancer and identified SOX2 and SOX9 as potential oncogenes that were significantly 

activated in breast cancer stem cells. 

 We find that the miR-145/SOX2/SOX9 axis can regulate breast cancer stem cell 

function in vitro. miR-145 loss or SOX2/SOX9 overexpression results in enhanced breast 

cancer stem cell renewal as evidenced by mammosphere and 3-D culture experiments. 

Finally, we show that miR-145 can regulate CD44high/CD24low cancer stem cell 

subpopulations in breast cancer cells.   

 Recent reports have shown that miR-145 can reduce xenograft formation in vivo, the 

gold standard for assessing cancer stem cell function in vivo (218). Further experiments 

including serial transplantation assays and cleared fat pad regrowth assays are needed to 

confirm miR-145 regulation of self-renewal in mammary stem cells and breast cancer 

stem cells.    

 Together, findings from our laboratory (chapters 3-5) and others indicate that 

microRNA networks specifically miR-140 [ref (155)], miR-145, miR-200 family, and let- 
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Figure 5.4 miR-145 overexpression reduces breast CSCs frequency. A, miR-145 overexpression reduces 
CD44-high / CD24-low CSC subpopulation B, SOX2 and SOX9 cooperate to increase stemness of breast 
cancer cells. *p<.05 **p<.01 
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7 family members regulate breast cancer stem cells. We have found that miR-140 and 

miR-145 can regulate master transcription factors SOX2 and SOX9 thereby hijacking 

adult and embryonic stem cell transcriptional programs. Furthermore, we have found that 

miR-200 family members are critical regulators of EMT processes in breast cancer. Other 

groups have reported miR-200 regulation of cancer stem cells via regulating epigenetic 

reprogramming (polycomb) in breast cancers (42, 106). Recently, it was found that in 

mammary epithelial cells and breast cancer cells reprogramming (to stem cell state) could 

be accomplished through forced expression of SOX9 (master pluripotency factor) and 

Slug (EMT transcription factor) (40). These findings are similar to what we observe 

among microRNA networks that underlie cancer stem cell renewal.   
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Chapter 6. lincRNA-ROR and miR-145 Regulation of 
Breast Tumor Invasiveness 

 
This research was originally published in Mol Cancer Res.  Eades G, Wolfson B, Zhang 

Y, Li Q, Zhou Q. (2014) lincRNA-ROR and miR-145 Regulation of Breast Tumor 

Invasiveness. (ePub ahead of print). © 2014 American Association of Cancer Research 

6.1 Introduction 
 
 
 Breast cancer is the second leading cause of cancer deaths among women (6). 

Obstacles to improving clinical outcomes include better understanding of disease 

recurrence, overcoming drug resistance, and preventing metastasis. Improvements in 

breast cancer clinical treatment have come from rationally designed molecularly targeted 

therapeutics. For patients with estrogen-receptor positive disease, antiestrogen treatments 

including selective estrogen receptor (ER) modulators and aromatase inhibitors have been 

a major success story. Furthermore, treatment of HER2/neu overexpressing breast 

cancers with the recombinant humanized anti-HER2 monoclonal antibody trastuzumab 

has dramatically improved prognosis for these patients. For patients with triple-negative 

breast cancer (TNBC), those lacking ER, PR, and HER2 expression, there are currently 

no available molecularly targeted therapeutics (331). TNBC accounts for around 20% of 

cases of breast cancer in the US where it is frequently observed in younger women and 

African American women (20). TNBC is frequently aggressive and fast growing but it 

typically does respond initially to chemotherapy. Nevertheless, understanding the 

molecular mechanisms driving TNBC will allow rational target selection and new drug 

development.   
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     Dysregulation of microRNAs (miRs) is emerging as a major contributor to 

tumorigenesis in breast cancers. In a recent study, Volinia et al. examined breast tumor 

deep sequencing data in an attempt to identify miRs linked with breast tumor 

invasiveness (154). When comparing miR dsyregulation in different molecular subtypes 

they found that miR-145 was among the most significantly repressed miRs in TNBC.   

miR-145 is a reported growth suppressor downregulated in many cancer including lung 

(332), prostate (333), breast (69), colon (334), and bladder cancers (335).  

     Recently, a role for miR-145 in the regulation of embryonic stem cell (ESC) renewal 

was reported (217). Levels of miR-145 in ESCs remain low, while upon forced 

differentiation, miR-145 levels increase dramatically, whereas levels of pluripotency 

factors OCT4, SOX2, and KLF4 decrease. OCT4, SOX2, and KLF4 were all confirmed 

to be direct targets of miR-145 in ES cells and embryoid bodies. In addition to regulating 

ESC renewal, miR-145 has also been shown to be a regulator of adult stem cell renewal. 

miR-145 was found to regulate mesenchymal stem cell differentiation by targeting SOX9 

(324), a master regulator of chondrocyte maturation that has also been implicated as an 

important regulator of the mammary stem cell state (40).  

     Long noncoding RNAs (lncRNAs) are noncoding RNA molecules greater than 200 

nucleotides in size that are often critical regulators of gene expression. A majority of 

lncRNAs are intergenic (long intergenic ncRNA (lincRNA)) (137). They are transcribed 

by RNA pol II, polyadenylated, spliced, and 5’-capped (138). LncRNAs are functionally 

diverse and can act as guides, tethers, decoys, and scaffolds (139). A new function of 

lncRNA has also been proposed, that of competitive endogenous RNA (ceRNA) for miRs 

or naturally occurring miR sponges. Such ceRNA networks have been identified as key 
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regulators of muscle differentiation (336) and in the PTEN tumor suppressor pathway 

(337). 

     Recently, lncRNAs were implicated in stem cell pluripotency.  Loewer et al. identified 

lincRNA-RoR (Regulator of Reprogramming) as a major regulator of pluripotency by 

examining lncRNA expression following fibroblast reprogramming into induced 

pluripotent stem cells (iPSCs) (338). lincRNA-RoR was dramatically upregulated in 

pluripotent cells. Furthermore, they found that lincRNA-RoR was essential for iPSC 

derivation. Wang et al. also examined the role of lincRNA-RoR in ESCs and found that 

lincRNA-RoR is essential for ESC pluripotency (339).  Furthermore they found that 

lincRNA-RoR functions as ceRNA for miR-145 thereby protecting core pluripotency 

factors from miR-mediated silencing.   This group found that this interaction led to loss 

of mature miR-145 expression. Using RNA immunoprecipitation (RIP) experiments they 

validated the interaction of miR-145 with lincRNA-RoR, which they found could be 

disrupted by mutating bases in the target sites for miR-145 seed pairing.  

     ARF proteins (ARF1-6) are small GTPases that regulate membrane protein trafficking 

and endocytosis (340). ARF6 was previously implicated in tumor cell invasion in breast 

(341), brain (342), and skin (343, 344) cancer. In breast cancer ARF6 was found to be 

essential for tumor cell invasive phenotype (341). Hyperactivation of ARF6 was able to 

impart metastatic characteristics to non-metastatic breast cancer cells. It was 

hypothesized that ARF6 may function by inhibiting cell-cell adhesion or regulating 

formation of invadipodia. This group found that protein but not mRNA levels of ARF6 

correlated with breast tumor invasiveness and suggested that in metastatic breast cancer, 

ARF6 was likely regulated via posttranscriptional mechanisms (341).  It is possible that 
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miRs may play an important role in regulating ARF6 expression.   

     Here, we find that in TNBC loss of miR-145 promotes tumor cell invasion where 

activation of mIR-145 can inhibit invasion. We examine the molecular mechanisms for 

miR-145 loss and find that overexpression of lincRNA-RoR in breast tumors may 

function as ceRNA thereby silencing miR-145.  Next, we identify a novel target of miR-

145, the small GTPase ARF6, which was previously implicated in the breast tumor 

invasive process. We find that competitive inhibition of miR-145 by lincRNA-RoR 

results in ARF6 overexpression. We examine the function of ARF6 in breast cancer cells 

and find that ARF6 can impact cell-cell adhesion (via localization of E-cadherin) and 

tumor cell invasion. Furthermore, we find that in clinical samples ARF6 protein levels 

are higher in lymph node metastasis compared with primary tumors, suggesting this 

protein may play an important role in the metastatic process.   

 

6.2 Methods and Materials 

 

 Cell culture HEK293T, MCF-7, HS578T, & MDA-MB-231 cells were maintained 

in Dulbecco's modified Eagle's medium (DMEM) with 5% FBS and 1% glutamine 

(Invitrogen; Carlsbad, CA).  MCF10A were grown in DMEM/F-12 medium 

supplemented with 10 µg/ml insulin, 100 ng/ml cholera toxin, 0.5 µg/ml hydrocortisone 

(Sigma, St. Louis, MO), 20 ng/ml EGF, and 5% horse serum (Invitrogen). Cells were 

grown at 37°C in an atmosphere containing 5% CO2.  

      Human Tissue array  Immunostaining of paraffin-embedded breast tumor tissue 

microarray (BR952, US Biomax, Rockville, MD) was performed to detect ARF6 protein 
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expression. Additional paraffin-embedded DCIS samples were obtained from the 

University of Maryland Pathology Biorepository and Research Core. Sections were 

deparaffinized and rehydrated using xylene and gradient ethanol.  Antigens were 

retrieved by boiling in sodium citrate(10mM, pH 6.0), which was proceeded by blocking 

in 10%, Goat Serum in PBS for 1 hour. This was followed by overnight incubation (at 

4°C) with mouse anti-ARF6, 1:200 in blocking buffer (Santa Cruz sc7971, Santa Cruz, 

CA) followed with biotin goat anti-mouse secondary antibody (1:200). Avidin-biotin 

peroxidase substrate kit (Vector Laboratories; Burlingame, CA) was used to develop 

brown precipitate.  Hematoxylin was utilized for nuclei staining. Using light microscopy, 

cores were scored on a 0-3 scale (none, light, moderate, intense) for staining intensity of 

ARF6.   

  RNA Quantification   Total RNA was extracted with TRIzol reagent (Invitrogen).  

Small RNA was converted to complimentary DNA using poly-A polymerase based First-

Strand Synthesis kit (SABioscience; Flat Lake, MD).   Subsequent miR analysis was 

performed by real time PCR with miR-145 primer assays (SABiosciences) normalizing to 

control U6 snRNA levels. Total RNA was converted to cDNA by first treating with 

DNase I to remove genomic DNA and then using M-MLV reverse transcriptase 

(Invitrogen) and oligodT12-18 or random hexamer primers.  The following primers were 

used for qRT-PCR.  ROR F: CTCAGTGGGGAAGACTCCAG, R: AGGAAGCCTG 

AGAGTTGGC. ARF6: F: ATGGGGAAGGTGCTATCCAAAATC R: GCAGTCC 

ACTACGAAGATGAGACC, pri-miR-145: F: AGGGCCAGCAGCAGGC R: 

TCAGGAAATGTCTCTGGCTGTG, pre-miR-145: F: GTCCAGTTTTCCC \AGGAA 

TC R:AGAACAGTATTTCCAGGAAT. ARF6 and ROR data were normalized to 
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GAPDH using the following primers: F: GAAGGTGAAGGTCGGAGTC, R: 

GAAGATGGTGATGGGATTTC. All real time PCR was carried out with the Light 

Cycler 480 II (Roche Diagnostics; Indianapolis, IN).  

      Western Blotting and Proliferation Assay   Western blotting was performed as 

previously described using ARF6 (Santa Cruz 3A-1; Santa Cruz, CA), E-cadherin (BD 

Transduction, 610182; Franklin Lakes, NJ) or N-cadherin (Santa Cruz H-63) antibodies. 

Data were normalized to β-actin (Sigma; St. Louis, MO). For proliferation assays, 

1x10^4 MDA-MB-231 cells (control and overexpressing miR-145) were plated in 96-

well plates. After 3 days MTT solution was added to wells (final [.5 mg/ml]).  Cells were 

incubated for 4 hours at 37°C. Media was removed and MTT formazan crystals were 

solubilized in DMSO.  Absorbance was measured at 560 nm in a microplate reader (Bio 

Rad). 

      Plasmids, Transfections and Luciferase Assay   pCMV-MIR-145 expression vector 

and pCMV-MIR control vectors were obtained from Origene (Rockville, MD). pBabe-

lincRNA-RoR was obtained from Addgene (plasmid 45763).  shRNA for lincRNA-RoR 

and scramble control shRNA were purchased from Origene using pGFP-C-shLenti 

backbone and the following target sequence: GGAAGCCTGAGAGTTGGCATGAAT 

and loop: TCAAGAG. Constitutively active ARF6 (Q67L) expression vector was 

obtained from Addgene (plasmid 10835). ARF6 3’UTR was amplified using the 

following primers:  F: CAGTACGCTAGCACCTGCTCCAGTCACCAATG R: 

CAGTACCTCGAGAAACTTAG CCCACAGTGGCA.  PCR product was cloned 

downstream luciferase ORF into NheI and XhoI sites in pSGG 3’UTR reporter 

(SwitcGear Genomics).  For pSGG-ROR luciferase reporter construct, ROR cDNA was 
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amplified using the primers 5’-ACAATGCTCGAGTTTATTTTTTGAGGAACTG 

TCATA-3’ and 5'- ACAATGGCTAGCG GTGAAATAAACAGCCATGTTGCT-3' and 

cloned into the NheI and XhoI sites of pSGG vector. Transient transfections were 

performed using lipofectamine 2000 according to manufacturers instructions 

(Invitrogen). Stable infections were performed for lentiviral constructs. Briefly, 

HEK293T cells were transfected with 2nd generation lentiviral packaging constructs and 

expression constructs. After 12h medium was changed and at 24h and 48h lentivirus 

containing supernatant was harvested. Cells were infected with virus containing medium 

containing 8 µg/ml polybrene (American Bioanalytical, Natick, MA). Luciferase reporter 

assays were performed as previously described using dual luciferase assay system 

(Promega; Madison, WI) normalizing to Renilla luciferase activity.   

      tet-ON-lincRNA-RoR.  The ROR cDNA was amplified by PCR  using primers 5'-

ACAATGGAATTCTTTATTTTTTGAGGAACTGTCATA-3' and 5'-ACAATGGAA 

TTCGGTGAAATAAACAGCCATGTTGCT-3', and cloned into the EcoRI sites of 

FUW-teto vector (Addgene: 20326). Cells were cotransfected with FUW-M2rtTA 

(Addgene 20342) at 1:8 ratio. 

      Fluorescence In Situ Hybridization of lincRNA-RoR    Cy3-labed lincRNA-RoR 

probe was obtained from Exiqon (Woburn, MA). Cells were fixed in 4% formaldehyde 

and permeabilized using 0.5% Triton-X-100 in PBS, followed by blocking with 3% BSA 

in 4x saline-sodium citrate buffer. Cells were hybridized for 1 hour at 60°C with 

lincRNA-RoR probes (2 ng/ml dilution in buffer containing 10% dextran sulfate in 4x 

saline-sodium citrate buffer). Cells were washed in 4x, 2x, 1x saline-sodium citrate buffer 

and slides mounted in Prolong Gold.  
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      MS2-binding Assay   ROR-MS2 construct. 24 MS2 binding sites were cloned  

downstream of pBABE-linc-ROR.  The Phage-cmv-cfp-24xms2 vector (Addgene 40651)  

was digested with BamHI, treated with T4 DNA polymerase and then digested with 

AgeI. The vector backbone was recovered. The ROR cDNA was amplified by PCR using 

the primers 5'-ACAATGACCGGTGGTGAAATAAACAGCCATGTTGCT -3' and 5'-

ACAATGCTCGAGTTTATTTTTTGAGGAACTGTCATA -3', treated with T4 DNA 

polymerase and AgeI sequentially and cloned into the phage-cmv-24xms2 vector 

prepared as described above.  phage-ubc-nls-ha-tdMCP-gfp (MS2-GFP) fusion construct 

was obtained form addgene (plasmid 40649).  Cells were cotransfected with ROR-MS2 

and MS2-GFP constructs and GFP localization was monitored with confocal microscopy. 

      Three-Dimensional (3-D) cell culture and Immunofluorescence  MCF-10A cells 

were dissociated into single cells and cultured with DMEM/F-12 containing 5% Matrigel, 

5% heat-inactivated FBS, 0.5 µg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 µg/ml 

insulin, 10 ng/ml EGF, and 5 µM Y-27632. Cells were embedded into matrigel-coated 

chamber-slides and grown for 7–14 days with replacement of fresh assay medium every 4 

days. MDA-MB-231 cells transfected with control or miR-145 expression vectors were 

grown in chamber slides for 48 hours. Fluorescence was visualized using an Olympus 

IX81 spinning disk confocal microscope. Immunofluorescence staining was performed as 

previously described by co-staining with ARF6 and E-cadherin antibodies or Ki67 

antibody (Sigma, SAB4501880) followed by Alexa Fluor conjugated secondary 

antibodies (Life Technologies) and DAPI counterstaining 

      Transwell invasion assay   Invasion assays were carried out using Transwell 

migration chambers (8µm pore size; Costar; Cambridge, MA) coated with 0.5mg/ml 
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Matrigel (BD Science; Franklin Lakes, NJ) on top of the membrane.  0.5x10^5 cells/ml 

were seeded in the upper chamber in serum free medium.  The lower chamber contained 

15% FBS.  The cells were allowed to migrate towards the 15% FBS gradient overnight. 

