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ABSTRACT 
 

Title of Dissertation:  A Role for RUNX2 and TAZ In Promoting A Tumorigenic 

Phenotype in Luminal Breast Cancer Cells. 

Jessica L. Brusgard, Doctor of Philosophy, 2014 

Dissertation Directed by:  Antonino Passaniti, Ph.D. 

 
Breast cancer (BC) is the second leading cause of cancer-associated deaths among 

women.  Current strategies aimed at eradicating the primary tumor by targeting the bulk 

population of cells often leads to BC recurrence and metastasis because of intratumoral 

heterogeneity and treatment resistance.  The RUNX2 transcription factor is upregulated 

in early stage luminal BC and is a poor prognostic indicator of patient survival.  

However, the precise mechanisms by which RUNX2 regulates an oncogenic phenotype 

in early stage tumors are not known.  We now show for the first time that RUNX2 

promotes luminal BC cell tumorsphere formation, which was inhibited with a novel 

RUNX2-targeting drug.  RUNX2 associated with the TAZ transcriptional coactivator in 

MCF7 cells to promote a tumorigenic phenotype that was inhibited by siRNA-targeted 

knockdown of TAZ.  TGFβ treatment of cells expressing RUNX2 increased endogenous 

TAZ translocation to the nucleus, a process that was prevented by inhibiting RUNX2.  

This translocation was preceded by disruption of adherens junctions through ectodomain 

shedding of an oncogenic soluble E-Cadherin fragment (80kDa sE-Cad).  RUNX2 

expression increased HER2-mediated tumorsphere formation, which was abrogated after 

treatment with the HER2-targeting agents Herceptin and Lapatinib.  These data support a 

novel role for RUNX2 in promoting early stage tumorigenesis in the context of TGFβ, 

the Hippo signaling mediator TAZ, sE-Cad, and HER2.  Using this signaling pathway to 



 
 

monitor BC cell oncogenic activity will allow us to discover new anti-cancer agents.  

Further characterization of RUNX2-targeted compounds that disrupt this oncogenic 

pathway could have therapeutic potential. 
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CHAPTER 1:  INTRODUCTION TO BREAST CANCER 

 

A. Incidence, Anatomy, Signs and Symptoms, Risk Factors, and Detection 

Breast cancer is the most commonly diagnosed form of cancer in women in the 

United States (1,2).  Despite advancements in early diagnoses and treatment, it remains 

the second leading cause of cancer-associated deaths among women only behind lung 

cancer (Figure 1).  It was estimated that 232,340 new cases would be diagnosed in 2013 

and 39,620 women would die as a result of the disease.   

 The normal breast is composed of fatty tissue surrounding a network of ducts and 

lobules.  Lobules are the glands responsible for producing milk during lactation; while, 

the ducts are responsible for carrying the milk from the lobules to the nipples for infant 

Figure 1.  Estimated New Diagnosed Cancer Cases and 
Estimated Deaths in the United States in 2013.  (Figure 
modified from 1) 
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consumption. The fatty tissue that surrounds the ducts and lobules contains connective 

tissue, blood vessels, and lymphatic vessels that drain to peripheral lymph nodes.  

Approximately 80% of all breast cancers arise in the ducts of the breast and are termed 

ductal carcinoma in situ (DCIS, 1) (Figure 2). These tumors are isolated within the ducts.  

Once tumor cells begin to spread beyond the lining of the duct they are termed invasive 

ductal carcinomas (IDCs).  IDCs have the ability to metastasize and invade local stroma, 

fatty tissue, and lymph nodes.  The remaining 15% of breast cancer tumors arise from the 

lobules and are thus termed lobular carcinoma in situ (LCIS, 1) (Figure 2). Inflammatory 

breast cancers are the least diagnosed form of breast cancer accounting for only 1-3% of 

all diagnoses (2).   

Figure 2.  Anatomy of the Breast.  The breast is composed of ducts and lobules.  LCIS 
originates in the lobules.  DCIS originates in the ducts. (Figure modified from 2)  
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 There are usually no signs or symptoms associated with relatively small and 

benign tumors (1).  However, women performing self breast exams may be able to detect 

a palpable tumor as a lump.  As the breast tumor becomes more aggressive or the mass 

becomes larger it becomes easier to detect the tumor through a breast self exam; still the 

mass often remains painless (1,2).  On rare occasions, women could notice changes to the 

breast which include a thickening of the skin around the area the tumor is located, 

swelling, tenderness, skin irritation, redness, or scales near or around the tumor (1,2).  

Furthermore, changes near the nipple or on the nipple are rarely observed.  However, 

patients may notice ulcerations, retraction, or a spontaneous discharge from the nipple 

(1,2).   

 There are numerous uncontrollable and controllable risk factors (Table 1) 

associated with increased risk for the development of breast cancer. Uncontrollable Risk 

Factors include gender, age, genetics, family history, race/ethnicity, breast density, 

previous diagnosis of a breast lesion, and duration of menstruation (1-3).  Gender and age 

are the two largest uncontrollable risk factors associated with developing breast cancer.  

Although breast cancer is considered to be a disease affecting mainly women, men can be 

diagnosed with breast cancer.  In 2013, it was estimated that 2,240 new diagnoses of 

breast cancer would occur in men (1).  However, compared to the 232,340 new cases in 

women, being a woman is a higher risk factor for developing breast cancer.  Age is the 

second most important factor in developing breast cancer.  Menopausal women over the 

age of 55 have a much higher chance of being diagnosed with breast cancer compared to 

their younger counterparts (2). Inherited genetic mutations are the leading risk factor 

associated with early onset (pre-menopausal) breast cancer.  Mutations within BRCA1 
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and BRCA2 account for a 45-65% increase in the chance of developing breast cancer (1-

3).  Often these tumors are aggressive and observed bilaterally. These genes are 

responsible for 5-10% of all breast cancer diagnoses in women and 4-40% of all breast 

cancer diagnoses in men (1,2). Even if genetic testing reveals no mutations within these 

two breast cancer susceptibility genes, having at least one first degree relative diagnosed 

with breast cancer increases the chance of developing the disease two-fold (2).  Having 

two first degree relatives that were diagnosed with breast cancer increases the risk three-

fold compared to people with no family history of breast cancer (2).  Lastly, developing a 

menstrual cycle early in life and menopause later in life increases one’s risk of 

developing breast cancer compared to someone who had a smaller window of 

menstruation in life.  

Table 1.  Risk Factors Associated with Breast Cancer 
Uncontrollable Risk Factors 

Risk Factor Details 

Gender Female 

Age 
1:8 invasive BC in women < 45 y/o 

2:3 invasive BC in women ≥ 55 y/o 

Genetics 

BRCA1 mutation 
       55-65% increased risk 

       bilateral 

       young women 

BRCA2 mutation  
        45% increased risk 

       bilateral 

       young women 

Family History 

One first degree relative = 2X higher chance of developing BC 

Two first degree relative = 3X higher chance of developing BC 

Race/Ethnicity 
Whites have a higher chance of developing BC 

African-Americans have a higher BC death rate 

Breast density High density = higher risk of BC 
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Table 1.  Risk Factors Associated with Breast Cancer 

Previous diagnosis of 
breast lesions 

1.5-2X higher risk  
       Ductal hyperplasia without atypia 

       Fibroadenoma 

       Sclerosing adenosis 

       Papillomas 

       Radial Scar 

3.5-5X higher risk 
       Atypical ductal hyperplasia 

       Atypical lobular hyperplasia 

Menstruation Early menarche and late menopause increase risk of BC 

Lifestyle related Risk Factors 

Risk Factor Details 

Having Children 
Having no children or first child after 30 y/o slightly increases risk of 
BC 

Birth control Using oral contraceptives slightly increases the risk of BC 

Hormonal therapy 
Combined hormone therapy increases the risk of developing and dying 
from BC 

Breast feeding Lack of breast feeding increases risk of BC 

Alcohol 2-5 drinks daily = 1.5X increased risk of BC 

Obesity  Increased weight increases the risk of developing BC after menopause 

Physical activity Lack of physical activity increases BC risk 

 

 Among the controllable risk factors for the development of breast cancer include 

the age of birthing one’s first child, use of birth control, use of hormonal therapy, breast 

feeding, alcohol consumption, obesity, and physical exercise (1-3).   Having one’s first 

child after the age of 30 increases the risk of developing breast cancer.  In addition, 

choosing not to breast feed also increases the risk of developing breast cancer among 

women.  A lack of physical exercise leading to obesity has been linked as one of the 

biggest controllable risk factors associated with an increased risk in the development of 
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breast cancer.  In addition, it has been suggested that in women who are diagnosed with 

breast cancer, a non-sedentary life increases chances of survival (2).   

