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MicroRNA Regulation of Stem Cell Signaling in Breast Cancer
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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 premalignant 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.

	
  

3	
  

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
Subtype

Prevalence

Immunological
Profile

Tumor
Grade
1-2

P53
Prognosis
mutations

Therapies

<15%

Hormonal
therapy

Luminal A

40%

ER+, PR+, HER2Ki67 low

Luminal B

20%

ER+, PR+, HER2+/Ki67 high

2-3

~30%

Good
Intermediate

Chemotherapy

HER2

15-20%

ER-, PR-, HER2+
Ki67 high

2-3

75%

Poor

Trastuzumab

Basal-like

10-15%

ER-, PR-, HER2Ki67 high

3

90%

Poor

Chemotherapy

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 antibodydependent 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 epithelialto-mesenchymal (EMT) markers. Furthermore, claudin-low tumors are enriched in socalled 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

AC

Doxorubicin Hydrochloride
Cyclophosphamide

Anthracyline antibiotic
Nitrogen alkylating agent

Heart damage
t-AML

AC-T

AC + Paclitaxel

Microtubule stabilizer

Nausea

CAF

AC + Fluorouracil

Pyrimidine Analog

Neurological
damage

CMF*

Cyclophosphamide
Methotrexate
Fluorouracil

Antifolate

Hepatotoxicity

Fluorouracil
Epirubicin Hydrochloride
Cyclophosphamide

Intercalator

Nausea

Microtubule stabilizer

Hematological

FEC

TAC

Docetaxel (Taxotere)
Doxorubicin Hydrochloride
Cyclophosphamide

Adverse Effects

*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 cMyc 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 phosphatidylinositol-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 downregulated 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

postmenopausal women.
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women,

or

aromatase

inhibitors

in

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 semicomplimentary 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 (primiRs) 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
	
  

20	
  

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 hypermethylation 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 (MDAMB-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

26	
  

and

PRC1

recognizes

H3K27me2/3

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. Overexpression 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 miR375 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 coregulatory 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 SRC3), 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 miR221/222 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 miR21 overexpression was restricted to tumor-associated fibroblasts. Rask et al. confirmed
these findings in a later study, again observing miR-21 overexpression in tumorassociated 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 miR200 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 miR495. 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+/CD24breast 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 selfrenewal; 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 welltolerated 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 7,12dimethylbenz(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 selfrenewal 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 wellannotated 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 miR335. 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 wellcontrolled larger cohort studies.
Early detection

	
  

54	
  

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 miR138 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 primiR 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. Rightindirect 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 triplenegative 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). MCF7, 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% Lglutamine. 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
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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. CD44high/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. CD49fhigh/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 ALDHpopulations 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.

	
  

78	
  

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 miR140 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 stemlike 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 stemlike 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., K9H3 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 methyltransferase 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, ARPE19 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 miR200a 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 miR200a promoter (-1574 to +120).
Immunoblotting Whole cell lysates were prepared in cell lysis buffer (50mM TisHcl, 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 (BioRad; 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 overexpression.
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 downregulated 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 miR200c 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/miR141 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.
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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 miR141 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 miR200b/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 miR200a 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.

	
  

99	
  

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 miR200a 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 miR200a 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 (HMET/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 Ecadherin 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

	
  

106	
  

Figure 3.7 SIRT1 regulates E-cadherin via epigenetic modification A., SIRT1 knockdown can restore Ecadherin 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, miR200a 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 transformationassociated 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 ECadherin, 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 miR200a/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 miR141 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 Stransferases (GSTs), γ-glutamylcysteine synthetase, NQO1 (NAD(P)H-quinone
oxidoreductase 1), and glucuronosyl transferases, thus protecting against carcinogeninduced 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 miR200 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 Ecadherin (265)(89). Within the miR-200 family, there are two clusters: miR200b/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 Tcell 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 pLenti4.1EXmiR-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 DualLuciferase 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. qRTPCR 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 paraffinembedded mammary gland tissue sections were prepared for immunohistochemistry
staining. 3 animals from each treatment groups were examined. Polyclonal goat antiKeap1 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 miR200a (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. Cotransfection 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 miR200a 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 miR200a expression vector we observed a decrease in Keap1 mRNA half-life in MDA-MB231 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 miR200a over-expressing breast cancer cell lines was significantly up-regulated (MDA-MB231 >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

	
  

124	
  

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. AntiPCNA 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 treatmentinduced 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 reexpression 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-MB231 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 anchorageindependent 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 = MDAMB-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 cotreated 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
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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 miR200a 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 miR145, 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 Y27632. 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
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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 miR145 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, qRTPCR 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 FACSsorted CD44high/CD24low breast CSCs we found that miR-145 was dramatically downregulated 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, miR145 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 attachmentfree 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 selfrenewal 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
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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 miR145, 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 FirstStrand 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 96well 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). pBabelincRNA-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 nontumorigenic 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-MB231 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 miR145 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.
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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, miR145 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 cotransfection 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-MB231 TNBC cells (Fig 6.4G). Finally, using lentiviral shRNA we knocked down lincRNARoR 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 lincRNA-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 Ecadherin 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 miR145 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 wellestablished 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 miR140 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 miR140 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). Mesenchymallike breast cancer cell lines that have undergone EMT include MDA-MB-231 and HS598T 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.
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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 miR200, 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 selfrenewal 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 miR140/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 miR145 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 miR145/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

	
  

183	
  

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 Ecadherin 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 miR140 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, miR200 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.

	
  

188	
  

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.
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