Non-migrated cells on the top of the membrane were removed with cotton swabs. The 

migrated cells were stained with 1% crystal violet in methanol/PBS and counted using a 

light microscope. 

      The Cancer Genome Atlas TCGA     Data from the TCGA was analyzed using the 

UCSC Cancer Genome Browser (http://genome-cancer.soe.ucsc.edu/). The publically 

available dataset analyzed was the TCGA breast invasive carcinoma (BRCA) exon 

expression by RNAseq (IlluminaHiSeq)  N=1160.  ER, PR, and HER2 status were 

analyzed using UCSC Cancer Browser tools. 

      Statistical Analysis  Statistical analysis was performed using Student’s t test and 

p values of < 0.05 were considered significant. Data were represented as mean ± S.E.  

GraphPad Prism 4.0 software was used for all data analysis 

6.3 Results 

miR-145 is downregulated in TNBC where miR-145 regulates breast tumor cell 
invasion 
      The molecular underpinnings of TNBC are poorly understood and as such, there are 

no available molecularly targeted therapies. To gain a better understanding of the 

pathways driving tumorigenesis in TNBC we began by examining the unique miR 

signatures of this BC subtype. Analysis of breast tumor deep sequencing data had 

previously revealed that miR-145 loss is a hallmark of TNBC (154). We began our study 

by using publicly available databases to verify previous observations regarding miR-145 

expression. We examined RNAseq data from The Cancer Genome Atlas (TCGA), which 
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contained data from 1,106 breast cancer patient samples. As shown in Fig 6.1A, miR-145 

is downregulated in nearly every breast tumor sample compared to normal breast tissue 

(fold Δ and p-value shown in Fig. 6.2) (345). Furthermore, we examined ER, PR, and 

HER2 status in patient data from TCGA and found that TNBC patients clustered with the 

tumors having the lowest miR-145 expression. We also examined miR-145 expression in 

several samples of invasive ductal carcinoma (IDC) and matched normal tissue and again 

identified miR-145 loss in all samples of breast tumor tissue. (Fig 6.1B) Next, we 

examined TNBC cell models MDA-MB-231 and HS578T compared with non-

tumorigenic mammary epithelial cell line MCF10A and the ER positive breast cancer cell 

line MCF-7. We observed the strongest repression of miR-145 in TNBC models 

compared to non-tumorigenic mammary epithelial cells or ER positive breast cancer cells 

(Fig 6.1C). Combined with previous studies, these data strongly indicate that miR-145 is 

dramatically silenced in TNBC. 

 Next, we began investigating what function miR-145 may play in TNBC.  In ER 

positive BC, miR-145 was previously shown to regulate tumor cell proliferation (346). 

We examined the impact of miR-145 overexpression on the proliferation on MDA-MB-

231 cells. We found that in TNBC cells miR-145 activation failed to significantly impact 

cell proliferation as examined via MTT assay (Fig 6.1D). Furthermore, we also examined 

cell proliferation by performing Ki67 staining.  We found that nearly 100% of control 

MDA-MB-231 cells and miR-145 overexpressing cells positively stained for nuclear 

Ki67, indicating active proliferation (Fig 6.3A) . We next examined what impact miR-

145 might have on tumor cell invasion in TNBC.  We grew cells on matrigel coated 

transwell inserts and tested the impact of miR-145 overexpression. We found that miR-
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Figure 6.1 miR-145 is downregulated in TNBC cells where miR-145 regulates breast tumor cell invasion. 
A, RNAseq data for miR-145 in a breast tumor dataset from The Cancer Genome Atlas. B, Expression 
profiling of miR-145 in normal and breast tumor tissues via qRT-PCR with normalization to U6 snRNA. C, 
miR-145 expression measured in non-tumorigenic MCF-10A mammary epithelial cells and compared to 
MCF-7 (ER+), HS578T (TNBC) and MDA-MB-231 (TNBC) tumor cells. D, Cell proliferation as 
measured by MTT assay for MDA-MB-231 cells transfected with control or miR-145 expression plasmids. 
E&F, MDA-MB-231 cells overexpressing miR-145 were cultured in transwell invasion assays. * p < 0.05 
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Figure 6.2 MiR-145 expression data from The Cancer Genome Atlas comparing breast tumors and normal 
breast tissue as analyzed using starBase V2.0. 

 

 



	   160	  

 

 

Figure 6.3  miR-145 overexpression impacts tumor cell invasion but not tumor cell proliferation in TNBC 
cell lines.  A, Ki67 staining of MDA-MB-231 cells transfected with control or miR-145 overexpression 
vectors. B, MTT assay for HS578T cells transfected with control or miR-145 expression vectors.  C, 
Transwell invasion assay for HS578T control and HS578T overexpressing miR-145.   
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145 overexpressing TNBC cells demonstrated a significant decrease in tumor cell 

invasion compared to control cells (Fig 6.1 E&F). This data suggests that miR-145 may 

regulate invasion-related gene expression in TNBC. We also confirmed these results in a 

separate TNBC cell line, HS578T, again finding miR-145 impacts invasion but not 

proliferation in TNBC cells (Fig 6.3 B&C). 

lincRNA-RoR is overexpressed in TNBC where it serves as competitive endogenous 
RNA for miR-145 
	  

      We next wanted to identify the molecular mechanisms responsible for miR-145 

downregulation in TNBC. It was recently shown that in ESCs miR-145 is subject to 

posttranscriptional regulation via competitive endogenous RNA(339). lincRNA-RoR 

was found to contain miR-145 binding elements and to function as a competitive sponge 

for miR-145 binding. To test if lincRNA-RoR might regulate miR-145 in TNBC we 

began by examining the expression profile of lincRNA-RoR in normal breast tissue, early 

stage tumors (Ductal Carcinoma In situ, DCIS), and invasive breast tumors (Invasive 

Ductal Carcinoma, IDC) using qRT-PCR.  We found that lincRNA-RoR was significant 

upregulated in DCIS and IDC tumor tissues, showing the highest expression in invasive 

tumor tissues (Fig 6.4A). Next, we examined lincRNA-RoR in breast cancer cell lines. 

We found that lincRNA-RoR was significantly overexpressed in MDA-MB-231 and 

HS578T TNBC cells when compared to normal tissue (Fig 6.4B). Subsequently, we 

wanted to examine cellular localization of lincRNA-RoR to probe its potential to interact 

with cytoplasmic miR-145.  We performed in situ hybridization and were able to detect 

lincRNA-RoR in the cytoplasm and nucleus of breast cancer cells (Fig 6.5A).  For further 

confirmation, we performed MS2 binding assays, in which we cloned 24 MS2  
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Figure 6.4 LincRNA-RoR is overexpressed in TNBC where it serves as competitive endogenous RNA for 
miR-145. A, lincRNA-RoR expression in breast tumor tissues as measured by qRT-PCR. B, lincRNA-RoR 
expression in breast cancer cell lines. C, micRoRNA-145 response element in lincRNA-RoR as predicted 
by MiRanda 4.0 algorithm. D, miR-145 expression analysis following lincRNA-RoR overexpression in 
HEK-293T cells. E, lincRNA-RoR expression analysis following miR-145 overexpression in HEK-293T 
cells. F, Luciferase reporter assay for lincRNA-RoR in HEK-293T cells overexpressing miR-145.  G, miR-
145 expression analysis in MDA-MB-231 breast cancer cells following lincRNA-RoR overexpression. H, 
Fluorescent images of MDA-MB-231 cells stably infected with lincRNA-RoR shRNA. I, Expression 
analysis of lincRNA-RoR and miR-145 following lincRNA-RoR knockdown via qRT-PCR. * p < 0.05 
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binding sites downstream of lincRNA-RoR, and tested the ability for a GFP-MS2 fusion 

protein with a nuclear localization signal to sequester lincRNA-RoR-MS2 in the 

cytoplasm. In the absence of lincRNA-RoR-MS2, all the GFP-MS2 is localized in the 

nucleus (Fig 6.5B).  However, in the presence of lincRNA-RoR-MS2, there are foci of 

GFP-MS2 in the cytoplasm. These results also support the cytoplasmic localization of 

lincRNA-RoR where it may interact with miR-145. 	  

      We next wanted to confirm the interaction of miR-145 with the sites predicted by 

Miranda (347) targeting algorithms (Fig 6.4C). We began by testing the impact of 

lincRNA-RoR overexpression on miR-145 levels in HEK-293t cells (which lack 

lincRNA-RoR expression). We found that lincRNA-RoR overexpression resulted in a 

significant decrease in miR-145 levels (Fig 6.4D). Next, we examined the impact of co-

transfection of miR-145 and lincRNA-RoR and found that co-transfection overcame the 

negative repression of endogenous miR-145 and resulted in decreasing lincRNA-RoR 

levels (Fig 6.4E). This suggests a tug of war between these 2 molecules with some 

threshold where either the miR or the lincRNA gains the upper hand and silences its 

partner. We also cloned lincRNA-RoR sequence into a luciferase miR reporter construct 

to examine the ability of miR-145 to bind sequences in lincRNA-RoR. We found that 

miR-145 overexpression resulted in decreased luciferase activity compared to control 

cells (Fig 6.4F) indicating miR-145 binding to sites in lincRNA-RoR. Next, we examined 

this interaction in breast cancer cell lines. We found that lincRNA-RoR overexpression 

resulted in decreasing mature, but not primary or precursor miR-145 levels in MDA-MB-

231 TNBC cells (Fig 6.4G). Finally, using lentiviral shRNA we knocked down lincRNA-

RoR in MDA-MB-231 cells and found that this lead to an increase in miR-145  
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Figure 6.5 lincRNA-RoR localization using MS2 binding assay.  MCF10A cells were transfected with 
MS2-GFP (containing nuclear localization signal) alone or with MS2-GFP and ROR-MS2 (containing 24 
MS2 binding sites).  Cytoplasmic localization of lincRNA-RoR is evidenced by retention of GFP signal in 
the cytoplasm. 
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expression. Taken together, these results suggest that in TNBC cells lincRNA-RoR can 

function as a sponge and repress miR-145 expression. 

     Finally, we examined whether lincRNA-RoR regulation of miR-145 could impact 

breast cancer cell invasion. We transfected MCF7 cells with tetON-lincRNA-RoR + rtTA 

and after 24h induced lincRNA-RoR expression with 100 ng/mL Doxycycline.  Induced 

cells were grown atop matrigel coated transwell inserts and cells were allowed to migrate 

for 24h. After 24 hours, we observed a significant increase in invasive cells, whereas 

control MCF7 cells showed little to no invasive activity (Fig 6.6A). 

miR-145 directly targets the 3’UTR of ARF6 mRNA 
 

      In addition to understanding the molecular mechanisms underlying the regulation of 

miR-145, we wanted to probe what invasive pathways miR-145 might regulate in TNBC 

cells. We examined computationally predicted targets of miR-145 using TargetScan 

algorithm (348). Among the highest scoring predicted mRNA targets of miR-145 was 

ADP-ribosylation factor 6 (ARF6). ARF6 is a small GTPase that has been previously 

implicated as a critical regulator of tumor cell invasion in metastatic breast cancer (341).  

A previous proteomics study revealed that miR-143/145 modulation altered ARF6 

protein levels in colon cancer cells suggesting ARF6 might be a direct target for miR-145 

(349). ARF6 mRNA 3’-untranslated region (3’UTR) contains an impressive 5 predicted 

miR-145 binding elements (Fig 6.7A). We began by examining ARF6 expression in 

TNBC. We found that ARF6 demonstrated inverse expression relative to miR-145. ARF6 

was dramatically overexpressed in TNBC cells compared to non-tumorigenic mammary 

epithelial cells (Fig 6.7 B&C). To test the predicted binding of miR-145 to ARF6 mRNA 

we cloned the ARF6 3’UTR downstream a luciferase ORF and performed luciferase 
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Figure 6.6  lincRNA-RoR/miR-145/ARF6 axis regulates tumor cell invasion in TNBC cells.  A, Transwell 
invasion assay for MCF-7 cells transfected with tet-ON-lincRNA-RoR + rtTA and induced with 100ng/mL 
Dox.  B, Western blot for ARF6 in MDA-MB-231 cells infected with scrambled shRNA or shRNA for linc-
RNA-ROR.   
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Figure 6.7 miR-145 directly targets the 3’UTR of ARF6 mRNA. A, Table of the predicted miR-145 
binding sites in the ARF6 mRNA 3’UTR as predicted by TargetScan algorithm. B, ARF6 mRNA 
expression in breast cancer cell lines via qRT-PCR. C, ARF6 protein expression in MDA-MB-231 cells. D, 
Luciferase reporter for ARF6 mRNA 3’UTR following miR-145 overexpression. E, ARF6 mRNA levels in 
MDA-MB-231 cells following miR-145 overexpression. F, ARF6 protein levels in MDA-MB-231 cells 
following miR-145 overexpression. G&H, MCF-7 cells overexpressing constitutively active ARF6. A loss 
of E-cadherin demonstrated via western blotting and a more invasive phenotype as evidenced by matrigel 
coated invasion assays. * p < 0.05 
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reporter assays for ARF6 3’UTR. We found that overexpression of miR-145 resulted in a 

significant decrease in luciferase activity compared with control cells (Fig 6.7D). Next, 

we examined ARF6 expression in MDA-MB-231 cells following miR-145 

overexpression. We detected a small but significant decrease in ARF6 mRNA levels 

following miR-145 overexpression (Fig 6.7E). However, following miR-145 

overexpression we detected a dramatic decrease in ARF6 protein levels (Fig 6.7F).  

These data suggest that miR-145 inhibition of ARF6 is mostly occurring by interfering 

with ARF6 translation. Finally, to test if our previously described interaction between 

lincRNA-RoR and miR-145 impacts the targeting of ARF6 mRNA by miR-145 we 

examined ARF6 protein levels following knockdown of lincRNA-RoR by shRNA. We 

found that knockdown of lincRNA-RoR in MDA-MB-231 cells resulted in decreased 

ARF6 protein levels (Fig 6.6B). These results support a lincRNA-RoR/miR-145/ARF6 

pathway in TNBC cells.  

      It was previously reported that ARF6 might contribute to breast cancer invasion by 

regulating cell-cell adhesion through controlling E-cadherin localization (350, 351). This 

group found that in the presence of EGF ligand (activating EGFR signaling) that ARF6 

was able to repress E-cadherin at the protein level. We examined the impact of 

overexpression of constitutively active ARF6 on the invasive activities of non-metastatic 

MCF-7 breast cancer cells. As confirmation of the earlier observations, we found that in 

the presence of EGF, MCF-7 cells overexpressing ARF6 showed a decrease in E-

cadherin protein levels (Fig 6.7G). Furthermore, MCF-7 cells overexpressing ARF6 were 

capable of invading matrigel in transwell invasion assays as evidenced by the staining of 

invasive protrusions on the bottom of transwell inserts, whereas control MCF-7 cells  
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demonstrated no invasive capabilities in this assay (Fig 6.7H). 

 ARF6 overexpression alters E-cadherin localization and disrupts cell-cell junctions 
 

 To further examine the potential importance of ARF6 overexpression in breast cancer 

we performed gain of function studies in MCF10A non-tumorigenic mammary epithelial 

cells. We performed 3-D cell culture experiments with MCF10A cells overexpressing 

ARF6 and examined E-cadherin localization using immunofluorescence. 3-D cell culture 

can be used to recapitulate mammary organogenesis where control MCF10A cells grow 

into hollow acinar structures with polarized luminal and basolateral surfaces. Control 

MCF10A cells formed hollow acinii structures with E-cadherin localization to cell-cell 

junctions (Fig 6.8A).  In ARF6 overexpressing MCF10A cells there was an obvious loss 

of E-cadherin expression and localization to cell-cell junctions. Furthermore, morphology 

of ARF6 overexpressing acinii was altered with greater spacing between nuclei as 

evidenced by DAPI staining, suggesting a disruption in cell-cell junctions. 

The miR-145 Target ARF6 is overexpressed in lymph node metastasis 

      As there is previously no clinical data suggesting ARF6 expression is associated with 

breast tumor invasiveness, we examined ARF6 expression using immunohistochemistry 

in a tissue microarray with core samples from matched normal breast, primary tumor, and 

lymph node metastasis (Fig 6.8B).  We detected higher levels of ARF6 in some samples 

of primary tumor (IDC), however, it did not account for a statistically significant 

difference with ARF6 levels detected in our normal breast tissue. On the other hand, we 

did detect a statistically significant increase in ARF6 staining in lymph node metastasis 

cores compared to matched primary tumors (p < 0.03).  These data provide support for 

the clinical relevance of ARF6 in breast cancer metastasis.
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Figure 6.8 The miR-145 Target ARF6 is overexpressed in lymph node metastasis. . A, 3-D cell culture of 
MCF-10A cells stably infected with ARF6.  Cells are grown in EGF supplemented media (10 ng / ml) for 7 
days followed by fixation and staining with ARF6 and E-Cadherin antibodies followed by DAPI 
counterstaining.  Acinii were examined via confocal microscopy. B, Immunohistochemistry for ARF6 was 
performed on a tissue microarray of matched normal and breast tumor tissue including matched primary 
and lymph node metastasis core samples.  Normal tissue n=5, DCIS n=6, IDC n = 26, MET n = 9.  