 Improvements in early detection since the 1990s have been the main contributing 

factors to the decline of deaths associated with breast cancer (Figure 3) (1).  Early 

detection allows for tumors to be accurately diagnosed and treated before they 

metastasize. In addition to breast self exams, after the age of 50 women are screened 

annually by mammography (1).  Mammography often allows for the detection of tumors 

before they are palpable in a breast self exam or by a physician.  Unfortunately, 

mammography is not very effective for women with dense breasts.  Tumors are harder to 

distinguish from the soft connective tissue (1).  However, newer technology for higher 

risk women is available in the form of MRI (magnetic resonance imaging), which is 

recommended for women with genetic mutations, family history, and other risk factors 

starting at the age of 30 (1).  

Figure 3.  Age-adjusted Cancer Death rates from 1930-2009.  Breast cancer death rates 
have been on a steady decline since the late 1990s as a result of earlier diagnosis.  (Figure 
modified from 1) 
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B. Subtypes and Treatments 

Breast cancer is a very heterogeneous disease encompassing diverse cellular 

phenotypes even among the pathological subtypes (4-6).  Tumors are classified into four 

different categories based on their morphology and their expression of estrogen receptor 

(ER), progesterone receptor (PR), and human epidermal growth factor receptor-2 

(HER2).  The four basic categories of breast cancer are Luminal, HER2-enriched, triple-

negative/basal, and normal-like (5,6,7-9).  Among the subtypes, patient tumors will be 

clinically graded using the TNM staging system.  TNM staging defines the extent of the 

spread of the disease at initial diagnosis. Tumor staging determines the size of the 

primary tumor (T), whether any regional lymph nodes are involved (N), and whether 

there are any metastases detected (M) (1,2).  Once TNM staging has been assigned to a 

tumor, the tumor will be categorized as stage 0 (in situ), stage 1 (early disease), stage 2, 

stage 3, or stage 4 (advanced disease/metastases) (1).     

Luminal breast cancer accounts for the majority of all DCIS diagnoses and is the 

most common subtype of BC observed in postmenopausal women (10,11).  Luminal BCs 

are ER positive, PR positive, and HER2 negative (5,8,9). However, they can be 

subdivided into luminal A and luminal B with luminal B tumors expressing HER2 with 

downregulation of PR (5,8,9).  Luminal A BC is the most commonly diagnosed subtype 

accounting for 50-60% of all diagnoses (8).  Luminal tumors have a low histological 

grade, generally have a good prognosis, respond well to treatment (8), and are observed 

mostly in Caucasian women (10).  The median survival for patients diagnosed with 

luminal A cancer is 2.2 years (8) which is significantly longer than any other subtype.  

Generally, luminal A BCs recur at a very low frequency but they do exhibit a steady 
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recurrence rate over time from initial diagnosis (10).  However, when these tumors do 

recur they recur with a higher incidence in the bone compared to any other subtype 

(8,10,11).  Luminal B tumors account for 10-20% of all BC diagnoses (8).  Compared to 

luminal A BC, they have a higher histological grade, higher proliferative index, and a far 

worse prognosis (8).  The bone is still the most common site of recurrence for this 

subtype, accounting for 30% of all metastases.  The median survival for patients 

diagnosed with luminal B cancer is 1.6 years.  Luminal B tumors have a much higher 

proliferative index than luminal A  and this is thought to be a result of the expression of 

genes responsible for proliferation such as MKI67, HER2, and cyclin B1 (8).   

HER2-enriched tumors account for 15-20% of all BC diagnoses (8).  These 

tumors are characterized as being ER negative, PR negative, but HER2 positive (5,9).  

The HER2 gene is located on chromosome 17 and encodes a member of the epidermal 

growth factor receptor family (10).  HER2-enriched tumors contain amplifications of this 

gene leading to abundant overexpression of HER2 as observed by FISH and IHC (8).  As 

a result of HER2, these tumors tend to express an abundance of genes associated with 

proliferation leading to a high proliferative index (8).  In addition, HER2-enriched tumors 

tend to consist of cells that exhibit increased motility as a result of the expression of 

genes associated with invasion and migration (10).   HER2-enriched tumors also have a 

high histological grade and are indicative of a poor prognosis (5,8). In addition, they tend 

to be diagnosed in younger women (10).  HER2-enriched tumors tend to metastasize with 

higher recurrences observed in the liver and lung (10).  

Triple-negative BC’s (TNBC’s) are classified as such due to lack of expression of 

ER, PR, and HER2 proteins (5,8,9).  These tumors tend to present in patients who are 
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younger in age (BRCA1 mutation) and are of African-American descent (8,10,12).  In 

addition, they tend to be relatively large at diagnosis with a high histological grade and a 

high frequency of local or regional lymph node involvement (5,8).  These tumors also 

tend to have a very high proliferative index and expanding margins (invasive) compared 

to other tumors (8).  Triple-negative tumors prefer to metastasize to the lung compared to 

luminal tumors which metastasize preferentially to the bone (8).  TNBC also tends to 

metastasize to the central nervous system (CNS) more than any other type of BC (10). 

Normal-like tumors account for 5-10% of all BC diagnoses (8).  These tumors are 

the least characterized of all the BC tumor subtypes.  They lack expression of ER, PR, 

and HER2 and therefore could be classified as basal/triple-negative tumors but they lack 

the proliferative markers characteristically observed in basal tumors (8).   

Current BC treatments consist of several options.  Based on the tumor subtype 

and stage a patient could receive one or a combination of potential treatment modalities 

(Table 2).  Treatments for BC are either local or systemic.  Local treatments are 

administered at the site of the tumor without affecting the rest of the body (2).  Systemic 

therapies however are given orally or intravenously (IV) and they affect the whole body 

(2).  Local therapies include surgery and radiation while systemic therapies include 

chemotherapy, hormonal therapy, or targeted therapies (Table 2). Staging and BC 

subtype profile are the most important determinants of how a patient is treated in the 

clinic (12). The ultimate goal of treatment is to eradicate the primary tumor and limit any 

distant metastases from forming in the near or distant future (7). Luminal BCs are often 

the most responsive to treatments such as surgery, radiation, chemotherapy, and 

hormonal therapies (5).  Depending on the staging of the tumors an appropriate treatment 
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modality is chosen by the doctor.  HER2 BC on the other hand is not hormone therapy 

responsive (5).  However, these tumors are often responsive to chemotherapy and can be 

targeted using antibodies to HER2 (trastuzumab) or small molecular inhibitors of HER2 

(lapatinib).  Surgery and radiation are an option for patients with HER2-positive tumors 

depending upon the stage at diagnosis. TNBC/basal tumors are often the most difficult to 

treat (5).  Because of their aggressive nature and lack of any molecular targets, 

chemotherapy, radiation, and surgery are the only available options to treat these patients.   