 

 

 

 

 

 

 

 

Figure 6.9 Illustration of miR-145 regulation of TNBC invasion.  This is our proposed model for miR-145 
regulation of TNBC invasion.  Competition between lincRNA-RoR and miR-145 prevents miR-mediated 
suppression of ARF6, this in turn leads to overexpression of ARF6 and altered E-cadherin localization. 
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6.4 Discussion 
 

      Deep sequencing studies have previously shown that miR-145 downregulation is a 

hallmark of triple negative breast cancer (TNBC) (154). Here, using transwell invasion 

assays we have found that miR-145 regulates tumor cell invasion in TNBC and not 

apoptosis or proliferation. We examined the molecular mechanism responsible for miR-

145 downregulation in TNBC and found that the long intergenic non-coding RNA RoR 

(“Regulator of Reprogramming”) regulates mature miR-145 by serving as a competitive 

endogenous RNA sponge. This is the first report of this ceRNA network in human 

cancer.  

      To better understand the function of miR-145 in TNBC we examined the predicted 

targets of miR-145 and identified ADP-Ribosylation Factor 6 (ARF6), a small GTPase 

known to regulate endocytic recycling and previously implicated in breast tumor invasion  

(341) (Fig. 6.9). ARF6 mRNA 3’UTR contains 5 predicted miR-145 binding sites. Using 

a 3’UTR luciferase reporter, qRT-PCR, and western blotting we validated miR-145 

targeting of the 3’UTR of ARF6 mRNA. Next, we found that ARF6 overexpression in 

MCF-7 cells promoted a more invasive phenotype as evidenced by transwell invasion 

assays. We examined ARF6 function via 3-D cell culture and found that overexpression 

of ARF6 results in loss of E-Cadherin localization and disruption of cell-cell junctions. 

Finally, we examined ARF6 expression in a breast tumor tissue array and found that 

ARF6 levels were significantly higher in lymph node metastasis suggesting a role of 

ARF6 in breast cancer metastasis. Based on our in vitro findings, it is important to next 

examine whether miR-145 and ARF6 can regulate TNBC metastasis in vivo.  
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      Previously, miR-145 and lincRNA-RoR have been implicated in embryonic and 

adult stem cells (217). These molecules may also be critical regulators of cancer stem cell 

biology as it was previously reported that miR-145 is silenced in breast cancer stem cells. 

The Weinberg group has thoroughly demonstrated that there is a powerful connection 

between EMT and breast cancer stem cell (40). Here, we have demonstrated a connection 

between miR-145 and invasion/metastasis that involves altered cell morphology and loss 

of epithelial adherens junction protein E-cadherin. In future studies it will be interesting 

to test whether miR-145 and lincRNA-RoR play important roles in regulating the cancer 

stem cell phenotype in TNBC, which has previously been shown to play a critical role in 

drug resistance and metastasis. 
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Chapter 7. Discussion, Perspectives and Future Directions 
 
7.1 miR-140 Regulation of DCIS Stem Cells and the DCIS to IDC Transition 
 

Early Detection and Malignant Progression 
	  

 Modern advances in medical imaging have been revolutionary in their impact on 

therapeutic treatment strategies. CT scans and MRI now inform many therapeutic 

decisions in managing complex medical problems. What’s more, even traditional medical 

imaging, when widely adopted, has dramatically altered therapeutic outcomes in cancer. 

Widespread adoption of mammography for breast cancer screening has been a dramatic 

success in the early detection of breast cancer.  DCIS now accounts for 25% of new 

breast cancer cases. The treatment of breast cancer at this early stage has been very 

successful, however, 15% of patients are still at risk for recurrence or disease 

progression. The biology underlying malignant progression is poorly understood. A team 

led by Dr. Kornelia Polyack has made several exciting discoveries implicating the tumor 

microenvironment and myoepithelial cell differentiation in the transition of DCIS to 

invasive carcinoma (33). However, the potential role of cancer stem cells in the 

progression of early stage breast cancers has received little attention. We set out to 

explore this possibility and to identify the signaling networks that determine the fate of 

DCIS lesions. 

Summary  
 

 In chapter 2 we investigated the possibility that cancer stem cells within DCIS lesions 

might serve as malignant precursor cells that are predisposed to invasive progression. 

Using a variety of enzymatic assays and flow cytometry for stem cell surface markers we 
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isolated putative stem cell subpopulations from engineered and tumor cell lines of human 

DCIS. Specifically, we focused on studying basal-like DCIS lesions which are considered 

to be an aggressive subtype and which lack molecularly targeted therapies. We examined 

subpopulations with CD44+/CD24- and CD49f+/CD24- surface markers as well as 

mammosphere-enriched populations and cells with high ALDH1 activities, all well-

established markers of normal breast stem cells and cancer stem cells. We performed 

phenotypic and molecular profiling on these cell populations in vitro and in vivo. We 

have found that cells with stem-like properties can be enriched using the previously 

mentioned approaches, and we find that both ALDH1+ and CD49f+/CD24- cell 

subpopulations show extensive overlap, which we interpreted as indicative of a more 

robust stem cell signature.   

 Functionally, we found that DCIS stem cells were enriched in mammosphere forming 

cells, demonstrated multipotent differentiation capacity, and were highly tumorigenic in 

vivo. In addition, we observed increased migrational capacity of DCIS stem cells 

compared to more differentiated cancer cells, which may predispose these cells to 

invasive progression.  

 We also previously investigated the role of noncoding RNAs, specifically 

microRNAs, in regulating stem cell signaling in DCIS cells (39). We performed 

microarray profiling studies and identified extensive dsyregulation of microRNAs at the 

earliest stages of breast tumorigenesis. Next, we compared microRNA expression in 

DCIS stem cells and in normal mammary stem cells.  Our analylsis of expression data 

revealed that microRNA-140-3p (miR-140) was reproducibly downregulated in DCIS 

cells and was silenced in DCIS stem cells (39).	  
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 Next, we turned our attention towards exploring the functional consequence of miR-

140 loss in DCIS cells. We found that miR-140 overexpressing DCIS cells demonstrated 

significantly lower growth in soft agar compared to control DCIS cells. In addition, we 

found that in 3-D cell culture environments, miR-140 knockdown cells showed enhanced 

markers of proliferation and decreased markers of apoptosis. Finally, we found that miR-

140 restoration could reduce mammosphere formation suggesting that miR-140 could 

inhibit DCIS stem cells in vitro. We examined the downstream pathways important in 

miR-140 regulation of DCIS stem cells and found that the HMG-box transcription factor 

SOX9 and the stem cell marker ALDH1 were direct targets of miR-140 regulation in 

DCIS stem cells. SOX9 was recently implicated as a master regulator of mammary 

stemness and we found that SOX9 also regulated DCIS stem cell renewal in vitro.  

Finally, we examined the impact of miR-140 restoration on orthotopic xenograft 

formation in nude mice.  We found that miR-140 overexpression reduced tumor growth 

of DCIS stem cells in nude mice indicating that miR-140 could target DCIS stem cells in 

vivo (39).	  

 As previously mentioned, preventing the transition from DCIS to IDC is one of the 

main goals of breast cancer chemoprevention. As such we examined the potential for 

DCIS stem cells to serve as targets for chemopreventive strategies. We found that the 

dietary epigenetic agent Sulforaphane could target DCIS stem cells in vivo via activation 

of miR-140 expression and inhibition of downstream stem cell target genes. 

Outstanding Questions  
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 Additional studies are required in order to fully understand the biology underling the 

malignant progression of DCIS lesions. We have shown that stem-like cells are highly 

tumorigenic in vitro and in vivo but additional experimentation may reveal a complex 

involvement of DCIS stem cells in malignant progression.  

 It is suspected that myoepithelial cells can serve as a barrier to invasion. One 

possibility is that paracrine signaling from DCIS stem cells may inhibit myoepithelial 

differentiation. During our characterization of DCIS stem cells we made a novel 

observation related to cell-cell signaling. We found that DCIS stem cells secreted 

exosomes with unique protein and RNA contents.  First, we found that DCIS stem cells 

secreted unique exosomal microRNAs when compared with DCIS control exosomes.  We 

observed altered secretion of miR-21 and miR-29 by DCIS stem cells.  These miRs are 

also secreted by lung tumors where they act to modulate nearby immune cell activity 

(238).  In addition, we found that miR-140 was also secreted by DCIS stem cells, yet the 

impact of exosomal miR-140 on nearby cells is unknown.  One potential hypothesis is 

that exosomal miR-140 promotes differentiation in nearby cancer cells. Another is that 

exosomal miR-140 acts on myoepithelial cells or nearby mammary stem cells to block 

myoepithelial cell differentiation eventually exposing DCIS cells to the basement 

membrane.  It is clear that the invasive phenotype requires the expression and activation 

of proteases to break down the basement membrane. It is possible that when exposed to 

signals within the tumor microenvironemnt DCIS stem cells may begin to produce 

collegenases and matrix metalloproteases required for invasive progression.   

 In addition to its role in regulating DCIS stem cells, miR-140 may also regulate 

normal mammary stem cells during development. To confirm this cleared mammary fat 
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pad assays, which involve depleting mammary glands of epithelial cells and injecting 

potential mammary stem cells to attempt to repopulate the gland, could interrogate the 

impact of miR-140 modulation on mammary stem cell self-renewal and differentition. 

We have begun work on miR-140 knockout mice to study the impact of miR-140 loss on 

mammary gland development. The results from these studies may provide insight into the 

role of miR-140 in mammary stem cells as well as in vivo evidence that miR-140 is a 

tumor suppressor in mammary epithelium. 

 Finally, our experiments lay the groundwork for a potential therapeutic strategy 

targeting DCIS stem cells. By first identifying these critical pathways and gene 

interactions in DCIS cells we will provide candidates for future drug screens. Currently, 

there are clinical trials investigating the potential for microRNA mimics to be used 

directly as cancer therapies in liver cancer.  There is potential for novel miR-140 based 

breast cancer therapies, in addition to indirect epigenetic therapies, which would allow 

specific targeting of cancer stem cell pathways in DCIS lesions.  

7.2 The miR-200 Family, EMT, and Cancer Stem Cells 
 
 Epithelial to mesenchymal transition (EMT) is a developmental process that is also 

implicated in tumorigenesis. EMT has long been suspected to play a critical role in 

metastasis. EMT involves loss of cell-cell attachments and acquisition of a more motile 

mesenchymal phenotype allowing easier tumor cell dissemination (46). Mesenchymal-

like breast cancer cell lines that have undergone EMT include MDA-MB-231 and HS-

598T which are often found to be metastatic in vivo, whereas many epithelial breast 

cancer cell lines such as MCF-7 and T47D are nonmetastatic in vivo. Furthermore, forced 

EMT promotes metastatic abilities in nonmetastatic breast cancer cells (352).  
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 In addition to playing a critical role in tumor cell dissemination, EMT is also deeply 

connected with cancer stem cell signaling. It has been shown that EMT in breast cancer 

cells closely resembles a cancer stem cell like gene expression signature (353). 

Furthermore, mesenchymal-like breast cancer cells are frequently enriched in makers of 

breast cancer stem cells such as CD44+/CD24- surface markers (also referred to as 

claudin-low breast cancers) (354). Recently, it was shown that forced expression of the 

EMT transcription factor Slug could in part reprogram differentiated mammary epithelial 

cells into fully potent mammary stem cells (40). This suggest that signaling that drives 

EMT might also be involved in cellular dedifferentiation and reprogramming, and as such 

might be essential in cancer stem cells. The early metastasis model suggests yet another 

connection between EMT and cancer stem cells. In this model, disseminated cells leave 

the tumor at an early stage of tumorigeneis (175). However, the only cells with the 

potential for forming micrometastasis are cancer stem cells due to their replicative 

immortality / self-renewal potential.  

 MicroRNAs were found to be major regulators of EMT, specifically the miR-200 

family. The miR-200 family was found to directly regulate many transcriptional 

regulators of E-cadherin, including ZEB1/2 (REF). The miR-200 families were found to 

regulate EMT in a switch-like manner. At high levels, miR-200 targets transcriptional 

repressors of E-cadherin, maintaining the epithelial cell state. However, low levels of 

miR-200 allow upregulation of transcriptional repressors of E-cadherin, which also in 

turn participate in feedback pathways that silence miR-200 expression; this leads to loss 

of E-cadherin and other cell-cell attachment proteins and a switch to a mesenchymal-like 

phenotype.   



	   179	  

Summary 

   
 We began our study by investigating the role of microRNAs in regulating EMT-like 

transformation of mammary epithelial cells. We treated human mammary epithelial cells 

with TGF-β until morphological changes were observed and then performed microRNA 

expression profiling on transformed cells.  We found that the miR-200 family was 

completely silenced following induction of EMT.   

 We investigated the molecular mechanisms responsible for miR-200 loss and 

identified hypermethylation of CpG islands in the miR-200 promoter region that were in 

part responsible for miR-200 silencing. It has recently been shown that polycomb is also 

involved in epigenetically repressing miR-200 family members via H3K27me3 

chromatin marking (87).   

 We identified a novel target of the miR-200 family in mammary epithelial cells, the 

histone deacetylase SIRT1.  We found that in addition to being a direct target for miR-

200, SIRT1 was involved in a feedback pathway involved in recruiting DNMTs to the 

miR-200 promoter.  Furthermore, we found that SIRT1 was also involved in regulating 

EMT at an epigenetic level.  We found that SIRT1 knockdown could restore E-cadherin 

expression and that SIRT1 acted in part through recruiting DNMTs to the CDH1 

promoter and epigenetically silencing E-Cadherin. 

 We also identified another novel pathway regulated by miR-200 in breast cancer 

cells, the Keap1/Nrf2 pathway. We found that miR-200 directly targeted Keap1 and we 

found that miR-200 restoration could activate Nrf2 and downstream cellular 

detoxification pathways.  
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miR-200 links EMT and CSC  
 

 Several reports have indicated that in addition to regulating EMT, miR-200 directly 

regulates cancer stem cell signaling. miR-200c was found to target BMI-1 and miR-200b 

was found to target Suz12, both critical polycomb group proteins that regulate self-

renewal and differentiation in embryonic stem cells (42,	  106). SIRT1, our validated 

target of miR-200 is also a noncanonical member of polycomb group complexes (355). 

miR-200 is also silenced in breast cancer stem cells where overexpression of miR-200 

was shown to inhibit renewal of cancer stem cells in vitro and in vivo (42,	  106).  As 

previously mentioned, we have also observed miR-200 silencing in DCIS stem cells. The 

ability to target both EMT and cancer stem cells (via regulating epigenetic 

reprogramming) establishes miR-200 as a direct link between EMT and stem cell states.  	  

Outstanding Questions  
 

 There is great potential for miR-200 based therapies to target both breast cancer 

metastasis and breast cancer stem cells.  As normal epithelial cells tend to have abundant 

miR-200 expression, miR-200 therapy may have fewer off target effects. The potential 

drawback however is that following successful colonization, metastasis are often found to 

overexpress miR-200 and E-cadherin, therefore this therapy could trigger dormant 

micrometastasis to revert to an epithelial morphology (MET) and adapt to their new 

microenvironemnt thus promoting colonization. In effect, therapies targeting EMT might 

block early stages in metastasis while promoting later stages of metastasis. Evaluation in 

preclinical animal models will help determine the true potential of miR-200 based 

therapies. 
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 Next, our group has also recently found that Nrf2 plays a critical role in regulating 

mammary stem cell renewal (356), suggesting that in addition to protecting against 

carcinogenesis, Nrf2 may also be an important stem cell regulator. This provides another 

mechanism by which miR-200 might regulate stem cell signaling in mammary 

epithelium, by regulating Nrf2 activity. The role of Nrf2 in cancer is controversial; it 

appears it may act as a double-edged sword (312). In tumor initiation and the early stages 

of tumorigenesis it appears Nrf2 surely acts as a tumor suppressor via protecting against 

DNA damage. We also believe Nrf2 plays a protective role through regulation of stem 

cell signaling. In more advanced stage tumors, however, Nrf2 is suspected to play a 

major role in drug resistance through downstream cellular detoxification enzymes and 

through enhanced drug efflux. Therefore, therapeutically activating Nrf2 may be a goal of 

chemoprevention or treating early stage cancers, yet might be detrimental in treating 

advanced cancers and result in drug resistance. 

 Finally, SIRT1 is a suspected oncogene in breast cancer. In addition to regulating 

epigenetic silencing of tumor suppressor genes, there are numerous critical cytoplasmic 

targets of SIRT1 (FOXO, P53, eNOS etc.) that contribute to the role of SIRT1 in 

tumorigenesis. By implicating SIRT1 in EMT and miR-200 signaling we have provided 

further evidence on the significance of this HDAC in breast cancer. In our future studies 

we will explore the possibility that SIRT1 inhibition may be a therapeutic strategy to 

target cancer stem cells and metastasis and examine what impact SIRT1 modulation has 

on miR-200 activity. 
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7.3 miR-140/miR-145 in Invasive Breast Tumors and Invasive Cancer Stem Cells 
 

Invasive breast cancer stem cells  
 

 Cancer cells enriched in stem cell signaling are found in invasive breast tumors and 

are suspected to play major roles in drug resistance, treatment failure, and distant 

metastasis (357). Invasive breast cancer stem cells are radioresistant and chemoresistant 

due to inhibition of apoptosis and enhanced drug efflux. Furthermore, cancer stem cells 

are suspected to be essential to the metastatic process as they are able to self-renew and 

drive tumor formation at distant sites. The metastatic potential of disseminated cancer 

cells may be determined by whether the cancer cell is a cancer stem cell or more 

differentiated cancer cell. 

Summary   
 

 We have previously investigated the role of miR-140 in invasive ductal carcinomas 

where we found that miR-140 was downregulated in invasive breast cancer (155). We 

found that ERα directly regulated miR-140 transcriptional activity in ER+ breast cancer 

cells. While exploring downstream targets of miR-140 in invasive breast cancer we found 

that the pluripotency factor SOX2, a suspected oncogene in breast cancer, was a direct 

target of miR-140 regulation in invasive breast cancers. We found that this miR-

140/SOX2 axis could regulate cancer stem cells in invasive breast cancers as evidenced 

by mammosphere formation and flow cytometry.   

 We also examined the roles of other microRNAs in invasive breast cancer stem cells.  

By isolating stem cell subpopulations and performing microRNA profiling, we found that 

miR-145 was also downregulated in breast cancer stem cells. miR-145 was previously 
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implicated in the regulation of embryonic stem cells by targeting the pluripotency factors 

OCT4, SOX2, and KLF4.  Furthermore, miR-145 was also found to be a master regulator 

of mesenchymal stem cells and chondrocyte differentiation via targeting Sox9.  We 

examined the potential for miR-145 to target these stem cell regulators in invasive breast 

cancer stem cells and found that both SOX2 and SOX9 were directly targeted by miR-

145 in invasive breast cancer stem cells. SOX2 and SOX9 are related transcription 

factors, the former expressed in embryonic stem cells and the latter in adult stem cells.  

Both are suspected oncogenes that are overexpressed in some breast cancers and both of 

which we found to be enriched in invasive cancer stem cells. We found that miR-

145/SOX2/SOX9 could regulate mammosphere formation and 3-D culture growth of 

invasive breast cancer cells, suggesting that miR-145 and its downstream targets were 

important regulators of stem cell signaling in invasive breast cancer cells.  

 Loss of miR-145 was previously implicated as a hallmark of triple negative breast 

cancers (TNBC). We examined the cancer genome atlas (TGCA) and patient tumor 

samples as well as cancer cell lines and found that miR-145 was significantly 

downregulated in TNBC tumors. We examined the functional impact of miR-145 in 

TNBC cells and found that overexpression of miR-145 had no effect on cellular 

proliferation but instead regulated tumor cell invasion as determined through transwell 

invasion assays. We found that miR-145 levels in TNBC were regulated in part through 

interactions with a competitive endogenous RNA, the long intergenic noncoding RNA 

ROR (“Regulator of reprogramming”, lincRNA-ROR). lincRNA-ROR and miR-145 

were found to be competitive inhibitors of one another and lincRNA-ROR was found to 

regulate miR-145 at the mature level in the cytoplasm. We found that the small GTPase 
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ADP-Ribosylation Factor 6 (ARF6) was a direct downstream target of miR-145 in 

TNBC.  ARF6 was previously implicated in breast cancer metastasis where it regulates 

endocytosis of cell-cell adhesion proteins and growth factor receptors (341). Reports 

from our laboratories and others have found that ARF6 can negatively regulate E-

cadherin membrane localization. Here, we found that forced expression of ARF6 

imparted an invasive signature on non-metastatic breast cancer cell lines. Furthermore, 

we found that lincRNA-ROR overexpression could phenocopy ARF6 overexpression.  

We also found that knockdown of lincRNA-ROR led to upregulation of miR-145 and 

decreases in ARF6 protein levels. Finally, we found that ARF6 protein levels were 

overexpressed in matched lymph node metastasis from invasive breast cancer patients 

providing support for the hypothesis that ARF6 is a clinically relevant gene in breast 

cancer metastasis.   

Outstanding Questions 
	  

 Among our discoveries regarding microRNA regulation of breast cancer stem cells, 

we have found that the miR-140 and miR-145 are involved in regulating similar 

pathways involved in stem cell renewal. As one would expect, we find that regulators of 

important cell phenotypes are often compensated for through redundancy. This leads us 

to predict that networks of microRNAs act together to regulate cancer stem cell signaling, 

that miR-200 family and miR-140/miR-145 have overlapping targets and a better 

understanding of these epistatic gene interactions might reveal nodes or genes that are 

classically druggable. We hope to address these possibilities and more in our future 

studies.  
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Investigating lincRNA-ROR 

 While investigating the function of Nrf2 in mammary stem cells we found that 

lincRNA-ROR is a major regulator of mammary stem cell renewal (356). We found the 

Nrf2 negatively regulates lincRNA-ROR expression via interaction with sites in the 

lincRNA-ROR proximal promoter. We suspect that lincRNA-ROR is also involved in 

cancer stem cell regulation.  

 We understand that miR-145, like all microRNAs, regulates many targets. We also 

suspect that lincRNA-ROR may interact with other RNAs or proteins. To determine 

protein interactions of lincRNA-ROR we have designed an MS2-GFP / MS2(24)-ROR 

system that we can use for lincRNA-ROR pulldown via immunoprecipitation with GFP 

antibody. We have already detected specific pulldown of lincRNA-ROR. In the future we 

will purify protein from our pulldown to run on SDS-PAGE gels and perform silver 

staining. Any enriched band that is not detected in IgG control lanes will be excised and 

probed using mass spectrometry. Furthermore, to investigate potential chromatin 

interactions, we will perform chromatin purification by RNA Purification (ChIRP) to 

map potential genomic binding sites of lincRNA-ROR. For these assays we will design 

anti-sense oligo probes to pulldown lincRNA-ROR and bound chromatin that we will 

examine using tiling arrays.  

7.4 Clinical potential 
 
 Our findings indicate that miR-140 might serve as both a biomarker and therapeutic 

target in DCIS lesions. To better assess its potential as a biomarker, examination of miR-

140 in a large cohort of archived patient tumor tissue may establish whether miR-140 

levels are predictive of disease recurrence or progression to invasive disease.  It is 
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possible however that miR-140 levels in whole cell populations might not be as critical as 

miR-140 levels in stem cells therefore complicating the prognostic value of miR-140. 

Furthermore, it is possible that a signature of several microRNAs will provide a better 

predictive signature of future malignant progression. 

 As a therapeutic target, we have shown that epigenetic therapy can target miR-140 

activation, however more specific therapies will require elements of gene therapy such as 

delivery of miR-140 mimics (5’-2’OMe/LNA oligonucleotides) or miR-140 

overexpressing adenovirus. These therapeutic strategies will require testing in preclinical 

models to address their clinical efficacy.   

 Regarding miR-145 and miR-200, both are being explored as potential biomarkers or 

therapeutic targets in invasive breast cancer. The drawback of miR-200 based therapy is 

that it could trigger MET and increase colonization and activate dormant 

micrometastasis. As such, miR-200 may serve as a better biomarker than target gene for 

stem cells or EMT.  Studies examining microRNA expression in large cohorts of breast 

tumors have not found significant association of miR-200 expression with clinical 

outcome (358). However, due to the dynamic nature of miR-200 expression in breast 

cancer it may serve as a more specific biomarker during metastasis. For example, miR-

200 levels in circulating tumor cells may predict time to distant metastasis (TDM) based 

on how many cancer stem cells are suspected to be in circulation and whether they are 

mesenchymal or epithelial in phenotype.   

 miR-145 may be an ideal therapeutic candidate in invasive breast cancer. miR-145 

can target CSCs and help in overcoming drug resistance. In addition, miR-145 can inhibit 

invasion in breast tumors, which may prevent progression and distant metastasis. Several 
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preclinical models have shown promising results delivering systemic miR-145 to target 

breast tumors in vivo (218). Additional work is needed in vivo to confirm the potential 

effectiveness and assess whether such therapies are well tolerated. One of the biggest 

issues remaining for harnessing noncoding RNA as therapies regards effective nonviral 

delivery of such molecules. Ongoing work investigating nanoparticle lipid encapsulation 

in addition to antibody targeted drug complexes should identify the most efficient and 

specific delivery mechanisms.   

7.5 Final thoughts 
 

 We have found extensive regulation of cancer stem cells via microRNA circuits in 

breast cancer. We previously discussed the many pathways, both adult and embryonic, 

that are hijacked in breast cancer stem cells. Shown in Fig 7.1 we have implicated 

microRNA regulation in nearly all pathways governing cancer stem cell renewal 

including polycomb regulation, EMT signaling, and master stem cell transcription factors 

(both pluripotency factors and adult stem cell factors). These findings mirror those of 

Guo et al. who identified combinations of Slug and SOX9 transcription factors could 

induce reprogramming in the breast (40). A major difference between adult stem cells 

and cancer stem cells seems to be hijacking of embryonic and developmental signaling 

programs to supplement adult stem cell pathways already active in adult tissues. 

Supporting this idea, it was shown that fetal mammary stem cells shared similarities with 

human breast cancer thereby linking developmental pathways and breast cancer. 

 In our studies we only scratched the surface of noncoding RNA regulation in breast 

cancer. The total number of lncRNAs are suspected to be many times the number of 
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Figure 7.1 microRNA regulation of the many signaling pathways involved in cancer stem cell renewal. 
miR-200 has been found to regulate breast cancer stem cells via targeting EMT factors and polycomb 
complex. miR-140 and mir-145 have been found to target both SOX2 and SOX9 transcription factors that 
regulate stem cell renewal. 
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microRNAs (359). As such it is possible that lncRNAs are also extensively involved in 

breast tumorigenesis. Since microRNAs can target stem cell signaling in so many ways 

they possess great therapeutic potential for targeting cancer stem cells. It is possible other 

ncRNAs such as lncRNAs may also provide novel ways to monitor or target breast CSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   190	  

References 
1. Simpson PT, Reis-Filho J, Gale T, Lakhani SR. Molecular evolution of breast cancer. J 

Pathol 2005;205(2):248-54. 

2. Sotiriou C, Pusztai L. Gene-expression signatures in breast cancer. N Engl J Med 

2009;360(8):790-800. 

3. Buerger H, Otterbach F, Simon R, et al. Different genetic pathways in the evolution of 

invasive breast cancer are associated with distinct morphological subtypes. J Pathol 

1999;189(4):521-6. 

4. Lakhani SR. The transition from hyperplasia to invasive carcinoma of the breast. J 

Pathol 1999;187(3):272-8. 

5. Yager JD, Davidson NE. Estrogen carcinogenesis in breast cancer. N Engl J Med 

2006;354(3):270-82. 

6. Siegel R, Ward E, Brawley O, Jemal A. Cancer statistics, 2011. CA: A Cancer Journal 

for Clinicians 2011;61(4):212-36. 

7. Steeg PS. Tumor metastasis: Mechanistic insights and clinical challenges. Nat Med 

2006;12(8):895-904. 

8. Ronnov-Jessen L, Petersen OW, Bissell MJ. Cellular changes involved in conversion 

of normal to malignant breast: Importance of the stromal reaction. Physiol Rev 

1996;76(1):69-125. 

9. Lim E, Vaillant F, Wu D, et al. Aberrant luminal progenitors as the candidate target 

population for basal tumor development in BRCA1 mutation carriers. Nat Med 

2009;15(8):907-13. 

10. Bombonati A, Sgroi DC. The molecular pathology of breast cancer progression. J 

Pathol 2011;223(2):308-18. 



	   191	  

11. Stingl J. Estrogen and progesterone in normal mammary gland development and in 

cancer. Hormones and Cancer 2011;2(2):85-90. 

12. Johnston SRD, Dowsett M. Aromatase inhibitors for breast cancer: Lessons from the 

laboratory. Nat Rev Cancer 2003;3(11):821-31. 

13. Jones KL, Buzdar AU. A review of adjuvant hormonal therapy in breast cancer. 

Endocr Relat Cancer 2004;11(3):391-406. 

14. Meier-Abt F, Bentires-Alj M. How pregnancy at early age protects against breast 

cancer. Trends Mol Med;20(3):143-53. 

15. Oakes S, Hilton H, Ormandy C. Key stages in mammary gland development - the 

alveolar switch: Coordinating the proliferative cues and cell fate decisions that drive the 

formation of lobuloalveoli from ductal epithelium. Breast Cancer Research 

2006;8(2):207. 

16. Heldring N, Pike A, Andersson S, et al. Estrogen receptors: How do they signal and 

what are their targets. Physiol Rev 2007;87(3):905-31. 

17. Levin ER. Cellular functions of the plasma membrane estrogen receptor. Trends in 

Endocrinology & Metabolism;10(9):374-7. 

18. Sabnis G, Schayowitz A, Goloubeva O, Macedo L, Brodie A. Trastuzumab reverses 

letrozole resistance and amplifies the sensitivity of breast cancer cells to estrogen. Cancer 

Res 2009;69(4):1416-28. 

19. Eroles P, Bosch A, Alejandro Perez-Fidalgo J, Lluch A. Molecular biology in breast 

cancer: Intrinsic subtypes and signaling pathways. Cancer Treat Rev;38(6):698-707. 

20. Carey LA, Perou CM, Livasy CA, al e. RAce, breast cancer subtypes, and survival in 

the carolina breast cancer study. JAMA 2006;295(21):2492-502. 



	   192	  

21. Aebi S, Davidson T, Gruber G, Cardoso F, On behalf of the ESMO 

Guidelines,Working Group. Primary breast cancer: ESMO clinical practice guidelines for 

diagnosis, treatment and follow-up. Annals of Oncology 2011;22:vi12-24. 

22. Early Breast Cancer Trialists',Collaborative Group. Comparisons between different 

polychemotherapy regimens for early breast cancer: Meta-analyses of long-term outcome 

among 100000 women in 123 randomised trials. The Lancet;379(9814):432-44. 

23. Xu J, Chen Y, Olopade OI. MYC and breast cancer. Genes & Cancer 2010;1(6):629-

40. 

24. Gasco M, Shami S, Crook T. The p53 pathway in breast cancer. Breast Cancer Res 

2002;4(2):70-6. 

25. Baselga J. Targeting the phosphoinositide-3 (PI3) kinase pathway in breast cancer. 

Oncologist 2011;16:12-9. 

26. Lynch HT, Snyder C, Casey MJ. Hereditary ovarian and breast cancer: What have we 

learned? Annals of Oncology 2013;24:viii83-95. 

27. Li CI, Daling JR, Malone KE. Age-specific incidence rates of in situ breast 

carcinomas by histologic type, 1980 to 2001. Cancer Epidemiology Biomarkers & 

Prevention 2005;14(4):1008-11. 

28. Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ. Cancer statistics, 2007. CA: A 

Cancer Journal for Clinicians 2007;57(1):43-66. 

29. Fisher B, Dignam J, Wolmark N, et al. Lumpectomy and radiation therapy for the 

treatment of intraductal breast cancer: Findings from national surgical adjuvant breast 

and bowel project B-17. Journal of Clinical Oncology 1998;16(2):441-52. 



	   193	  

30. Fowble B, Hanlon A, Fein D, et al. Results of conservative surgery and radiation for 

mammographically detected ductal carcinoma in situ (DCIS). Int J Radiat Oncol Biol 

Phys 1997;38(5):949-57. 

31. Miron A, Varadi M, Carrasco D, et al. PIK3CA mutations in in situ and invasive 

breast carcinomas. Cancer Res 2010;70(14):5674-8. 

32. Park SY, Gönen M, Kim HJ, Michor F, Polyak K. Cellular and genetic diversity in 

the progression of in situ human breast carcinomas to an invasive phenotype. J Clin 

Invest 2010;120(2):636-44. 

33. Hu M, Yao J, Carroll DK, et al. Regulation of in situ to invasive breast carcinoma 

transition. Cancer Cell 2008;13(5):394-406. 

34. Toussaint J, Durbecq V, Altintas S, et al. Low CD10 mRNA expression identifies 

high-risk ductal carcinoma in situ (DCIS). PLoS ONE 2010;5(8):e12100. 

35. Hu M, Peluffo G, Chen H, Gelman R, Schnitt S, Polyak K. Role of COX-2 in 

epithelial-stromal cell interactions and progression of ductal carcinoma in situ of the 

breast. Proc Natl Acad Sci USA 2009;106(9):3372-7. 