Table 2. BC Treatment options 

Local 

Option Type Subtypes Side Effects 

Surgical 

Breast 
Conservation 

Lumpectomy, 
Quadrantectomy 

Pain, swelling, tenderness, 
scar tissue, bleeding, 

infection 

Mastectomy 

Simple Mastectomy, Skin-
sparing mastectomy, Modified 

radical mastectomy, radical 
mastectomy 

Pain, breast distortion, 
infection, hematoma, 

seroma 

Radiation 

External Beam 
External beam radiation, 

accelerated breast irradiation, 
3D-conformal radiotherapy 

Swelling, heaviness of 
breast, sunburn like burns, 

fatigue, nerve damage, 
lymphadema 

Brachytherapy Interstitial, Intracavitary 

Redness, bruising, breast 
pain, infection, break-

down of fat tissue, 
weakness of rib cage 

Systemic 

Option Type Subtypes Side Effects 

Chemotherapy 

CAF 
cyclophosphamide, 
doxorubicin, 5-FU 

Hair loss, mouth sores, 
loss or increase in 
appetite, nausea or 

vomiting, low blood cell 
count, increase in 

infections, easy brusing, 
fatigue 

TAC 
docetaxel, doxorubicin, 

cyclophosphamide 

AC --> T 
doxorubicin & 

cyclophosphamide followed 
by docetaxel or paclitaxel 

FEC --> T 
5-FU, epirubicin, 

cyclophosphamide followed 
by docetaxel or paclitaxel 
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Table 2. BC Treatment options 

TC 
docetaxel and 

cyclophosphamide 

TCH 
docetaxel, carboplatin, 

trastuzumab 

Hormonal 

SERMs 
Tamoxifen, Toremifene, 

Fulvestrant 

Fatigue, hot flashes, 
uterine cancer 

(tamoxifen), vaginal 
dryness or discharge, 

mood swings, blood clots 

AI's 
Letrozole, Anastrozole, 

Exemstane 

Muscle pain, joint 
stiffness or pain, 

osteoporosis 

Targeted 

HER2 
Trastuzumab, Ado-

trastuzumab emtansine, 
Pertuxumab, Lapatinib 

Fever, chills, weakness, 
nausea, vomiting, cough, 

diarrhea, headache, 
muscle and bone pain, 

low platelet counts, 
constipation, weaken 

heart function 

mTOR Everolimus 

Mouth sores, diarrhea, 
nausea, fatigue, feeling 

weak or tired, low blood 
counts, shortness of 

breath, cough 

VEGF Bevacizumab 

High blood pressure, 
fatigue, blood clots, low 

white cell counts, 
headaches, mouth sores, 
loos of appetite, diarrhea 

 

C. Metastasis and Epithelial-Mesenchymal Transition (EMT) 

 Early detection and better treatment options have led to an increase in overall 

survival of patients diagnosed with BC (13).  Despite advancements in treatment and 

early detection, once patients present with metastases they are generally incurable. BC 

prefers to metastasize to the bone, lung, and liver (14).  Treatments for metastatic disease 

are palliative.  The five-year relative survival of a patient diagnosed with localized or 

regional disease is 98% and 84% respectively (Figure 4 below) (3).  However, once the 

cancer has spread to distant sites the five-year relative survival of patients drops to 24% 
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(Figure 4 below) (3) and these tumors are untreatable (13).  Therefore, it is essential to 

understand how BC metastasizes at all stages, in order to develop new drugs to eliminate 

metastatic cells and be able to treat patients even with distant disease.   

 The metastatic process is very inefficient.  Tumor cell shedding occurs often but 

less than 0.02% of cells will survive to develop detectable macrometastases (15).  Tumor 

initiation depends on genetic (intrinsic) or microenvironmental changes (extrinsic) within 

a normal epithelial layer (Figure 5A below) resulting in abnormal proliferation of the 

cells, termed dysplasia (Figure 5B below) (16-18).  Tumors that are unable to invade 

locally and are confined by the basement membrane barrier are termed carcinoma in situ 

(Figure 5C below).  The first step in tumor metastasis begins with local invasion (Figure 

Figure 4.  Five year relative survival for women diagnosed with BC.  Breast cancer has a 
high survival rate when diagnosed early (localized and regional disease).  However, once BC 
has metastasized the five year survival rate drops to 24%.  (Data obtained from 2) 
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5D below).  In order to invade locally tumors must be able to cross through the basement 

membrane and local extracellular matrix barriers.  The extracellular matrix is a repository 

of growth factors that are released and used by tumor cells to perpetuate a metastatic 

phenotype (15).  Transforming growth factor-β (TGFβ) has been shown to enhance 

mammary carcinoma intravasation (15) through the promotion of an epithelial-

mesenchymal transition (EMT) (19-21).  An EMT plays a key role in aiding local tumor 

cell invasion and metastasis to distant sites (22).  The EMT is a developmental process 

hijacked by tumors which enables epithelial cells to revert to a more mesenchymal 

phenotype (18,23).  The EMT is thought to be a critical step in the metastatic cascade that 

allow carcinoma cells to acquire the ability to invade and disseminate and resist apoptosis 

and conventional chemotherapy (19,23).  The most widely studied epithelial marker, 

which is downregulated during the EMT transition, is the tumor suppressor E-Cadherin 

(22).  E-Cadherin expression is often silenced and replaced by another adherens junction 

protein, N-Cadherin (18).  Other changes include the downregulation of epithelial 

occludins, claudins, desmoplankin, and cytokeratins (KRT8, KRT18, and KRT19) with a 

concomitant increase in mesenchymal proteins such as vimentin, fibronectin, matrix 

metalloproteinases (MMPs), Snail, and Slug (20,21,24).  Mesenchymal cells also display 

a spindle-shaped morphology with increased invasiveness and are resistant to apoptosis 

(20,21).  

 Intravasation (Figure 5E below) is the process through which locally invasive 

tumor cells enter the blood stream or the lymphatic system (15,19) in order to 

disseminate throughout the body.  Once tumor cells home to specific organs as a result of 

chemoattractant gradients (16), they are able to exit the circulatory or lymphatic system 
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through a process termed extravasation (Figure 5F below).  Luminal BC cells tend to 

home to the bone while HER2, TNBC, and normal-like BCs prefer to metastasize to the 

lung and surrounding viscera (Figure 5G) (14). 

 

Figure 5.  The Metastatic Cascade.  The metastatic cascade begins with a normal epithelial 
sheet (A).  Cells obtain genetic mutations or microenvironmental changes that trigger 
abnormal proliferation (dysplasia) (B) forming a localized tumor termed, carcinoma in situ 
(C).  Further cellular changes allow the cells to invade locally and cross the basement 
membrane to form an invasive carcinoma (D).  These cells are able to enter the blood or 
lymphatic system through intravasation (E) where the tumor cells circulate throughout the 
body.  Using homing gradients, tumor cells will extravasate (F) to distant organs and form 
undetectable micrometastases and lay dormant over time.  Environmental signals trigger 
proliferation of the tumor cells to form macrometastases (G).  Luminal BCs prefer to 
metastasize to the bone whereas, TNBC, HER2, and Normal-like BCs prefer the lung.  
(Figure modified from 17,18) 

 It is believed that at this point tumor cells undergo a reverse phenotype conversion 

referred to as the mesenchymal-epithelial transition (MET).  This process allows 

mesenchymal tumor cells to revert back to their epithelial state and remain dormant as 



15 
 

micrometastases (13) until they receive signals from the surrounding microenvironment 

to initiate proliferation (15,22).  Once tumor cells begin to proliferate they are able to 

form detectable macrometastases (Figure 5G above) (15).  These macrometastases are 

often difficult to treat as they are resistant to available treatment options and are the cause 

of most BC-associated deaths.  Many patients who die as a result of metastatic disease 

often do not have metastases in one location and some of the metastases are detectable 

only after autopsy. In fact, it has been shown that 54-74% of BC patients who died as a 

result of BC presented with bone metastases after death (14).   