36. Gauthier ML, Berman HK, Miller C, et al. Abrogated response to cellular stress 

identifies DCIS associated with subsequent tumor events and defines basal-like breast 

tumors. Cancer Cell;12(5):479-91. 

37. Espina V, Mariani BD, Gallagher RI, et al. Malignant precursor cells pre-exist in 

human breast DCIS and require autophagy for survival. PLoS ONE 2010;5(4):e10240. 

38. Farnie G, Clarke R. Mammary stem cells and breast Cancerâ€”Role of notch 

signalling. Stem Cell Reviews and Reports 2007;3(2):169-75. 



	   194	  

39. Li Q, Yao Y, Eades G, Liu Z, Zhang Y, Zhou Q. Downregulation of miR-140 

promotes cancer stem cell formation in basal-like early stage breast cancer. Oncogene 

2013. 

40. Guo W, Keckesova Z, Donaher J, et al. Slug and Sox9 cooperatively determine the 

mammary stem cell state. Cell 2012;148(5):1015-28. 

41. Liu S, Clouthier S, Wicha M. Role of microRNAs in the regulation of breast cancer 

stem cells. J Mammary Gland Biol Neoplasia 2012;17(1):15-21. 

42. Shimono Y, Zabala M, Cho RW, et al. Downregulation of miRNA-200c links breast 

cancer stem cells with normal stem cells. Cell 2009;138(3):592-603. 

43. Weigelt B, Peterse JL, van't Veer LJ. Breast cancer metastasis: Markers and models. 

Nat Rev Cancer 2005;5(8):591-602. 

44. Cheung K, Gabrielson E, Werb Z, Ewald A. Collective invasion in breast cancer 

requires a conserved basal epithelial program. Cell 2013;155(7):1639-51. 

45. Hall A. The cytoskeleton and cancer. Cancer Metastasis Rev 2009;28(1-2):5-14. 

46. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin 

Invest 2009;119(6):1420-8. 

47. Ellis L, Fidler I. Angiogenesis and breast cancer metastasis. The Lancet 

1995;346(8972):388-90. 

48. Matrone MA, Whipple RA, Thompson K, et al. Metastatic breast tumors express 

increased tau, which promotes microtentacle formation and the reattachment of detached 

breast tumor cells. Oncogene 2010;29(22):3217-27. 



	   195	  

49. Zhang XH-, Giuliano M, Trivedi MV, Schiff R, Osborne CK. Metastasis dormancy in 

estrogen Receptor α Positive breast cancer. Clinical Cancer Research 2013;19(23):6389-

97. 

50. Human Genome SC. Finishing the euchromatic sequence of the human genome. 

Nature 2004;431(7011):931-45. 

51. Pennisi E. ENCODE project writes eulogy for junk DNA. Science 

2012;337(6099):1159-61. 

52. Bartel DP. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 

2004;116(2):281-97. 

53. Bartel DP. MicroRNAs: Target recognition and regulatory functions. Cell 

2009;136:215-33. 

54. Kim VN. MicroRNA biogenesis: Coordinated cropping and dicing. Nat Rev Mol Cell 

Biol 2005;6(5):376-85. 

55. Winter J, Jung S, Keller S, Gregory RI, Diederichs S. Many roads to maturity: 

microRNA biogenesis pathways and their regulation. Nat Cell Biol 2009;11(3):228-34. 

56. Yan M, Huang H, Wang T, et al. Dysregulated expression of dicer and drosha in 

breast cancer. Pathology & Oncology Research 2012;18(2):343-8. 

57. Houbaviy HB, Murray MF, Sharp PA. Embryonic stem cell-specific MicroRNAs. 

Dev Cell 2003;5(2):351-8. 

58. Suh M, Lee Y, Kim JY, et al. Human embryonic stem cells express a unique set of 

microRNAs. Dev Biol 2004;270(2):488-98. 

59. Bernstein E, Kim SY, Carmell MA, et al. Dicer is essential for mouse development. 

Nat Genet 2003;35(3):215-7. 



	   196	  

60. Yekta S, Shih I-, Bartel DP. MicroRNA-directed cleavage of HOXB8 mRNA. 

Science 2004;304(5670):594-6. 

61. Coolen M, Bally-Cuif L. MicroRNAs in brain development and physiology. Curr 

Opin Neurobiol 2009;19(5):461-70. 

62. Baltimore D, Boldin MP, O'Connell R,M., Rao DS, Taganov KD. MicroRNAs: New 

regulators of immune cell development and function. Nat Immunol 2008;9(8):839-45. 

63. Kluiver J, Kroesen B, Poppema S, van dB. The role of microRNAs in normal 

hematopoiesis and hematopoietic malignancies. Leukemia 2006;20(11):1931-6. 

64. Calin GA, Dumitru CD, Shimizu M, et al. Frequent deletions and down-regulation of 

micro- RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia. Proc 

Natl Acad Sci U S A 2002;99(24):15524-9. 

65. Cimmino A, Calin GA, Fabbri M, et al. miR-15 and miR-16 induce apoptosis by 

targeting BCL2. Proc Natl Acad Sci U S A 2005;102(39):13944-9. 

66. Johnson SM, Grosshans H, Shingara J, et al. RAS is regulated by the let-7 MicroRNA 

family. Cell 2005;120(5):635-47. 

67. Meng F, Henson R, Hania Wehbe-Janek, Ghoshal K, Jacob ST, Patel T. MicroRNA-

21 regulates expression of the PTEN tumor suppressor gene in human hepatocellular 

cancer. Gastroenterology 2007;133(2):647-58. 

68. Gregory PA, Bert AG, Paterson EL, et al. The miR-200 family and miR-205 regulate 

epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell Biol 

2008;10(5):593-601. 

69. Iorio MV, Ferracin M, Liu C, et al. MicroRNA gene expression deregulation in 

human breast cancer. Cancer Res 2005;65(16):7065-70. 



	   197	  

70. Porkka KP, Pfeiffer MJ, Waltering KK, Vessella RL, Tammela TLJ, Visakorpi T. 

MicroRNA expression profiling in prostate cancer. Cancer Res 2007;67(13):6130-5. 

71. Yanaihara N, Caplen N, Bowman E, et al. Unique microRNA molecular profiles in 

lung cancer diagnosis and prognosis. Cancer Cell 2006;9(3):189-98. 

72. Murakami Y, Yasuda T, Saigo K, et al. Comprehensive analysis of microRNA 

expression patterns in hepatocellular carcinoma and non-tumorous tissues. Oncogene 

2005;25(17):2537-45. 

73. Luo H, Zhang Z, Zhang X, et al. MicroRNA expression signature in gastric cancer. 

Chin J Cancer Res 2009;21(1):74-80. 

74. Feber A, Xi L, Luketich JD, et al. MicroRNA expression profiles of esophageal 

cancer. J Thorac Cardiovasc Surg 2008;135(2):255-60. 

75. Ciafrè SA, Galardi S, Mangiola A, et al. Extensive modulation of a set of microRNAs 

in primary glioblastoma. Biochem Biophys Res Commun 2005;334(4):1351-8. 

76. Michael MZ, O' Connor SM, van HP, Young GP, James RJ. Reduced accumulation 

of specific MicroRNAs in colorectal Neoplasia11Note: Susan M. O' connor and nicholas 

G. van holst pellekaan contributed equally to this work. Molecular Cancer Research 

2003;1(12):882-91. 

77. Bloomston M, Frankel WL, Petrocca F, et al. MicroRNA expression patterns to 

differentiate pancreatic adenocarcinoma from normal pancreas and chronic pancreatitis. 

JAMA 2007;297(17):1901-8. 

78. Sonoki T, Iwanaga E, Mitsuya H, Asou N. Insertion of microRNA-125b-1, a human 

homologue of lin-4, into a rearranged immunoglobulin heavy chain gene locus in a 



	   198	  

patient with precursor B-cell acute lymphoblastic leukemia. Leukemia 2005;19(11):2009-

10. 

79. Zhang L, Huang J, Yang N, et al. microRNAs exhibit high frequency genomic 

alterations in human cancer. Proc Natl Acad Sci U S A 2006;103(24):9136-41. 

80. Lujambio A, Ropero S, Ballestar E, et al. Genetic unmasking of an epigenetically 

silenced microRNA in human cancer cells. Cancer Res 2007;67(4):1424-9. 

81. Wu M, Jolicoeur N, Li Z, et al. Genetic variations of microRNAs in human cancer 

and their effects on the expression of miRNAs. Carcinogenesis 2008;29(9):1710-6. 

82. Esteller M. Epigenetics in cancer. N Engl J Med 2008;358(11):1148-59. 

83. Baylin SB, Jones PA. A decade of exploring the cancer epigenome â€” biological and 

translational implications. Nat Rev Cancer 2011;11(10):726-34. 

84. Baylin SB. DNA methylation and gene silencing in cancer. Nature Clinical Practice 

Oncology 2005;2:S4. 

85. Jovanovic J, Ronneberg JA, Tost J, Kristensen V. The epigenetics of breast cancer. 

Mol Oncol 2010;4(3):242-54. 

86. Tsai H, Baylin SB. Cancer epigenetics: Linking basic biology to clinical medicine. 

Cell Res 2011;21(3):502-17. 

87. Vrba L, Garbe JC, Stampfer MR, Futscher BW. Epigenetic regulation of normal 

human mammary cell type-specific miRNAs. Genome Res 2011;21(12):2026-37. 

88. Neves R, Scheel C, Weinhold S, et al. Role of DNA methylation in miR-200c/141 

cluster silencing in invasive breast cancer cells. BMC Research Notes 2010;3(1):219. 



	   199	  

89. Eades G, Yao Y, Yang M, Zhang Y, Chumsri S, Zhou Q. miR-200a regulates SIRT1 

expression and epithelial to mesenchymal transition (EMT)-like transformation in 

mammary epithelial cells. J Biol Chem 2011;286(29):25992-6002. 

90. Png KJ, Yoshida M, Zhang XH-, et al. MicroRNA-335 inhibits tumor reinitiation and 

is silenced through genetic and epigenetic mechanisms in human breast cancer. Genes 

Dev 2011;25(3):226-31. 

91. Li D, Zhao Y, Liu C, et al. Analysis of MiR-195 and MiR-497 expression, regulation 

and role in breast cancer. Clinical Cancer Research 2011;17(7):1722-30. 

92. Zhang Y, Yan L, Wu Q, et al. miR-125b is methylated and functions as a tumor 

suppressor by regulating the ETS1 proto-oncogene in human invasive breast cancer. 

Cancer Res 2011;71(10):3552-62. 

93. Lodygin D, Tarasov V, Epanchintsev A, et al. Inactivation of miR-34a by aberrant 

CpG methylation in multiple types of cancer. Cell Cycle 2008;7(16):2591-600. 

94. Yu F, Jiao Y, Zhu Y, et al. MicroRNA 34c gene down-regulation via DNA 

methylation promotes self-renewal and epithelial-mesenchymal transition in breast 

tumor-initiating cells. J Biol Chem 2012;287(1):465-73. 

95. Lehmann U, Hasemeier B, Christgen M, et al. Epigenetic inactivation of microRNA 

gene hsa-mir-9-1 in human breast cancer. J Pathol 2008;214(1):17-24. 

96. Radpour R, Barekati Z, Kohler C, et al. Integrated epigenetics of human breast 

cancer: Synoptic investigation of targeted genes, MicroRNAs and proteins upon 

demethylation treatment. PLoS ONE 2011;6(11):e27355. 



	   200	  

97. de Souza RS, Breiling A, Gupta N, et al. Epigenetically deregulated microRNA-375 

is involved in a positive feedback loop with estrogen receptor α in breast cancer cells. 

Cancer Res 2010;70(22):9175-84. 

98. Hsu P, Deatherage DE, Rodriguez BAT, et al. Xenoestrogen-induced epigenetic 

repression of microRNA-9-3 in breast epithelial cells. Cancer Res 2009;69(14):5936-45. 

99. Chang S, Wang R, Akagi K, et al. Tumor suppressor BRCA1 epigenetically controls 

oncogenic microRNA-155. Nat Med 2011;17(10):1275-82. 

100. Fabbri M, Garzon R, Cimmino A, et al. MicroRNA-29 family reverts aberrant 

methylation in lung cancer by targeting DNA methyltransferases 3A and 3B. Proc Natl 

Acad Sci USA 2007;104(40):15805-10. 

101. Noonan EJ, Place RF, Pookot D, et al. miR-449a targets HDAC-1 and induces 

growth arrest in prostate cancer. Oncogene 2009;28(14):1714-24. 

102. Richly H, Aloia L, Di Croce L. Roles of the polycomb group proteins in stem cells 

and cancer. Cell Death and Dis 2011;2:e204. 

103. Collett K, Eide GE, Arnes J, et al. Expression of enhancer of zeste homologue 2 is 

significantly associated with increased tumor cell proliferation and is a marker of 

aggressive breast cancer. Clinical Cancer Research 2006;12(4):1168-74. 

104. Bachmann IM, Halvorsen OJ, Collett K, et al. EZH2 expression is associated with 

high proliferation rate and aggressive tumor subgroups in cutaneous melanoma and 

cancers of the endometrium, prostate, and breast. Journal of Clinical Oncology 

2006;24(2):268-73. 



	   201	  

105. Guo B, Feng Y, Zhang R, et al. Bmi-1 promotes invasion and metastasis, and its 

elevated expression is correlated with an advanced stage of breast cancer. Molecular 

Cancer 2011;10(1):10. 

106. Iliopoulos D, Lindahl-Allen M, Polytarchou C, Hirsch HA, Tsichlis PN, Struhl K. 

Loss of miR-200 inhibition of Suz12 leads to polycomb-mediated repression required for 

the formation and maintenance of cancer stem cells. Mol Cell 2010;39(5):761-72. 

107. Derfoul A, Juan AH, Difilippantonio MJ, Palanisamy N, Ried T, Sartorelli V. 

Decreased microRNA-214 levels in breast cancer cells coincides with increased cell 

proliferation, invasion and accumulation of the polycomb Ezh2 methyltransferase. 

Carcinogenesis 2011;32(11):1607-14. 

108. Zhang B, Liu X, He J, et al. Pathologically decreased miR-26a antagonizes 

apoptosis and facilitates carcinogenesis by targeting MTDH and EZH2 in breast cancer. 

Carcinogenesis 2011;32(1):2-9. 

109. Adams BD, Furneaux H, White BA. The micro-ribonucleic acid (miRNA) miR-206 

targets the human estrogen receptor-alpha (ERalpha) and represses ERalpha messenger 

RNA and protein expression in breast cancer cell lines. Mol Endocrinol 2007;21(5):1132-

47. 

110. Kondo N, Toyama T, Sugiura H, Fujii Y, Yamashita H. miR-206 expression is 

down-regulated in estrogen receptor α Positive human breast cancer. Cancer Res 

2008;68(13):5004-8. 

111. Zhao J, Lin J, Yang H, et al. MicroRNA-221/222 negatively regulates estrogen 

Receptor α and is associated with tamoxifen resistance in breast cancer. J Biol Chem 

2008;283(45):31079-86. 



	   202	  

112. Di Leva G, Gasparini P, Piovan C, et al. MicroRNA cluster 221-222 and estrogen 

receptor Î± interactions in breast cancer. J Natl Cancer Inst 2010;102(10):706-21. 

113. Pandey DP, Picard D. miR-22 inhibits estrogen signaling by directly targeting the 

estrogen receptor Î± mRNA. Mol Cell Biol 2009;29(13):3783-90. 

114. Xiong J, Yu D, Wei N, et al. An estrogen receptor Î± suppressor, microRNA-22, is 

downregulated in estrogen receptor α-positive human breast cancer cell lines and clinical 

samples. FEBS Journal 2010;277(7):1684-94. 

115. Leivonen S, Makela R, Ostling P, et al. Protein lysate microarray analysis to identify 

microRNAs regulating estrogen receptor signaling in breast cancer cell lines. Oncogene 

2009;28(44):3926-36. 

116. Zhao Y, Deng C, Wang J, et al. Let-7 family miRNAs regulate estrogen receptor 

alpha signaling in estrogen receptor positive breast cancer. Breast Cancer Res Treat 

2011;127(1):69-80. 

117. Rigoutsos I. New tricks for animal MicroRNAs: Targeting of amino acid coding 

regions at conserved and nonconserved sites. Cancer Res 2009;69(8):3245-8. 

118. Spizzo R, Nicoloso MS, Lupini L, et al. miR-145 participates with TP53 in a death-

promoting regulatory loop and targets estrogen receptor-[alpha] in human breast cancer 

cells. Cell Death Differ 2009;17(2):246-54. 

119. Li X, Mertens-Talcott S, Zhang S, Kim K, Ball J, Safe S. MicroRNA-27a indirectly 

regulates estrogen receptor α expression and hormone responsiveness in MCF-7 breast 

cancer cells. Endocrinology 2010;151(6):2462-73. 