D. Emerging roles of E-Cadherin and HER2 in BC 

 For many years, the epithelial-mesenchymal transition (EMT) has been an 

established paradigm in explaining how BC metastasis is regulated.  The EMT hypothesis 

suggests that there is a switch from an epithelial to a mesenchymal morphology by 

altering the expression of key proteins that enable cell survival and metastasis to distant 

organs. However, another emerging hypothesis suggests that tumor cells may disseminate 

from the primary tumor without undergoing an EMT (25-27).  This hypothesis may 

explain how luminal BCs metastasize despite retaining epithelial morphology and initial 

clinical response.  Emerging evidence suggests tumors may not downregulate the classic 

epithelial marker, E-Cadherin, in order to metastasize. Instead, E-Cadherin may be 

proteolytically cleaved at its extracellular domain releasing an oncogenic 80kDa fragment 

that mediates migration and invasion while maintaining epithelial morphology. 

 E-Cadherin is a calcium-dependent classical type 1 transmembrane cadherin 

found in adherens junctions of epithelial cells (28,29).  The structure of the E-Cadherin 

protein consists of a mature peptide that is composed of roughly 730 amino acids (Figure 
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6 below).  The extracellular portion of the protein is composed of five extracellular 

homology domains with the fifth termed the membrane-proximal extracellular domain.  

These extracellular homology domains are responsible for Ca+2 chelation to promote 

homophilic interactions with E-Cadherin molecules on adjacent cells as well to establish 

a tight epithelial sheet and maintain cellular polarity (28). The cytoplasmic domain of E-

Cadherin is essential for the binding of catenin molecules. Most notably, β-catenin, the 

nuclear effector of the Wnt-signaling pathway (28), is bound to the C-terminus of E-

Cadherin, which sequesters it within the cytoplasm and prevents transcriptional activation 

of genes that promote tumorigenesis (28,29).  E-Cadherin also functions as a scaffold for 

other catenin molecules that link to the actin cytoskeleton to promote cell differentiation 

and maintain an epithelial polarity (29).   

 E-Cadherin has been suggested to be a classic tumor suppressor protein and is 

used as a prognostic marker for BC (29).  Normally breast tumors will downregulate E-

Cadherin in preference to N-Cadherin to promote invasion and migration.  The E-

Figure 6.  Protein structure of human E-Cadherin.  Human E-Cadherin is composed of five 
extracellular cadherin homology domains (EC and MPED) and a C-terminal tail.  Full 
length mature E-Cadherin is composed of 728 amino acids and weighs 120 kDa. The EC 
domains are responsible for Ca+2 binding and homophilic interactions with other E-
Cadherin molecules on the same or adjacent epithelial cells.  The C-terminal domain is 
composed of catenin binding sites that provide an anchor for the actin cytoskeleton.  (Figure 
modified from 28) 
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Cadherin gene is located on human chromosome 16 at a site of frequent loss of 

heterozygosity (LOH) in breast tumors (29), which favors a highly metastatic program.  

In addition, E-Cadherin has been shown to be downregulated in breast cancer by 

promoter hypermethylation, germline mutations, somatic mutations, and transcriptional 

silencing by transcription factors Slug and Snail (29,30).  Additionally, studies have 

shown that by restoring the expression of E-Cadherin, late stage tumors can undergo 

reversion of the metastatic phenotype (29).     

 There is also increasing evidence that E-Cadherin may function as an oncogene in 

early stage tumors.  It is suggested that E-Cadherin may not be downregulated in order 

for tumors to metastasize (25-27).  Instead, E-Cadherin is proteolytically cleaved at the 

transmembrane domain releasing the extracellular portion resulting in a fragment termed 

soluble E-Cadherin (sE-Cad) (Figure 7). 

 

Figure 7.  The proteolytic processing of E-Cadherin.  Numbers 1-3 refer to the 3 potential 
cleavage sites on E-Cadherin resulting in multiple oncogenic fragments.  Proteolytic 
cleavage site 1 produces soluble E-Cadherin (sE-Cad) which can be detected in cancer 
patient sera. (Figure modified from 32). 

 sE-Cad has been shown to mediate migration, invasion, and proliferation even as the 

cells maintain epithelial morphology. ADAM proteases and MMPs have been identified 

as the proteases responsible for this proteolytic processing of E-Cadherin (31-41).  sE-

Cad is the most well studied of oncogenic fragments of E-Cadherin; however, there are 
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many other fragments produced which also have been shown to function in an oncogenic 

manner (Table 3).  

Table 3. Proteolytically cleaved fragments of E-Cadherin and their biological 
roles 

E-
Cadherin 
Fragment 

Size 

Responsible 
Protease(s) 

Intracellular 
OR 

Extracellular 
Fragment? 

Fragment Role in Cancer 

17kDa unknown intracellular unknown function 

24kDa caspase-3 intracellular unknown function 

29kDa caspase-3, MMP intracellular unknown function 

33kDa presenilin-1/2 intracellular 
nuclear: inhibit apoptosis, cytosol: 
enhance oncogenic Wnt signaling 

37/38kDa 

ADAM10/15, 
gingipains, fragilysin, 

cathepsins B/L/S, 
MMP2/3/7/9/14, 

plasmin, Kallikrein-7 

intracellular  unknown function 

64kDa cathepsin B/L/S extracellular unknown functional 

80kDa 

ADAM10/15, 
gingipains, fragilysin, 

cathepsins B/L/S, 
MMP2/3/7/9/14, 

plasmin, Kallikrein-7 

extracellular 

Disrupts adherens junctions, disrupts anti-
viral immunity, disrupts cell aggregation, 
promotes invasion, promotes proliferation 

and survival, soluble growth factor 

100kDa calpain 

extracellular 
and 

intracellular 
(lacking C-
terminus) 

Prevent β-catenin binding to the 
cytoplasmic region lowering prostate 

cancer cell survival 

 The sE-Cad cadherin fragment functions in an autocrine and paracrine manner by (1) 

interacting with ErbB receptors to initiate signaling in the absence of a natural ligand or 

(2) interacting with full length E-Cadherin to prevent adherens junction formation 

(Figure 8 below) (32,42).  sE-Cad has been shown to play an oncogenic role or it has 

been proposed as a functional biomarker for many different cancers including but not 

limited to prostate carcinoma, ovarian cancer, gastric cancer, bladder cancer, colorectal 

cancer, melanoma, and non small cell lung cancer (35,39,43-53). In addition, sE-Cad can 
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be isolated from the urine of patients with bladder cancer and in the cyst fluid of patients 

with ovarian cancer. Currently, luminal BCs are treated with surgery and adjuvant 

SERMs or aromatase inhibitors (AIs).  Depending on tumor grade patients may also 

undergo chemotherapy or radiation.  With the high recurrence and metastatic rates of 

luminal BC, these treatments are clearly not sufficient to completely eradicate these 

tumors. However, the ability to target HER2 is a promising area of BC treatment.   

Figure 8.  Oncogenic functions of sE-Cad. Full length E-Cadherin is cleaved at the cell 
surface by MMPs  (1) releasing sE-Cad which is in turn able to bind E-Cadherin complexes 
and disrupt adherens junctions (2).  sE-Cad in turn promotes a feed-forward feedback loop 
to promote the transcription of more MMPs (3) leading to an increased production of sE-
Cad.  sE-Cad is also able to bind HER2 initiating HER2 signaling in the absence of its 
natural ligand (4).  Intracellular fragments of E-Cadherin bring β-catenin to the nucleus to 
initiate Wnt signaling (5).  The end result is an activation of migration, invasion, and 
survival programming.  (Figure modified from 32). 
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 One of the main targets of sE-Cad are the EGFR family receptors, more 

specifically HER2.  HER2 has been implicated in promoting breast cancer, has been 

shown to be amplified in a subset of tumors, and its expression was found in 18-35% of 

breast tumors prior to a transition to a metastatic phenotype (54).  Furthermore, HER2 

has been implicated in promoting a stem-like phenotype in breast tumors (54-58) as well 

as promoting resistance to antiestrogens such as SERMs and AIs (54,59).  Normally 

HER2 must homo/heterodimerize with other members of the EGFR family that bind 

extracellular ligands to initiate intracellular signaling (54).  Work pioneered by Najy has 

shown that sE-Cad binds and dimerizes with ErbB receptors to initiate signaling in the 

absence of natural ligands (37).  E-Cadherin/sE-Cad interacts with HER2 and promotes 

dimerization with HER3/ErbB3 to promote cell survival, cell proliferation, and tumor 

progression (41,42,60-62).   In order to inhibit this signaling it has been suggested that 

using HER2 targeting agents in early stage (luminal) breast tumors may be clinically 

relevant. Early clinical trials have shown promising results using the HER2-targeted 

agent trastuzumab for treatment of luminal BC. A 50% reduction in recurrence rate in 

patients treated with trastuzumab and chemotherapy over patients treated with 

chemotherapy alone was observed (55). Currently, trastuzumab is only approved for use 

in BCs showing amplification of the HER2 gene (FISH) and HER2 protein (IHC). 