	   203	  

120. Adams BD, Cowee DM, White BA. The role of miR-206 in the epidermal growth 

factor (EGF) induced repression of estrogen receptor-α (ERα) signaling and a luminal 

phenotype in MCF-7 breast cancer cells. Molecular Endocrinology 2009;23(8):1215-30. 

121. Hossain A, Kuo MT, Saunders GF. Mir-17-5p regulates breast cancer cell 

proliferation by inhibiting translation of AIB1 mRNA. Mol Cell Biol 2006;26(21):8191-

201. 

122. Yu Z, Wang C, Wang M, et al. A cyclin D1/microRNA 17/20 regulatory feedback 

loop in control of breast cancer cell proliferation. J Cell Biol 2008;182:509-17. 

123. Thomas C, Gustafsson J. The different roles of ER subtypes in cancer biology and 

therapy. Nat Rev Cancer 2011;11(8):597-608. 

124. Al-Nakhle H, Burns PA, Cummings M, et al. Estrogen receptor expression is 

regulated by miR-92 in breast cancer. Cancer Res 2010;70(11):4778-84. 

125. Kovalchuk O, Tryndyak VP, Montgomery B, et al. Estrogen-induced rat breast 

carcinogenesis is characterized by alterations in DNA methylation, histone modifications, 

and aberrant microRNA expression. Cell Cycle 2007;6(16):2010-8. 

126. Lee Y, Lee J, Ho C, et al. miRNA-34b as a tumor suppressor in estrogen-dependent 

growth of breast cancer cells. Breast Cancer Research 2011;13(6):R116. 

127. Bhat-Nakshatri P, Wang G, Collins NR, et al. Estradiol-regulated microRNAs 

control estradiol response in breast cancer cells. Nucleic Acids Res 2009;37(14):4850-61. 

128. Maillot G, Lacroix-Triki M, Pierredon S, et al. Widespread estrogen-dependent 

repression of microRNAs involved in breast tumor cell growth. Cancer Res 

2009;69(21):8332-40. 



	   204	  

129. Xu J, Zhou X, Wong C. Jianzhen xu, xi zhou and chi-wai wong (2011). genome-

wide identification of estrogen receptor alpha regulated miRNAs using transcription 

factor binding data, bioinformatics - trends and methodologies, mahmood A. mahdavi 

(ed.), ISBN: 978-953-307-282-1, InTech, available from: 

Http://Www.intechopen.com/articles/show/title/genome-wide-identification-of-estrogen-

receptor-alpha-regulated-mirnas-using-transcription-factor-bi. Bioinformatics - Trends 

and Methodologies 2011:25. 

130. Castellano L, Giamas G, Jacob J, et al. The estrogen receptor-α-induced microRNA 

signature regulates itself and its transcriptional response. Proc Natl Acad Sci USA 

2009;106(37):15732-7. 

131. Yamagata K, Fujiyama S, Ito S, et al. Maturation of MicroRNA is hormonally 

regulated by a nuclear receptor. Mol Cell 2009;36(2):340-7. 

132. Cochrane D, Cittelly D, Howe E, et al. MicroRNAs link estrogen receptor alpha 

status and dicer levels in breast cancer. Hormones and Cancer 2010;1(6):306-19. 

133. Hoover RN, Hyer M, Pfeiffer RM, et al. Adverse health outcomes in women 

exposed in utero to diethylstilbestrol. N Engl J Med 2011;365(14):1304-14. 

134. Whiteside TL. The tumor microenvironment and its role in promoting tumor growth. 

Oncogene 2008;27(45):5904-12. 

135. Sempere LF, Preis M, Yezefski T, et al. Fluorescence-based codetection with 

protein markers reveals distinct cellular compartments for altered MicroRNA expression 

in solid tumors. Clinical Cancer Research 2010;16(16):4246-55. 



	   205	  

136. Rask L, Balslev E, Jorgensen S, et al. High expression of miR-21 in tumor stroma 

correlates with increased cancer cell proliferation in human breast cancer. APMIS 

2011;119(10):663-73. 

137. Harrow J, Frankish A, Gonzalez JM, et al. GENCODE: The reference human 

genome annotation for the ENCODE project. Genome Res 2012;22(9):1760-74. 

138. Guttman M, Amit I, Garber M, et al. Chromatin signature reveals over a thousand 

highly conserved large non-coding RNAs in mammals. Nature 2009;458(7235):223-7. 

139. Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu Rev 

Biochem 2012;81(1):145-66. 

140. Gupta RA, Shah N, Wang KC, et al. Long non-coding RNA HOTAIR reprograms 

chromatin state to promote cancer metastasis. Nature 2010;464(7291):1071-6. 

141. Hansji H, Leung EY, Baguley BC, FInlay G, Askarian-Amiri M. Keeping abreast 

with long non-coding RNAs in mammary gland development and breast cancer. Frontiers 

in Genetics 2014;5. 

142. Stingl J, Caldas C. Molecular heterogeneity of breast carcinomas and the cancer 

stem cell hypothesis. Nat Rev Cancer 2007;7(10):791-9. 

143. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF. Prospective 

identification of tumorigenic breast cancer cells. Proc Natl Acad Sci USA 

2003;100(7):3983-8. 

144. Kakarala M, Wicha MS. Implications of the cancer stem-cell hypothesis for breast 

cancer prevention and therapy. Journal of Clinical Oncology 2008;26(17):2813-20. 



	   206	  

145. Iliopoulos D, Hirsch HA, Wang G, Struhl K. Inducible formation of breast cancer 

stem cells and their dynamic equilibrium with non-stem cancer cells via IL6 secretion. 

Proc Natl Acad Sci USA 2011;108(4):1397-402. 

146. Yu F, Yao H, Zhu P, et al. Let-7 regulates self renewal and tumorigenicity of breast 

cancer cells. Cell 2007;131(6):1109-23. 

147. Yu F, Deng H, Yao H, Liu Q, Su F, Song E. Mir-30 reduction maintains self-

renewal and inhibits apoptosis in breast tumor-initiating cells. Oncogene 

2010;29(29):4194-204. 

148. Wang Y, Yu Y, Tsuyada A, et al. Transforming growth factor-beta] regulates the 

sphere-initiating stem cell-like feature in breast cancer through miRNA-181 and ATM. 

Oncogene 2011;30(12):1470-80. 

149. Zhu Y, Yu F, Jiao Y, et al. Reduced miR-128 in breast Tumor-Initiating cells 

induces chemotherapeutic resistance via bmi-1 and ABCC5. Clinical Cancer Research 

2011;17(22):7105-15. 

150. Qian P, Banerjee A, Wu Z, et al. Loss of SNAIL regulated miR-128-2 on 

chromosome 3p22.3 targets multiple stem cell factors to promote transformation of 

mammary epithelial cells. Cancer Res 2012;72(22):6036-50. 

151. Zhang X, Wan G, Mlotshwa S, et al. Oncogenic Wip1 phosphatase is inhibited by 

miR-16 in the DNA damage signaling pathway. Cancer Res 2010;70(18):7176-86. 

152. Fillmore CM, Gupta PB, Rudnick JA, et al. Estrogen expands breast cancer stem-

like cells through paracrine FGF/Tbx3 signaling. Proc Natl Acad Sci USA 2010. 



	   207	  

153. Jung J, Park S, Lee S, Seo M, Trosko JE, Kang K. Metformin represses self-renewal 

of the human breast carcinoma stem cells via inhibition of estrogen receptor-mediated 

OCT4 expression. PLoS ONE 2011;6(11):e28068. 

154. Volinia S, Galasso M, Sana ME, et al. Breast cancer signatures for invasiveness and 

prognosis defined by deep sequencing of microRNA. Proc Natl Acad Sci USA 2012. 

155. Zhang Y, Eades G, Yao Y, Li Q, Zhou Q. Estrogen receptor α signaling regulates 

breast tumor-initiating cells by down-regulating miR-140 which targets the transcription 

factor SOX2. J Biol Chem 2012;287(49):41514-22. 

156. Chen Y, Shi L, Zhang L, et al. The molecular mechanism governing the oncogenic 

potential of SOX2 in breast cancer. J Biol Chem 2008;283(26):17969-78. 

157. Leis O, Eguiara A, Lopez-Arribillaga E, et al. Sox2 expression in breast tumours 

and activation in breast cancer stem cells. Oncogene 2012;31(11):1354-65. 

158. Lengerke C, Fehm T, Kurth R, et al. Expression of the embryonic stem cell marker 

SOX2 in early-stage breast carcinoma. BMC Cancer 2011;11(1):42. 

159. Boyer LA, Lee TI, Cole MF, et al. Core transcriptional regulatory circuitry in human 

embryonic stem cells. Cell 2005;122(6):947-56. 

160. Parasramka MA, Ho E, Williams DE, Dashwood RH. MicroRNAs, diet, and cancer: 

New mechanistic insights on the epigenetic actions of phytochemicals. Mol Carcinog 

2012;51(3):213-30. 

161. Ross SA, Davis CD. MicroRNA, nutrition, and cancer prevention. Advances in 

Nutrition: An International Review Journal 2011;2(6):472-85. 

162. Lotan R. Retinoids in cancer chemoprevention. The FASEB Journal 

1996;10(9):1031-9. 



	   208	  

163. Terao M, Fratelli M, Kurosaki M, et al. Induction of miR-21 by retinoic acid in 

estrogen receptor-positive breast carcinoma cells: BIOLOGICAL CORRELATES AND 

MOLECULAR TARGETS. J Biol Chem 2011;286(5):4027-42. 

164. Bishayee A. Cancer prevention and treatment with resveratrol: From rodent studies 

to clinical trials. Cancer Prevention Research 2009;2(5):409-18. 

165. Tili E, Michaille J. Resveratrol, MicroRNAs, inflammation, and cancer. Journal of 

Nucleic Acids 2011;2011. 

166. Singh BN, Shankar S, Srivastava RK. Green tea catechin, epigallocatechin-3-gallate 

(EGCG): Mechanisms, perspectives and clinical applications. Biochem Pharmacol 

2011;82(12):1807-21. 

167. Adams LS, Phung S, Yee N, Seeram NP, Li L, Chen S. Blueberry phytochemicals 

inhibit growth and metastatic potential of MDA-MB-231 breast cancer cells through 

modulation of the phosphatidylinositol 3-kinase pathway. Cancer Res 2010;70(9):3594-

605. 

168. Thangapazham RL, Singh AK, Sharma A, Warren J, Gaddipati JP, Maheshwari RK. 

Green tea polyphenols and its constituent epigallocatechin gallate inhibits proliferation of 

human breast cancer cells in vitro and in vivo. Cancer Lett 2007;245(1):232-41. 

169. Juge N, Mithen RF, Traka M. Molecular basis for chemoprevention by 

sulforaphane: A comprehensive review. Cellular and Molecular Life Sciences 

2007;64(9):1105-27. 

170. Myzak MC, Hardin K, Wang R, Dashwood RH, Ho E. Sulforaphane inhibits histone 

deacetylase activity in BPH-1, LnCaP and PC-3 prostate epithelial cells. Carcinogenesis 

2006;27(4):811-9. 



	   209	  

171. Li Y, Zhang T, Korkaya H, et al. Sulforaphane, a dietary component of 

broccoli/broccoli sprouts, inhibits breast cancer stem cells. Clinical Cancer Research 

2010;16(9):2580-90. 

172. Shan Y, Zhang L, Bao Y, et al. Epithelial-mesenchymal transition, a novel target of 

sulforaphane via COX-2/MMP2, 9/snail, ZEB1 and miR-200c/ZEB1 pathways in human 

bladder cancer cells. J Nutr Biochem 2013;24(6):1062-9. 

173. Bergers G, Benjamin LE. Tumorigenesis and the angiogenic switch. Nat Rev Cancer 

2003;3(6):401-10. 

174. Fidler IJ. The pathogenesis of cancer metastasis: The 'seed and soil' hypothesis 

revisited. Nat Rev Cancer 2003;3(6):453-8. 

175. Seton-Rogers S. Metastasis: Navigating uncharted territory. Nat Rev Cancer 

2012;12(3):151-. 

176. Aigner K, Dampier B, Descovich L, et al. The transcription factor ZEB1 (deltaEF1) 

promotes tumour cell dedifferentiation by repressing master regulators of epithelial 

polarity. Oncogene 2007;26(49):6979-88. 

177. Vandewalle C, Comijn J, De Craene B, et al. SIP1/ZEB2 induces EMT by 

repressing genes of different epithelial cell-cell junctions. Nucleic Acids Res 

2005;33(20):6566-78. 

178. BUCK MB, KNABBE C. TGF-beta signaling in breast cancer. Ann N Y Acad Sci 

2006;1089(1):119-26. 

179. Nistico P, Bissell MJ, Radisky DC. Epithelial-mesenchymal transition: General 

principles and pathological relevance with special emphasis on the role of matrix 

metalloproteinases. Cold Spring Harbor Perspectives in Biology 2012;4(2). 



	   210	  

180. Kowalski PJ, Rubin MA, Kleer CG. E-cadherin expression in primary carcinomas of 

the breast and its distant metastases. Breast Cancer Res 2003;5:R217-222. 

181. Chao Y, Shepard C, Wells A. Breast carcinoma cells re-express E-cadherin during 

mesenchymal to epithelial reverting transition. Molecular Cancer 2010;9(1):179. 

182. Yu Q, Toole BP, Stamenkovic I. Induction of apoptosis of metastatic mammary 

carcinoma cells in vivo by disruption of tumor cell surface CD44 function. J Exp Med 

1997;186(12):1985-96. 

183. Gao D, Nolan DJ, Mellick AS, Bambino K, McDonnell K, Mittal V. Endothelial 

progenitor cells control the angiogenic switch in mouse lung metastasis. Science 

2008;319(5860):195-8. 

184. Lyden D, Young AZ, Zagzag D, et al. Id1 and Id3 are required for neurogenesis, 

angiogenesis and vascularization of tumour xenografts. Nature 1999;401(6754):670-7. 

185. Jin DK, Shido K, Kopp H, et al. Cytokine-mediated deployment of SDF-1 induces 

revascularization through recruitment of CXCR4+ hemangiocytes. Nat Med 

2006;12(5):557-67. 

186. Baffa R, Fassan M, Volinia S, et al. MicroRNA expression profiling of human 

metastatic cancers identifies cancer gene targets. J Pathol 2009;219(2):214-21. 

187. Ma L, Teruya-Feldstein J, Weinberg RA. Tumour invasion and metastasis initiated 

by microRNA-10b in breast cancer. Nature 2007;449(7163):682-8. 

188. Qian B, Katsaros D, Lu L, et al. High miR-21 expression in breast cancer associated 

with poor disease-free survival in early stage disease and high TGF-β. Breast Cancer Res 

Treat 2009;117(1):131-40. 



	   211	  

189. Zhu S, Wu H, Wu F, Nie D, Sheng S, Mo YY. MicroRNA-21 targets tumor 

suppressor genes in invasion and metastasis. Cell Res 2008;18(3):350-9. 

190. Song B, Wang C, Liu J, et al. MicroRNA-21 regulates breast cancer invasion partly 

by targeting tissue inhibitor of metalloproteinase 3 expression. Journal of Experimental & 

Clinical Cancer Research 2010;29(1):29. 

191. Zhang N, Wang X, Huo Q, et al. MicroRNA-30a suppresses breast tumor growth 

and metastasis by targeting metadherin. Oncogene 2014;33(24):3119-28. 

192. Dedes KJ, Natrajan R, Lambros MB, et al. Down-regulation of the miRNA master 

regulators drosha and dicer is associated with specific subgroups of breast cancer. Eur J 

Cancer 2011;47(1):138-50. 

193. Foekens JA, Sieuwerts AM, Smid M, et al. Four miRNAs associated with 

aggressiveness of lymph node-negative, estrogen receptor-positive human breast cancer. 

Proc Natl Acad Sci USA 2008;105(35):13021-6. 

194. Rothe F, Ignatiadis M, Chaboteaux C, et al. Global MicroRNA expression profiling 

identifies MiR-210 associated with tumor proliferation, invasion and poor clinical 

outcome in breast cancer. PLoS ONE 2011;6(6):e20980. 

195. Camps C, Buffa FM, Colella S, et al. Hsa-miR-210 is induced by hypoxia and is an 

independent prognostic factor in breast cancer. Clinical Cancer Research 

2008;14(5):1340-8. 

196. Buffa FM, Camps C, Winchester L, et al. microRNA-associated progression 

pathways and potential therapeutic targets identified by integrated mRNA and microRNA 

expression profiling in breast cancer. Cancer Res 2011;71(17):5635-45. 



	   212	  

197. Sempere LF, Christensen M, Silahtaroglu A, et al. Altered MicroRNA expression 

confined to specific epithelial cell subpopulations in breast cancer. Cancer Res 

2007;67(24):11612-20. 

198. Heneghan HM, Miller N, Lowery AJ, Sweeney KJ, Newell J, Kerin MJ. Circulating 

microRNAs as novel minimally invasive biomarkers for breast cancer. Ann Surg 

2010;251(3). 

199. Rosenfeld N, Aharonov R, Meiri E, et al. MicroRNAs accurately identify cancer 

tissue origin. Nat Biotech 2008;26(4):462-9. 

200. Bishop JA, Benjamin H, Cholakh H, Chajut A, Clark DP, Westra WH. Accurate 

classification of Non Small cell lung carcinoma using a novel MicroRNA-based 

approach. Clinical Cancer Research 2010;16(2):610-9. 

201. Lebanony D, Benjamin H, Gilad S, et al. Diagnostic assay based on hsa-miR-205 

expression distinguishes squamous from nonsquamous Non Small-cell lung carcinoma. 

Journal of Clinical Oncology 2009;27(12):2030-7. 

202. Wang F, Zheng Z, Guo J, Ding X. Correlation and quantitation of microRNA 

aberrant expression in tissues and sera from patients with breast tumor. Gynecol Oncol 

2010;119(3):586-93. 

203. Roth C, Rack B, Muller V, Janni W, Pantel K, Schwarzenbach H. Circulating 

microRNAs as blood-based markers for patients with primary and metastatic breast 

cancer. Breast Cancer Research 2010;12(6):R90. 

204. Wu Q, Lu Z, Li H, Lu J, Guo L, Ge Q. Next-generation sequencing of MicroRNAs 

for breast cancer detection. Journal of Biomedicine and Biotechnology 2011;2011. 



	   213	  

205. Zhao H, Shen J, Medico L, Wang D, Ambrosone CB, Liu S. A pilot study of 

circulating miRNAs as potential biomarkers of early stage breast cancer. PLoS ONE 

2010;5(10):e13735. 

206. Heneghan HM, Miller N, Kelly R, Newell J, Kerin MJ. Systemic miRNA-195 

differentiates breast cancer from other malignancies and is a potential biomarker for 

detecting noninvasive and early stage disease. Oncologist 2010;15:673-82. 

207. Appaiah H, Goswami C, Mina L, et al. Persistent upregulation of U6:SNORD44 

small RNA ratio in the serum of breast cancer patients. Breast Cancer Research 

2011;13(5):R86. 

208. Pigati L, Yaddanapudi SCS, Iyengar R, et al. Selective release of MicroRNA species 

from normal and malignant mammary epithelial cells. PLoS ONE 2010;5(10):e13515. 

209. Duan R, Pak C, Jin P. Single nucleotide polymorphism associated with mature miR-

125a alters the processing of pri-miRNA. Hum Mol Genet 2007;16(9):1124-31. 

210. Li W, Duan R, Kooy F, Sherman SL, Zhou W, Jin P. Germline mutation of 

microRNA-125a is associated with breast cancer. J Med Genet 2009;46(5):358-60. 

211. Nicoloso MS, Sun H, Spizzo R, et al. Single-nucleotide polymorphisms inside 

MicroRNA target sites influence tumor susceptibility. Cancer Res 2010;70(7):2789-98. 

212. Zhang L, Liu Y, Song F, et al. Functional SNP in the microRNA-367 binding site in 

the 3â€²UTR of the calcium channel ryanodine receptor gene 3 (RYR3) affects breast 

cancer risk and calcification. Proc Natl Acad Sci USA 2011;108(33):13653-8. 

213. Leaderer D, Hoffman AE, Zheng T, et al. Genetic and epigenetic association studies 

suggest a role of microRNA biogenesis gene exportin-5 (XPO5) in breast tumorigenesis. 

Int J Mol Epidemiol Genet 2011;2(1):9-18. 



	   214	  

214. Wang V, Wu W. MicroRNA-based therapeutics for cancer. BioDrugs 

2009;23(1):15-23. 

215. Sachdeva M, Zhu S, Wu F, et al. p53 represses c-myc through induction of the 

tumor suppressor miR-145. Proc Natl Acad Sci USA 2009;106(9):3207-12. 

216. Sachdeva M, Mo Y. MicroRNA-145 suppresses cell invasion and metastasis by 

directly targeting mucin 1. Cancer Res 2010;70(1):378-87. 

217. Xu N, Papagiannakopoulos T, Pan G, Thomson JA, Kosik KS. MicroRNA-145 

regulates OCT4, SOX2, and KLF4 and represses pluripotency in human embryonic stem 

cells. Cell 2009;137(4):647-58. 

218. Kim S, Oh J, Shin J, et al. Development of microRNA-145 for therapeutic 

application in breast cancer. J Controlled Release 2011;155(3):427-34. 

219. Ma L, Reinhardt F, Pan E, et al. Therapeutic silencing of miR-10b inhibits 

metastasis in a mouse mammary tumor model. Nat Biotech 2010;28(4):341-7. 

220. Leonard GD, Swain SM. Ductal carcinoma in situ, complexities and challenges. J 

Natl Cancer Inst 2004;96(12):906-20. 

221. Ernster VL, Ballard-Barbash R, Barlow WE, et al. Detection of ductal carcinoma in 

situ in women undergoing screening mammography. J Natl Cancer Inst 

2002;94(20):1546-54. 

222. Poller DN, Barth A, Slamon DJ, et al. Prognostic classification of breast ductal 

carcinoma-in-situ. The Lancet 1995;345(8958):1154-7. 

223. Solin LJ, Yeh I, Kurtz J, et al. Ductal carcinoma in situ (intraductal carcinoma) of 

the breast treated with breast-conserving surgery and definitive irradiation correlation of 

pathologic parameters with outcome of treatment. Cancer 1993;71(8):2532-42. 



	   215	  

224. Lennington WJ, Jensen RA, Dalton LW, Page DL. Ductal carcinoma in situ of the 

breast. heterogeneity of individual lesions. Cancer 1994;73(1):118-24. 

225. Fisher B, Land S, Mamounas E, Dignam J, Fisher ER, Wolmark N. Prevention of 

invasive breast cancer in women with ductal carcinoma in situ: An update of the national 

surgical adjuvant breast and bowel project experience. Semin Oncol 2001;28(4):400-18. 

226. Houghton J. Radiotherapy and tamoxifen in women with completely excised ductal 

carcinoma in situ of the breast in the UK, australia, and new zealand: Randomized 

controlled trial. The Lancet 2003;362(9378):95-102. 

227. Fillmore C, Kuperwasser C. Human breast cancer cell lines contain stem-like cells 

that self-renew, give rise to phenotypically diverse progeny and survive chemotherapy. 

Breast Cancer Research 2008;10(2):R25. 

228. Honeth G, Bendahl P, Ringner M, et al. The CD44+/CD24- phenotype is enriched in 

basal-like breast tumors. Breast Cancer Research 2008;10(3):R53. 

229. Ricardo S, Vieira AF, Gerhard R, et al. Breast cancer stem cell markers CD44, 

CD24 and ALDH1: Expression distribution within intrinsic molecular subtype. J Clin 

Pathol 2011;64(11):937-46. 

230. Charafe-Jauffret E, Ginestier C, Iovino F, et al. Breast cancer cell lines contain 

functional cancer stem cells with metastatic capacity and a distinct molecular signature. 

Cancer Res 2009;69(4):1302-13. 

231. Nakanishi T, Chumsri S, Khakpour N, et al. Side-population cells in luminal-type 

breast cancer have tumour-initiating cell properties, and are regulated by HER2 

expression and signalling. Br J Cancer 2010;102(5):815-26. 



	   216	  

232. Schnitt S. The transition from ductal carcinoma in situ to invasive breast cancer: The 

other side of the coin. Breast Cancer Research 2009;11(1):101. 

233. Kahlert C, Kalluri R. Exosomes in tumor microenvironment influence cancer 

progression and metastasis. Journal of Molecular Medicine 2013;91(4):431-7. 

234. Miller FR, Santner SJ, Tait L, Dawson PJ. MCF10DCIS.com xenograft model of 

human comedo ductal carcinoma in situ. J Natl Cancer Inst 2000;92(14):1185a-1186. 

235. Stingl J, Eirew P, Ricketson I, et al. Purification and unique properties of mammary 

epithelial stem cells. Nature 2006;439(7079):993-7. 

236. Abd El-Rehim D,M., Pinder SE, Paish CE, et al. Expression of luminal and basal 

cytokeratins in human breast carcinoma. J Pathol 2004;203(2):661-71. 

237. Bang C, Thum T. Exosomes: New players in cell-cell communication. Int J 

Biochem Cell Biol 2012;44(11):2060-4. 

238. Fabbri M, Paone A, Calore F, et al. MicroRNAs bind to toll-like receptors to induce 

prometastatic inflammatory response. Proc Natl Acad Sci USA 2012;109(31):E2110-6. 

239. Walter M, Liang S, Ghosh S, Hornsby PJ, Li R. Interleukin 6 secreted from adipose 

stromal cells promotes migration and invasion of breast cancer cells. Oncogene 

2009;28(30):2745-55. 

240. Haigis MC, Sinclair DA. Mammalian sirtuins: Biological insights and disease 

relevance. Annu Rev Pathol 2010;5:253-95. 

241. Zillikens MC, van Meurs JBJ, Rivadeneira F, et al. SIRT1 genetic variation is 

related to BMI and risk of obesity. Diabetes 2009;58(12):2828-34. 

242. Zhang Y, Zhang M, Dong H, et al. Deacetylation of cortactin by SIRT1 promotes 

cell migration. Oncogene 2008;28(3):445-60. 



	   217	  

243. Huffman DM, Grizzle WE, Bamman MM, et al. SIRT1 is significantly elevated in 

mouse and human prostate cancer. Cancer Res 2007;67(14):6612-6618. 

244. Jang KY, Kim KS, Hwang SH, et al. Expression and prognostic significance of 

SIRT1 in ovarian epithelial tumours. Pathology 2009;41(4):366-71. 

245. Imai S, Armstrong CM, Kaeberlein M, Guarente L. Transcriptional silencing and 

longevity protein Sir2 is an NAD-dependent histone deacetylase. Nature 

2000;403(6771):795-800. 

246. O'Hagan HM, Mohammad HP, Baylin SB. Double strand breaks can initiate gene 

silencing and SIRT1-dependent onset of DNA methylation in an exogenous promoter 

CpG island. PLoS Genet 2008;4(8):e1000155. 

247. Vaquero A, Scher M, Erdjument-Bromage H, Tempst P, Serrano L, Reinberg D. 

SIRT1 regulates the histone methyl-transferase SUV39H1 during heterochromatin 

formation. Nature 2007;450(7168):440-4. 

248. Kojima K, Ohhashi R, Fujita Y, et al. A role for SIRT1 in cell growth and 

chemoresistance in prostate cancer PC3 and DU145 cells. Biochem Biophys Res 

Commun 2008;373(3):423-8. 

249. Ford J. Cancer-specific functions of SIRT1 enable human epithelial cancer cell 

growth and survival. Cancer Res 2005;65(22):10457-10463. 

250. Yao Y, Li H, Gu Y, Davidson NE, Zhou Q. Inhibition of SIRT1 deacetylase 

suppresses estrogen receptor signaling. Carcinogenesis 2010;31(3):382-7. 

251. Aoyagi S, Archer TK. Nicotinamide uncouples hormone-dependent chromatin 

remodeling from transcription complex assembly. Mol Cell Biol 2008;28(1):30-9. 



	   218	  

252. Peck B, Chen CY, Ho KK, et al. SIRT inhibitors induce cell death and p53 

acetylation through targeting both SIRT1 and SIRT2. Mol Cancer Ther 2010. 

253. Ota H, Tokunaga E, Chang K, et al. Sirt1 inhibitor, sirtinol, induces senescence-like 

growth arrest with attenuated ras-MAPK signaling in human cancer cells. Oncogene 

2005;25(2):176-85. 

254. Neugebauer RC, Sippl W, Jung M. Inhibitors of NAD+ dependent histone 

deacetylases (sirtuins). Curr Pharm Des 2008;14(6):562-73. 

255. Liu T, Liu PY, Marshall GM. The critical role of the class III histone deacetylase 

SIRT1 in cancer. Cancer Res 2009;69(5):1702-5. 

256. Nemoto S. Nutrient availability regulates SIRT1 through a forkhead-dependent 

pathway. Science 2004;306(5704):2105-2108. 

257. Chen WY, Wang DH, Yen RC, Luo J, Gu W, Baylin SB. Tumor suppressor HIC1 

directly regulates SIRT1 to modulate p53-dependent DNA-damage responses. Cell 

2005;123(3):437-48. 

258. Abdelmohsen K, Pullmann Jr. R, Lal A, et al. Phosphorylation of HuR by Chk2 

regulates SIRT1 expression. Mol Cell 2007;25(4):543-57. 

259. Takamizawa J. Reduced expression of the let-7 MicroRNAs in human lung cancers 

in association with shortened postoperative survival. Cancer Res 2004;64(11):3753-3756. 

260. Voorhoeve PM, le Sage C, Schrier M, et al. A genetic screen implicates miRNA-372 

and miRNA-373 as oncogenes in testicular germ cell tumors. Cell 2006;124(6):1169-81. 

261. Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a repression of SIRT1 regulates 

apoptosis. Proc Natl Acad Sci U S A 2008;105(36):13421-6. 



	   219	  

262. Strum JC, Johnson JH, Ward J, et al. MicroRNA 132 regulates nutritional stress-

induced chemokine production through repression of SirT1. Mol Endocrinol 

2009;23(11):1876-84. 

263. Rane S, He M, Sayed D, et al. Downregulation of MiR-199a derepresses hypoxia-

inducible factor-1{alpha} and sirtuin 1 and recapitulates hypoxia preconditioning in 

cardiac myocytes. Circ Res 2009;104(7):879-86. 

264. Tavazoie SF, Alarcon C, Oskarsson T, et al. Endogenous human microRNAs that 

suppress breast cancer metastasis. Nature 2008;451(7175):147-52. 

265. Bracken CP, Gregory PA, Kolesnikoff N, et al. A double-negative feedback loop 

between ZEB1-SIP1 and the microRNA-200 family regulates epithelial-mesenchymal 

transition. Cancer Res 2008;68(19):7846-54. 

266. Uhlmann S, Zhang JD, Schwager A, et al. miR-200bc/429 cluster targets 

PLCgamma1 and differentially regulates proliferation and EGF-driven invasion than 

miR-200a/141 in breast cancer. Oncogene 2010;29(30):4297-306. 

267. Burk U, Schubert J, Wellner U, et al. A reciprocal repression between ZEB1 and 

members of the miR-200 family promotes EMT and invasion in cancer cells. EMBO Rep 

2008;9(6):582-9. 

268. Martello G, Rosato A, Ferrari F, et al. A MicroRNA targeting dicer for metastasis 

control. Cell 2010;141(7):1195-207. 

269. Vrba L. Role for DNA methylation in the regulation of miR-200c and miR-141 

expression in normal and cancer cells. ONE Alerts 2010. 



	   220	  

270. Herman JG, Graff JR, Myohanen S, Nelkin BD, Baylin SB. Methylation-specific 

PCR: A novel PCR assay for methylation status of CpG islands. Proc Natl Acad Sci USA 

1996;93(18):9821-6. 

271. Oft M, Peli J, Rudaz C, Schwarz H, Beug H, Reichmann E. TGF-beta1 and ha-ras 

collaborate in modulating the phenotypic plasticity and invasiveness of epithelial tumor 

cells. Genes Dev 1996;10(19):2462-77. 

272. Pruitt K, Zinn RL, Ohm JE, et al. Inhibition of SIRT1 reactivates silenced cancer 

genes without loss of promoter DNA hypermethylation. PLoS Genet 2006;2(3):e40. 

273. Suzuki Y, Tsunoda T, Sese J, et al. Identification and characterization of the 

potential promoter regions of 1031 kinds of human genes. Genome Res 2001;11(5):677-

84. 

274. Esteller M. ABERRANT DNA METHYLATION AS A CANCER-INDUCING 

MECHANISM. Annu Rev Pharmacol Toxicol 2005;45(1):629-56. 

275. Lorincz MC, Dickerson DR, Schmitt M, Groudine M. Intragenic DNA methylation 

alters chromatin structure and elongation efficiency in mammalian cells. Nat Struct Mol 

Biol 2004;11(11):1068-75. 

276. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by 

adenosines, indicates that thousands of human genes are MicroRNA targets. Cell 

2005;120(1):15-20. 

277. Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ. miRBase: Tools for 

microRNA genomics. Nucleic Acids Res 2008;36:D154-8. 



	   221	  

278. Lawrie CH, Gal S, Dunlop HM, et al. Detection of elevated levels of tumour-

associated microRNAs in serum of patients with diffuse large B-cell lymphoma. Br J 

Haematol 2008;141(5):672-5. 

279. Hausler SFM, Keller A, Chandran PA, et al. Whole blood-derived miRNA profiles 

as potential new tools for ovarian cancer screening. Br J Cancer 2010;103(5):693-700. 

280. Huang Z, Huang D, Ni S, Peng Z, Sheng W, Du X. Plasma microRNAs are 

promising novel biomarkers for early detection of colorectal cancer. Int J Cancer 

2010;127(1):118-26. 