Research has shown that a high proportion of ductal carcinoma in situ (DCIS) express 

HER2 prior to a transition to an invasive phenotype.  Ithimakin et al treated luminal A 

and luminal B breast cancer cell lines with trastuzumab and saw an inhibition of 

tumorsphere formation, reduced ALDH expression, depletion of CD44+/CD24- cells, and 

lowering of HER2+ cell populations (55). This research suggests that there may be 
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clinical benefits to treating early disease with HER2-targeted agents even if there is an 

absence of gene amplification.  
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CHAPTER 2:  RUNX2 AND ITS ROLE IN BREAST CANCER 

 

A. An Introduction to the RUNX Family of Transcription Factors 

The RUNX genes are a family of transcription factors originally identified in 

Drosophila (63,64). There are three mammalian RUNX genes encoding the proteins 

RUNX1, RUNX2, and RUNX3.  The RUNX genes control many normal cellular 

processes including hematopoiesis (RUNX1), osteogenesis (RUNX2), and epithelial and 

neuronal development (RUNX3) (64).  RUNX genes encode several evolutionarily 

conserved proteins.  There are four RUNX genes in zebra fish, four in Drosophila, one in 

sea urchins, and one in C. elegans to name a few (63).  High conservation of proteins 

through evolutionary history generally suggests an extremely essential biological 

function.   

The RUNX proteins are members of a heterodimeric complex composed of an α 

and β subunit (Figure 9). 

 

Figure 9.  The RUNX family protein structure.  RUNX2 protein is made up of 
heterodimeric alpha (RUNX protein) and beta (Cbf-β) subunits. Core-binding factor-β 
(Cbf-β) binds the runt domain to promote stable DNA:RUNX interactions.  The QA and 
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VWRPY domains located on RUNX2 are transcriptional repression domains.  NLS:  
nuclear localization signal (orange); NMTS:  nuclear matrix targeting sequence (yellow); 
P1/P2: promoter sites (purple).  (Figure modified from 65,178). 

 The runt domain genes contain the DNA binding α subunit (64,65).  The β 

subunit, consisting of core-binding factor-β (Cbf-β), binds to the runt domain within 

RUNX proteins to help stabilize RUNX-DNA interactions (64,65). In addition, Cbf-β 

protects RUNX proteins from phosphorylation and degradation via the proteasome 

(64,65).  The RUNX proteins share many common functional domains (Figure 9 above).  

The runt domain, which is responsible for binding DNA, is located in the N-terminus of 

the protein and is composed of 128 amino acids (66). The runt domain is the most highly 

conserved domain among members of the RUNX family including the Drosophila 

ortholog runt. Located C-terminal to the runt domain is the nuclear matrix targeting 

signal (NMTS) which is responsible for subnuclear localization of RUNX proteins 

(64,65,67).  This domain is comprised of 38 amino acids (68) folding into a loop-turn-

loop tertiary structure (67).  Mutations within this domain reveal the essential nature of 

its function: without a functional NMTS, RUNX proteins cannot be transactivated or 

localized in foci within the nucleus (68). Mutations within the second loop of the NMTS 

have been shown to inhibit RUNX2 interaction with the nuclear matrix (67) leading to 

compromised gene regulation.  The nuclear localization signal/sequence (NLS) is 

comprised of 9 amino acids (68) and maintains RUNX localization to the nucleus.  

Furthermore, the RUNX C-terminus contains binding sites for corepressors and 

coactivators (64,65), which modulate RUNX activity.  Depending on the cell stimulus or 

the cell type, different modulators of transcription are able to bind the RUNX proteins 

and either enhance or repress transcription.     
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Although RUNX1 is not the largest protein isoform in mammals, it does 

encompass the largest genomic coding and regulatory region of 260kb of DNA, 

comprised of 11 exons (69) encoding 453 amino acids (64). Within cells, RUNX1 

functions to maintain normal hematopoiesis (64).  It is the target of numerous mutations 

and chromosomal translocations in hematological malignancies such as leukemia. In 

most reported cases of leukemia (specifically acute myeloid leukemia, AML) where 

RUNX1 translocations are discovered, there appears to be a dominant negative function 

resulting from the new RUNX1-fusion protein. RUNX1 translocations and mutations are 

seen in AML, blast crisis of chronic myeloid leukemia (CML), and acute lymphoblastic 

leukemia (ALL) (69). There have been a few reports of gain of function mutations in 

RUNX1 as a result of an extra copy of the RUNX1 gene.  This has been reported in 

Down’s Syndrome-related acute megakaryoblastic leukemia (69). RUNX2 knockout 

mice display a wide range of phenotypic abnormalities including, but not limited to, 

megakaryocyte defects, T-cell defects, myeloproliferative diseases, as well as T-cell 

lymphomas (63). New studies have suggested a role for RUNX1 in endochondral 

ossification to mediate fracture healing in bone (70). 

The smallest of the three mammalian RUNX proteins, RUNX3, is also thought to 

be the most primitive in evolutionary history spanning 67kb of DNA and composed of 6 

exons (69) translating to 415 amino acids (64).  Expressed ubiquitously throughout the 

body, it can be found within the epithelia, mesenchyma, blood cells, dorsal root ganglion 

neurons, and predominantly in the gut epithelia (69).  RUNX3 has been shown to be 

essential for proper gut epithelial and neuronal development (71).  RUNX3 is essential 

for proprioceptive neuron axon path finding in the spinal cord and there have also been 
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reports of RUNX3 regulating CD4 silencing in T-cells (63).  Within the gut epithelia, 

inactivation of RUNX3 leads to hyperplasia with a loss of response to transforming 

growth factor-β (TGF-β) inhibition (69) resulting in gastric cancers (71).  Inactivation has 

been described to occur through mutation, epigenetic silencing, hemizygous deletion, or 

cytoplasmic mislocalization.  

The human RUNX2 gene, located on the short arm of chromosome 6 at position 

21 (6p21) (66), encodes the largest family member containing 513 amino acids (64) that 

has unique domains not present in the other mammalian isoforms (RUNX1 and RUNX3); 

one in the N-terminus and one in the C-terminus (Refer to Figure 9).  RUNX2 is 

expressed early in embryonic development in mesenchymal stem cells (68). During 

mouse embryogenesis, RUNX2 mRNA has been detected as early as E11.5 in the limb 

buds and the condensation of the humerus (68).  There is very weak expression observed 

as early as E9.5 in the notochord (68).  RUNX2 is the master regulator of osteoblast 

differentiation and chondrocyte maturation in a process called osteogenesis (64,68).  

RUNX2 controls the commitment of mesenchymal stem cells to the osteoblast lineage 

but when abnormally expressed in adult tissues, it can lead to disease. Haploinsufficiency 

of RUNX2 promotes cleidocranial dysplasia (CCD) (72,73). In addition, there have been 

a few reports of RUNX2 mutations occurring within the runt domain which also result in 

CCD (68).  The oncogenic potential of RUNX2 was first identified from its ability to 

synergize with c-myc in T-cell lymphoma development (71,74). Aberrantly expressed 

RUNX2, normally at non-detectable or low levels in epithelial tissue, is thought to 

promote bone metastasis through activation of genes in malignancies such as breast and 

prostate cancer (71).  These target genes include, but are not limited to, vascular 



26 
 

endothelial growth factor (VEGF), osteopontin (OPN), osteocalcin (OC), and matrix 

metalloproteinases (MMP’s) (71).   The remainder of this dissertation will focus on 

RUNX2.   

B. Normal functions of RUNX2 and its role in Breast Cancer  

 Osteogenesis consists of intramembranous ossification (bone) and endochondral 

ossification (cartilage) (68).  Bone homeostasis is an important process that requires a 

balance between bone formation (osteoblasts) and resorption (osteoclasts).  Osteoblasts 

are responsible for laying down new bone matrix in addition to the mineralization of the 

new bone matrix (75). Osteoblasts also stimulate the differentiation of osteoclasts while 

osteoclasts produce factors that digest the mineralized bone matrix (75).  RUNX2 is a 

master regulator of osteoblast differentiation and osteogenesis.   RUNX2 expression is 

controlled by two promoters: P1 and P2 early in osteoblast differentiation (76).  As 

differentiation progresses RUNX2 protein levels do not increase, but rather, the 

transcriptional activity level increases (76). Experiments in knockout mice show the 

essential role of RUNX2 in bone formation: knockout mice die soon after birth because 

of asphyxiation as a consequence of a lack of skeletal formation (68,75,77,78).  In 

addition, analyses reveal that these mice lack mature osteoblasts and are unable to lay 

down bone matrix or promote osteoclast differentiation.   

 Osteoblasts produce bone matrix and form mineralized bone while osteoclasts 

break down the matrix to resorb bone, therefore, RUNX2 indirectly controls osteoclast 

differentiation.  Receptor activator of nuclear factor kappa-b ligand (RANKL) promotes 

osteoclast maturation and is also a RUNX2 target gene (68).  Cells lacking RUNX2 

express less RANKL and, therefore, there is less osteoclast maturation (68) and less bone 
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resorption. Research has further shown that while endochondral ossification is delayed in 

RUNX2 knockout mice, it does eventually occur (68,79,80).  Therefore, there is 

redundancy and other factors are able to compensate for the lack of RUNX2 during 

endochondral ossification. 

 

Figure 10.  RUNX2 and its role in disease states.  Normal functions of RUNX2 are in yellow 
while diseases RUNX2 has been implicated to play a role are in blue. (Figure modified from 
65) 

 The RUNX2 transcription factor is also a regulator of angiogenesis in bone 

development (81,82) (Figure 10), is expressed in vascularizing adult tissues (83), and 
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promotes tumor metastasis (84,85).  It interacts with its heterodimeric partner, Cbf-β, and 

with hypoxia-inducible factor 1-α (Hif1α) to activate the major angiogenic factor, VEGF 

(86).  RUNX2 is a transcriptional activator of specific target genes that promote 

angiogenesis, such as MMPs (87).  Conversely, it represses the cell cycle inhibitor 

p21Cip1 and increases endothelial cell (EC) or cancer cell proliferation (88,89).  Our 

laboratory has found that glucose metabolism, autocrine IGF-1 signaling, and 

phosphorylation by cyclin-dependent kinases, regulate RUNX2 DNA-binding activity, 

angiogenic target genes, EC proliferation, tube formation, and wound healing (88,90-93).  

However, exposure of EC to hyperglycemia (HG) activated the aldose reductase (AR) 

polyol pathway, which increased oxidative stress and inhibited RUNX2 DNA binding 

(90).   

 Although RUNX2 regulates osteogenesis and angiogenesis (64,76), aberrant 

expression of RUNX2 can lead to disease (Figure 10 above). RUNX2 has been proposed 

as a biomarker in numerous cancers and as a possible indicator of cancer cell metastasis 

to the bone, which results in osteolytic lesions (71,84,85,94-98).  RUNX2 expression 

correlates with unfavorable prognoses in prostate cancer and it has been found to be 

upregulated in both breast and prostate cancers (71,84,93,99-109). In breast and prostate 

cancer cell lines RUNX2 was shown to enhance cell motility and invasion (103,108,110). 

 Unfortunately, many documented RUNX2 functions are cell type-specific making 

it difficult to discern a universal function for RUNX2 in disease progression (176).  In 

MDA-MB-231 breast cancer cells, knockdown of RUNX2 did not affect cell growth and 

proliferation, whereas in MCF7 breast cancer cells RUNX2 enhanced cell proliferation 

upon growth factor deprivation (103). In MCF-10A cells RUNX2 disrupts normal 
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mammary acini formation in suspension culture (98).  Using electron microscopy, an 

absence of lumen formation was noted, possibly due to an increase in cell proliferation, 

decreased apoptosis, and a loss of basement membrane formation which is dependent on 

RUNX2 expression (98).  These phenotypes can be reversed in MDA-MB-231 cells 

using siRNA to deplete RUNX2 (98).  The consensus of data supports an oncogenic 

function for RUNX2 in breast cancer. Much of the research to date has focused on the 

role of RUNX2 in late stage tumors of the triple-negative subtype.  Its role in early stage 

luminal breast cancer has yet to be extensively studied and elucidated.  

C. Transcriptional Regulation by RUNX2 – target genes and cooperating 

cofactors 

 As a DNA-binding factor RUNX2 controls the transcription (through activation 

and repression) of numerous genes important in normal tissue homeostasis. Many of 

these genes are abnormally activated in disease states, including cancers, and enable 

cancer cells to survive and metastasize to distant niches. RUNX2 transcriptional activity 

is regulated through phosphorylation of RUNX2 in response to numerous signaling 

pathways.  These pathways include the TGFβ pathway (67,88,98,112-115), ERK/MAPK 

pathway (88,116,117,127,180), and PI3K signaling (90).  RUNX2 is phosphorylated to 

activate transcription followed by deacetylation, ubiquitination, and degradation via the 

proteosome (88,176). RUNX2 protein turnover is tightly regulated by this process. 

Activation of RUNX2  results in transcription of proteins responsible for TGFβ signaling, 

transcription, cell-cycle, extracellular matrix formation and degradation, translation, cell 

signaling processes, immune function, apoptosis, angiogenesis, and cell adhesion (Table 

4).   
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Table 4.  Runx2 regulated Genes 

Protein category Gene Symbols Gene name 

TGF-β Superfamily 
BMP-2; BMP-3B, 

SOST 
Bone morphogenetic protein-2, bone 
morphogenetic protein-3b, Sclerostin 

Transcriptional 
SNAI1, SNAI2, Sox9,  

ATF6 
Snail1, Snail 2, Sox9, Activating transcription 

factor 6 

Cell-cycle 
CDKN1B, CCND1, 

p21, p14 
p27, cyclin D1, cyclin dependent kinase inhibitor 

1A, cyclin dependent kinase inhibitor 2A 

Extracellular matrix 
BSP1 (OPN), Col10a1, 

PGC, CTGF, OC, 
COL1a2, SH3PXD2A 

bone sialoprotein 1 (osteopontin), Collagen type 
X alpha 1, Pepsinogen C, Connective tissue 

growth factor, Osteocalcin, Type 1 collagen, SH3 
and PX domain-containing protein 2A 

Translational rRNA, EXT1 ribosomal RNA, Exostosin-1 

Proteinases and 
Inhibitors 

MMP9, MMP13, CST7, 
KLK2, HPSE, 

MT1MMP 

matrix metalloproteinase 9, matrix 
metalloproteinase 13, Cystatin F, Kallikrein-2, 