281. Dumont N, Wilson MB, Crawford YG, Reynolds PA, Sigaroudinia M, Tlsty TD. 

Sustained induction of epithelial to mesenchymal transition activates DNA methylation 

of genes silenced in basal-like breast cancers. Proc Natl Acad Sci USA 

2008;105(39):14867-72. 

282. Siwang Yu BSP, Ah-Ng Kong BSP. Targeting carcinogen metabolism by dietary 

cancer preventive compounds. Current Cancer Drug Targets 2007;7(5):416 - 424. 

283. Ohtsuji M, Katsuoka F, Kobayashi A, Aburatani H, Hayes JD, Yamamoto M. Nrf1 

and Nrf2 play distinct roles in activation of antioxidant response element-dependent 

genes. J Biol Chem 2008;283(48):33554-62. 

284. Fields WR. Expression of stably transfected murine glutathione S-transferase A3-3 

protects against nucleic acid alkylation and cytotoxicity by aflatoxin B1 in hamster V79 

cells expressing rat cytochrome P450-2B1. Carcinogenesis 1999;20(6):1121- 1125. 

285. Dinkova-Kostova AT, Holtzclaw WD, Cole RN, et al. Direct evidence that 

sulfhydryl groups of Keap1 are the sensors regulating induction of phase 2 enzymes that 



	   222	  

protect against carcinogens and oxidants. Proc Natl Acad Sci U S A 2002;99(18):11908-

13. 

286. Wakabayashi N, Dinkova-Kostova AT, Holtzclaw WD, et al. Protection against 

electrophile and oxidant stress by induction of the phase 2 response: Fate of cysteines of 

the Keap1 sensor modified by inducers. Proc Natl Acad Sci U S A 2004;101(7):2040-5. 

287. Kobayashi M, Yamamoto M. Nrf2–Keap1 regulation of cellular defense 

mechanisms against electrophiles and reactive oxygen species. Adv Enzyme Regul 

2006;46(1):113-140. 

288. Niture SK, Kaspar JW, Shen J, Jaiswal AK. Nrf2 signaling and cell survival. 

Toxicol Appl Pharmacol 2010;244(1):37-42. 

289. Kaspar JW, Niture SK, Jaiswal AK. Nrf2:INrf2 (Keap1) signaling in oxidative 

stress. Free Radic Biol Med 2009;47(9):1304-9. 

290. Loignon M, Miao W, Hu L, et al. Cul3 overexpression depletes Nrf2 in breast 

cancer and is associated with sensitivity to carcinogens, to oxidative stress, and to 

chemotherapy. Molecular Cancer Therapeutics 2009;8(8):2432-40. 

291. Singh A, Misra V, Thimmulappa RK, et al. Dysfunctional KEAP1–NRF2 

interaction in non-small-cell lung cancer. PLoS Medicine 2006;3(10):e420. 

292. Lister A, Nedjadi T, Kitteringham NR, et al. Nrf2 is overexpressed in pancreatic 

cancer: Implications for cell proliferation and therapy. Mol Cancer 2011;10:37,4598-10-

37. 

293. Ramos-Gomez M, Kwak M, Dolan PM, et al. Sensitivity to carcinogenesis is 

increased and chemoprotective efficacy of enzyme inducers is lost in nrf2 transcription 

factor-deficient mice. Proc Natl Acad Sci USA 2001;98(6):3410-5. 



	   223	  

294. Khor TO, Huang M, Prawan A, et al. Increased susceptibility of Nrf2 knockout mice 

to colitis-associated colorectal cancer. Cancer Prevention Research 2008;1(3):187-91. 

295. Aoki Y, Hashimoto AH, Amanuma K, et al. Enhanced spontaneous and 

benzo(a)pyrene-induced mutations in the lung of Nrf2-deficient gpt delta mice. Cancer 

Res 2007;67(12):5643-8. 

296. Iida K, Itoh K, Kumagai Y, et al. Nrf2 is essential for the chemopreventive efficacy 

of oltipraz against urinary bladder carcinogenesis. Cancer Res 2004;64(18):6424-31. 

297. Rachakonda G, Sekhar KR, Jowhar D, et al. Increased cell migration and plasticity 

in Nrf2-deficient cancer cell lines. Oncogene 2010;29(25):3703-14. 

298. Shin DH, Park HM, Jung KA, et al. The NRF2-heme oxygenase-1 system modulates 

cyclosporin A-induced epithelial-mesenchymal transition and renal fibrosis. Free Radic 

Biol Med 2010;48(8):1051-63. 

299. Muscarella LA, Barbano R, D'Angelo V, Copetti M, Coco M, Balsamo T, la Torre 

A, Notarangelo A, Troiano M, Parisi S, Icolaro N, Catapano D, Valori VM, Pellegrini F, 

Merla G, Carella M, Fazio VM, Parrella P. Regulation of KEAP1 expression by promoter 

methylation in malignant gliomas and association with patient's outcome. Epigenetics 

2011;3:317. 

300. Zhang P, Singh A, Yegnasubramanian S, et al. Loss of kelch-like ECH-associated 

protein 1 function in prostate cancer cells causes chemoresistance and radioresistance and 

promotes tumor growth. Molecular Cancer Therapeutics 2010;9(2):336-46. 

301. Filipowicz W, Bhattacharyya SN, Sonenberg N. Mechanisms of post-transcriptional 

regulation by microRNAs: Are the answers in sight? Nat Rev Genet 2008;9:102-14. 



	   224	  

302. O'Day E, Lal A. MicroRNAs and their target gene networks in breast cancer. Breast 

Cancer Research 2010;12:201. 

303. Zimmerman AL, Wu S. MicroRNAs, cancer and cancer stem cells. Cancer Lett 

2011;300(1):10-9. 

304. Sato Y, Kobayashi H, Suto Y, et al. Chromosomal instability in chromosome band 

12p13: Multiple breaks leading to complex rearrangements including cytogenetically 

undetectable sub-clones. Leukemia 2001;15(8):1193-1202. 

305. Bagchi A, Mills AA. The quest for the 1p36 tumor suppressor. Cancer Res 

2008;68(8):2551-6. 

306. Sarkar S, Abujamara AL, Loew JE, Forman LW, Perrine SP, Faller DV.  Histone 

deacetylase inhibitors reverse CpG methylation by regulating DNMT1 through ERK 

signaling. Anticancer Res 2011;31(9):2723-32. 

307. Santini V, Gozzini A, Ferrari G. Histone deacetylase inhibitors: Molecular and 

biological activity as a premise to clinical application. Curr Drug Metab 2007;8(4):383-

394. 

308. Tellez CS, Juri DE, Do K, et al. EMT and stem cell-like properties associated with 

miR-205 and miR-200 epigenetic silencing are early manifestations during carcinogen-

induced transformation of human lung epithelial cells. Cancer Res 2011;71(8):3087-97. 

309. Bolton JL, Thatcher GR. Potential mechanisms of estrogen quinone carcinogenesis. 

Chem Res Toxicol 2008;21(1):93-101. 

310. Mense SM, Remotti F, Bhan A, et al. Estrogen-induced breast cancer: Alterations in 

breast morphology and oxidative stress as a function of estrogen exposure. Toxicol Appl 

Pharmacol 2008;232(1):78-85. 



	   225	  

311. Acharya A, Das I, Chandhok D, Saha T. Redox regulation in cancer: A double-

edged sword with therapeutic potential. Oxid Med Cell Longev 2010;3(1):23-34. 

312. Kensler TW, Wakabayashi N. Nrf2: Friend or foe for chemoprevention? 

Carcinogenesis 2010;31(1):90-9. 

313. Havens CG, Ho A, Yoshioka N, Dowdy SF. Regulation of late G1/S phase transition 

and APCCdh1 by reactive oxygen species. Mol Cell Biol 2006;26(12):4701-11. 

314. Nichols J, Zevnik B, Anastassiadis K, et al. Formation of pluripotent stem cells in 

the mammalian embryo depends on the POU transcription factor Oct4. Cell 

1998;95(3):379-91. 

315. Hu J, Guo H, Li H, et al. MiR-145 regulates epithelial to mesenchymal transition of 

breast cancer cells by targeting Oct4. PLoS ONE 2012;7(9):e45965. 

316. Fong H, Hohenstein KA, Donovan PJ. Regulation of self-renewal and pluripotency 

by Sox2 in human embryonic stem cells. Stem Cells 2008;26(8):1931-8. 

317. Rodriguez-Pinilla S, Sarrio D, Moreno-Bueno G, et al. Sox2: A possible driver of 

the basal-like phenotype in sporadic breast cancer. Mod Pathol 2007;20(4):474-81. 

318. Bisson I, Prowse DM. WNT signaling regulates self-renewal and differentiation of 

prostate cancer cells with stem cell characteristics. Cell Res 2009;19(6):683-97. 

319. Bolos V, Blanco M, Medina V, Aparicio G, Prado SD, Grande E. Notch signalling 

in cancer stem cells. Clinical and Translational Oncology 2009;11(1):11,19; 19. 

320. Agathocleous M, Iordanova I, Willardsen MI, et al. A directional wnt/B-catenin-

Sox2-proneural pathway regulates the transition from proliferation to differentiation in 

the xenopus retina. Development 2009;136(19):3289-99. 



	   226	  

321. Jiang J, Chan Y, Loh Y, et al. A core klf circuitry regulates self-renewal of 

embryonic stem cells. Nat Cell Biol 2008;10(3):353-60. 

322. Guan H, Xie L, Leithauser F, et al. KLF4 is a tumor suppressor in B-cell non-

hodgkin lymphoma and in classic hodgkin lymphoma. Blood 2010;116(9):1469-78. 

323. Yu F, Li J, Chen H, et al. Kruppel-like factor 4 (KLF4) is required for maintenance 

of breast cancer stem cells and for cell migration and invasion. Oncogene 2011. 

324. Yang B, Guo H, Zhang Y, Chen L, Ying D, Dong S. MicroRNA-145 regulates 

chondrogenic differentiation of mesenchymal stem cells by targeting Sox9. PLoS ONE 

2011;6(7):e21679. 

325. Spike B, Engle D, Lin J, Cheung S, La J, Wahl G. A mammary stem cell population 

identified and characterized in late embryogenesis reveals similarities to human breast 

cancer. Cell Stem Cell 2012;10(2):183-97. 

326. Grimshaw M, Cooper L, Papazisis K, et al. Mammosphere culture of metastatic 

breast cancer cells enriches for tumorigenic breast cancer cells. Breast Cancer Research 

2008;10(3):R52. 

327. Dontu G, Wicha MS. Survival of mammary stem cells in suspension culture: 

Implications for stem cell biology and neoplasia. J Mammary Gland Biol Neoplasia 

2005;10(1):75-86. 

328. Dontu G, Abdallah WM, Foley JM, et al. In vitro propagation and transcriptional 

profiling of human mammary stem/progenitor cells. Genes Dev 2003;17(10):1253-70. 

329. Bandyopadhyay A, Dong Q, Sun L. Stem/progenitor cells in murine mammary 

gland: Isolation and functional characterization. Methods Mol Biol. 2012;879:179-93. 



	   227	  

330. Lee GY, Kenny PA, Lee EH, Bissell MJ. Three-dimensional culture models of 

normal and malignant breast epithelial cells. Nat Meth 2007;4(4):359-65. 

331. Foulkes WD, Smith IE, Reis-Filho J. Triple-negative breast cancer. N Engl J Med 

2010;363(20):1938-48. 

332. Cho WCS, Chow ASC, Au JSK. MiR-145 inhibits cell proliferation of human lung 

adenocarcinoma by targeting EGFR and NUDT1. RNA Biology 2011;8(1):125-31. 

333. Zaman MS, Chen Y, Deng G, et al. The functional significance of microRNA-145 in 

prostate cancer. Br J Cancer 2010;103(2):256-64. 

334. Zhang J, Guo H, Zhang H, et al. Putative tumor suppressor miR-145 inhibits colon 

cancer cell growth by targeting oncogene friend leukemia virus integration 1 gene. 

Cancer 2011;117(1):86-95. 

335. Chiyomaru T, Enokida H, Tatarano S, et al. miR-145 and miR-133a function as 

tumour suppressors and directly regulate FSCN1 expression in bladder cancer. Br J 

Cancer 2010;102(5):883-91. 

336. Cesana M, Cacchiarelli D, Legnini I, et al. A long noncoding RNA controls muscle 

differentiation by functioning as a competing endogenous RNA. Cell;147(2):358-69. 

337. Tay Y, Kats L, Salmena L, et al. Coding-independent regulation of the tumor 

suppressor PTEN by competing endogenous mRNAs. Cell;147(2):344-57. 

338. Loewer S, Cabili MN, Guttman M, et al. Large intergenic non-coding RNA-RoR 

modulates reprogramming of human induced pluripotent stem cells. Nat Genet 

2010;42(12):1113-7. 



	   228	  

339. Wang Y, Xu Z, Jiang J, et al. Endogenous miRNA sponge lincRNA-RoR regulates 

Oct4, nanog, and Sox2 in human embryonic stem cell self-renewal. Dev Cell 

2013;25(1):69-80. 

340. Gillingham AK, Munro S. The small G proteins of the arf family and their 

regulators. Annu Rev Cell Dev Biol 2007;23(1):579-611. 

341. Hashimoto S, Onodera Y, Hashimoto A, et al. Requirement for Arf6 in breast cancer 

invasive activities. Proc Natl Acad Sci U S A 2004;101(17):6647-52. 

342. Hu B, Shi B, Jarzynka MJ, Yiin J, D'Souza-Schorey C, Cheng S. ADP-ribosylation 

factor 6 regulates glioma cell invasion through the IQ-domain GTPase-activating protein 

1-Rac1-Mediated pathway. Cancer Res 2009;69(3):794-801. 

343. Grossmann AH, Yoo JH, Clancy J, et al. The small GTPase ARF6 stimulates 

{beta}-catenin transcriptional activity during WNT5A-mediated melanoma invasion and 

metastasis. Sci Signal 2013;6(265):ra14. 

344. Muralidharan-Chari V, Hoover H, Clancy J, et al. ADP-ribosylation factor 6 

regulates tumorigenic and invasive properties in vivo. Cancer Res 2009;69(6):2201-9. 

345. Li J, Liu S, Zhou H, Qu L, Yang J. starBase v2.0: Decoding miRNA-ceRNA, 

miRNA-ncRNA and protein-RNA interaction networks from large-scale CLIP-seq data. 

Nucleic Acids Res 2014;42:D92-7. 

346. Wang SF, Bian CF, Yang ZF, et al. miR-145 inhibits breast cancer cell growth 

through RTKN. Int J Oncol 2009;34(5):1461. 

347. John B, Enright AJ, Aravin A, Tuschl T, Sander C, Marks DS. Human MicroRNA 

targets. PLoS Biol 2004;2(11):e363. 



	   229	  

348. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are 

conserved targets of microRNAs. Genome Res 2009;19(1):92-105. 

349. Bauer KM, Hummon AB. Effects of the miR-143/-145 MicroRNA cluster on the 

colon cancer proteome and transcriptome. J Proteome Res 2012;11(9):4744-54. 

350. Valderrama F, Ridley AJ. Getting invasive with GEP100 and Arf6. Nat Cell Biol 

2008;10(1):16-8. 

351. Morishige M, Hashimoto S, Ogawa E, et al. GEP100 links epidermal growth factor 

receptor signalling to Arf6 activation to induce breast cancer invasion. Nat Cell Biol 

2008;10(1):85-92. 

352. Chakrabarti R, Hwang J, Andres Blanco M, et al. Elf5 inhibits the epithelial-

mesenchymal transition in mammary gland development and breast cancer metastasis by 

transcriptionally repressing Snail2. Nat Cell Biol 2012;14(11):1212-22. 

353. Scheel C, Weinberg RA. Cancer stem cells and epithelial-mesenchymal transition: 

Concepts and molecular links. Semin Cancer Biol 2012;22(5):396-403. 

354. de Besa FF, Caetano P, Gerhard R, et al. Cancer stem cells markers CD44, CD24 

and ALDH1 in breast cancer special histological types. J Clin Pathol 2012. 

355. Baylin SB, Ohm JE. Epigenetic gene silencing in cancer - a mechanism for early 

oncogenic pathway addiction? Nat Rev Cancer 2006;6(2):107-16. 

356. Zhang Y, Xia J, Li Q, et al. NRF2 / long noncoding RNA ROR signaling regulates 

mammary stem cell expansion and protects against estrogen genotoxicity. J Biol Chem 

2014. 

357. Al-Hajj M, Becker MW, Wicha M, Weissman I, Clarke MF. Therapeutic 

implications of cancer stem cells. Curr Opin Genet Dev 2004;14:43-7. 



	   230	  

358. Farazi TA, Horlings HM, ten Hoeve JJ, et al. MicroRNA sequence and expression 

analysis in breast tumors by deep sequencing. Cancer Res 2011;71(13):4443-53. 

359. Hangauer MJ, Vaughn IW, McManus MT. Pervasive transcription of the human 

genome produces thousands of previously unidentified long intergenic noncoding RNAs. 

PLoS Genet 2013;9(6):e1003569. 

 
 