Heparanase, Membrane type 1 matrix 
metalloproteinase 

Cell Signaling  

PIP,  IGFBP5,  
RANKL, PTHrP, 
SPHK1, EDG3, 

RAB3B, RAB43, 
RAB35, Tg, 
Rgs2/4/5/16, 

Gpr23/30/54/64, Gna13, 
Lef1, DUSP1, 

SDC1/2/3, ALP, GPC, 
AXIN2, SMAD3, 

RASD1, FGFR2/3, PSA 

Prolactin-induced protein,  insulin-like growth 
factor-binding protein 5,  Receptor activator of 

nuclear factor kappa-b ligand, Parathyroid 
hormone-related protein, Sphingosine kinase 1, 
Endothelial differentiation GPCR 3, Ras small 

GTPase Rab type, Thyroglobulin, Regulator of G-
protein signaling 2/4/5/16, G-protein coupled 

receptor 23/30/54/64, G-protein subunit alpha-13, 
Lymphoid enhancer-binding factor 1, Dual 

specificity protein phosphatase 1, Syndecan 1/2/3, 
Alkaline phosphatase, Glypican, Axin2, Smad3, 
Dexamethasone-induced ras-related protein 1, 
Fibroblast growth factor receptor 2/3, prostate 

specific antigen 

Immune System and 
Inflammation 

SDF1 (CXCL12), 
LCN2, IL8, OPG, IL11, 

GM-CSF 

stromal cell-derived factor 1, Lipocalin-2, 
Interleukin 8, Osteoprotegerin, Interleukin 11, 
Granulocyte-macrophage colony-stimulating 

factor 

Apoptosis 
Bax, miR23a-27a-24-2, 

BIRC5, Bcl-2 
BCl-2-associated X protein, MicroRNA cluster, 

Survivin, B-cell lymphoma-2 

Angiogenesis VEGF, EDN2 vascular endothelial growth factor, Endothelin 2 

Steroid Metabolism 
CYP11A1, CYP39A1, 

CYP51, Lss, Dhcr7, 
CYP19A1 

Cytochrome P450 39a1, Cytochrome P450 11a1, 
Cytochrome P450 51, Lanosterol synthase, 7-

dehydrocholesterol reductase, aromatase 

Cell Adhesion and 
Cytoskeleton 

PANX3, LGALS3, 
TWF, VCAN 

Pannexin3, Galectin-3, Twinfilin, Versican 
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 In osteoblasts, RUNX2 activates expression of the essential osteogenesis 

signaling factor, bone morphogenetic protein-2 (BMP-2) (118).  BMP-2 is a member of 

the TGFβ superfamily of signaling molecules. It binds to TGFβ receptors, leading to 

activation of intracellular signaling via Smad-dependent and/or Smad-independent 

pathways ultimately resulting in further RUNX2 activation and promotion of a feed-

forward loop.     

 During cancer progression, cancer cells express many bone specific proteins that 

mediate metastasis to the bone.  Some of these proteins are regulated by RUNX2 

transcriptional activity and mediate migration/motility and adhesion.  Bone sialoprotein 

(BSP) and osteopontin (OPN) are two factors that mediate breast cancer metastasis to the 

bone and are activated by RUNX2 in breast cancer cells (94,107).  Using siRNA 

technology, Reufsteck et al were able to demonstrate that targeting BSP and OPN 

drastically inhibits migration of MDA-MB-231 breast cancer cells when injected into 

athymic nude mice (107).  In prostate cancer, RUNX2 has been shown to upregulate 

genes not only associated with increased migration but genes associated with 

angiogenesis, epithelial-mesenchymal-transition (EMT), membrane trafficking/secretion, 

and osteolysis (119).  RUNX2 upregulates secreted factors and cytokines including 

PTHrP, IL8, CSF2, and SDF-1 (99,100).  RUNX2 also upregulates MMP9, MMP13, 

VEGF, osteopontin, CST7, Sox9, SNAI2, Smad3, SDC2, Twinfilin, and SH3PXD2A 

(94,99,100).   RUNX2 upregulates MMPs during cancer progression to promote cell 

migration from primary tumor sites.  MMP13 and MMP9 are two common MMP’s 

upregulated by RUNX2 to mediate cancer cell invasion and metastasis (64,120-124).  
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 Regulation of gene expression requires a transcriptional complex composed of 

RNA polymerase, transcription factors, and corepressors or coactivators.  RUNX2 C-

terminal domain contains many binding sites for both corepressors and coactivators 

(Figure 11). RUNX2 is regulated by the TGFβ signaling pathway and interacts with 

Smad transcription factors to activate transcription of genes promoting osteoblast 

differentiation and tumor formation (77,78,112,115). One group of proteins that function 

as strong corepressors of RUNX2 are histone deacetylases (HDACs).  In osseous cells, 

HDAC1 was shown to interact with RUNX2 to inhibit ribosomal RNA (rRNA) gene 

expression (125,126) thus inhibiting cellular proliferation and protein synthesis.  

Knockout of HDAC1 was shown to alleviate the RUNX2-mediated repression of rRNA 

expression resulting in an increase in cell proliferation and overall protein synthesis 

(125,126).    

 In prostate cancer, the forkhead box O (FoxO1) protein was found to be a 

corepressor of RUNX2 (127).  Inhibition of RUNX2 by upregulation of PTEN or FoxO1 

protein inhibited prostate cancer cell migration and invasion.  In prostate cancer 

Figure 11.  Interacting cofactors for RUNX2.  Cofactors which are known to interact with 
RUNX2 to modulate transcriptional activity.  TAZ interacts with RUNX2 at the C-terminal 
PPxY motif.  Smad proteins bind near the TAZ interaction domains.  (Figure modified 
from 65,67). 
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specimens, immunohistochemistry revealed an inverse relationship between RUNX2 and 

FoxO1 nuclear localization (127).  PTEN inactivating mutations are often seen in prostate 

cancer (127) and therefore would potentiate RUNX2 activity to promote prostate cancer 

cell migration and invasion.   

 While some cofactors function as coactivators or corepressors some are also able 

to function as both in a gene-dependent manner.  Purcell et al used a doxycycline-

regulated RUNX2 expression system in C4-2B prostate cancer cells to show that G9a 

(histone methyltransferase) is able to function as a corepressor for several RUNX2 target 

genes including MMP9, CSF2, SDF1, and CST7 (106).  However, G9a also functions as 

a coactivator for RUNX2 transcription of MMP13 and PIP in the C4-2B prostate cancer 

cell line (106). 

D.  Hippo Tumor Suppressor pathway and TAZ  

One of the best studied transcriptional co-regulators of RUNX2 is the 

transcriptional coactivtor TAZ, which mediates osteoblast differentiation.  TAZ is the 

nuclear effector kept under tight control by the Hippo tumor suppressor pathway. The 

Hippo tumor suppressor signaling pathway (Figure 12 below) was first identified in 

Drosophila as a signaling cascade essential in modulating organ and body size during 

development (128).  Although upstream signaling that modulates the Hippo pathway is 

poorly understood, it has been determined that cell:cell contact can activate this pathway, 

thus inhibiting cellular proliferation and growth, while promoting apoptosis (128-130).  

Abnormally large organs as well as enlarged body sizes are a result of pathway 

deregulation (131).  Over the past few years, it has become increasingly clear that there is 

crosstalk between the Hippo pathway and other developmentally essential pathways 
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including the Wnt, Notch, and TGFβ signaling pathways (128,132-134).  Dysregulation 

of Hippo signaling can affect these other pathways and lead to disease.   

Figure 12.  The Mammalian Hippo Tumor Suppressor Pathway.   Upstream cell:cell adhesion 
activates Hippo pathway signaling.  Tight cell:cell contacts lead to YAP/TAZ phosphorylation 
by Lats kinase.  P-YAP/TAZ leads to cytoplasmic retention either bound to 14-3-3 or 
polyubiquitination and proteosomal degradation.  Inhibition of Hippo signaling (loss of 
cell:cell contacts) lead to nuclear translocation of YAP/TAZ to modulate transcription of 
target genes regulating cellular proliferation and apoptosis.  (Figure modified from 179) 
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The Hippo pathway in mammals contains an evolutionary conserved core set of 

proteins which function as tumor suppressors (Figure 12 above) (129,135). The core 

proteins are composed of two serine/threonine kinases, two adapter proteins, and 

transcriptional co-activators.  The core components of this pathway include Mammalian 

Sterile 20-like Kinase (Mst), WW45, Large Tumor Suppressor (Lats), Mob, WW-domain 

containing transcriptional modulator (TAZ), and Yes-Associated Protein (YAP) 

(129,136). Upstream of these core proteins, the pathway is regulated by cellular adhesion.  

When cell:cell contacts are strong, the Hippo pathway is activated and Mst kinase 

phosphorylates WW45 and Mob increasing the affinity between WW45, Mst, Mob, and 

Lats.  Once WW45 binds Mst, Mst is able to bind Lats (bound to Mob) and 

phosphorylate it on two residues (S909 and T1079), thus activating the Lats kinase.  Once 

Lats is activated it phosphorylates TAZ (S89) or YAP (S127) at a key serine residues 

which sequesters TAZ and YAP in the cytosol associated with 14-3-3 (131,136). 

Phosphorylation on a different serine residue (S381 for YAP, S311 for TAZ) recruits a 

ubiquitin ligase (SCFβ-TrCP) resulting in ubiquitination of YAP and TAZ leading to their 

proteosomal degradation (Figure 12 above) (128,135,137).  When cell:cell contacts are 

disrupted, the Hippo pathway is inactivated leading to YAP and TAZ translocalization to 

the nucleus where they interact with transcription factors to promote cell proliferation, 

survival, and prevent apoptosis (136).  The remaining part of this dissertation will focus 

on the functions and regulation of TAZ in the context of RUNX2 biological activity.   

Over the past few years there has been an increased interest in understanding the 

Hippo pathway as it pertains to disease.  It has been found that Hippo signaling is 

deregulated in a host of cancers leading to abnormal nuclear localization of TAZ.  It is 
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estimated that about 50% of breast cancers exhibit hypermethylation of the LATS1/2 

promoters resulting in lack of phosphorylated TAZ and thus its nuclear translocation 

(128,129).  In addition, TAZ itself was shown to be upregulated in 21% of primary breast 

tumors (136,138).   

 TAZ, WW-domain containing transcriptional activator with a PDZ-binding motif 

(WWTR1), has a similar structure and function as its homologue, YAP (128,139) 

(Figure 13).  The WW-domain found on TAZ enables it to interact with numerous 

transcription factors including, but not limited to RUNX2, HIF1α, p73, Smads, and 

TEAD via their PPxY motifs (134,135,138-143).  Interaction with these transcription 

factors in the context of breast cancer has been shown to mediate an EMT, to confer 

cancer stem cell-like properties on breast cells, promote migration, promote invasion, 

Figure 13.  Protein Structures of Mammalian YAP and TAZ proteins.  There are two 
known YAP isoforms: YAP1 (1-WW domain, not pictured) and YAP2 (2-WW domains, 
pictured above).  Their paralogue, TAZ contains 1-WW domain.  The WW-domain 
interacts with the PPxY motif found on target proteins and transcription factors such as 
RUNX2.  The C-terminal PDZ-binding motif leads to interactions with transmembrane and 
cytoskeletal proteins.  (Figure modified from 135) 
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increase tumorigenesis, confer drug resistance, and increase bone metastasis 

(137,138,140,145-149).  During osteogenesis, TAZ is an obligatory cofactor for RUNX2 

to promote osteoblast differentiation (139,141) but whether these two factors function 

cooperatively in breast cancer has not been elucidated despite their similar roles in 

promoting progression and tumorigenesis in breast cancer.  

Therefore, we propose that RUNX2 and TAZ promote a tumorigenic phenotype 

in early stage luminal breast cancer cells through the activation of soluble E-Cadherin 

and the HER2-mediated signaling pathway.  Blockade of these pathways will result in 

therapeutic modulation of the tumorigenic phenotype.  The following Specific Aims will 

be used to test the above hypothesis:   

Specific Aim 1:  To define the role of RUNX2 and TAZ in promoting anchorage-

independent growth and breast cancer cell tumorsphere formation in suspension.   

Specific Aim 2:  To determine how RUNX2 expression results in production of 

soluble E-Cadherin (sE-Cad) and increased tumorsphere formation. 

Specific Aim 3:  To determine whether HER2 expression and specific targeting in 

RUNX2-positive breast cancer cells modulates their oncogenic phenotype.  
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CHAPTER 3:  MATERIALS AND METHODS 

 

Cell culture   

The MCF7 BC cell line with inducible RUNX2 expression (ER+ MCF7) was prepared 

using the BD™ Tet-Off System (Figure 14) (BD Biosciences). 

 

Figure 14.  The BD© Tet.OFF System.  In the presence of doxycycline (dox), RUNX2 
expression is inhibited (right side).  Upon removal of dox, tTA may bind the tetracycline 
response element (TRE) and activate transcription of RUNX2 so it may be expressed.  
(Figure modified from BD Tet.OFF/ON User Manual.  Downloadable:  www.clontech.com) 

 RUNX2- MCF7 cells are ER+ and express wild type p53, PTEN, c-myc, and ras, but do 

not express p16.  MCF7 cells containing tTA (Tetracycline-controlled transactivator) 

regulatory vector (G418 resistant) were purchased from Clontech (Mountain View, CA), 

infected with retroviral vectors expressing RUNX2, and selected with 200µg/ml 

hygromycin B.  Cells were frozen within three passages and maintained in DMEM 

(Corning) containing 10% Tet-Approved FBS (Clontech) and the antibiotics G418 
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(100μg/ml; Sigma), hygromycin B (200μg/ml; Roche), and doxycycline (2μg/ml; Sigma) 

to repress RUNX2 expression.  To express RUNX2, cells were grown in the same media 

but in the absence of doxycycline for 72 hrs to achieve maximal RUNX2 protein levels.  

T47D and HCC1428 luminal BC cells were obtained from ATCC (Manassas, VA) and 

were a kind gift from Dr. Stuart Martin (University of Maryland).  They were maintained 

in RPMI (Corning) containing 10% FBS (Gemini; #100-106) with 1% Pen/Strep 

(Gemini; #400-109).  T47D luminal BC cells was also supplemented with 0.2Units/mL 

bovine insulin (Sigma; #I0516).  Hs578t TNBC cells were obtained from ATCC 

(Manassas, VA) and were maintained in DMEM (Corning) containing 5% FBS (Gemini) 

and 1% Pen/Strep (Gemini).  MDA-MB-231 TNBC cells were a kind gift from Dr. Joan 

Massague and were maintained in DMEM (Corning) containing 10% FBS (Gemini), 1% 

Pen/Strep (Gemini), and 1% L-glutamine.  BT474 were obtained from ATCC (# HTB-

20) and were maintained in ATCC Hybri-Care Medium (Cat #:  46-X) containing 1% L-

glutamine and 10% FBS (Gemini).   

 

Suspension culture – tumorsphere formation  

 MCF7 Tet.OFF cells were grown in the presence or absence of doxycycline for 3 days.  

Cells were then scraped and counted so that 60,000 cells were plated in each well of a 6-

well ultra-low attachment plate (Corning; 3471) in Promocell Basal Medium (Promocell; 

c-22211) complete with Supplement Mix (Promocell; c-39216).  Cells were then treated 

with or without 2 ng/mL TGFβ (R&D Systems; 240-B-002).  After growth for 10-15 

days, wells were photographed and tumorsphere sizes were measured from photographic 

images (mm). Colony diameters were calculated using the formula:  (L+W)/2. Other 
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treatments included: 50 µM CADD522 (ChemBridge Corporation; 5221975), 20 µg/mL 

DECMA-1 (Sigma-Aldrich; U3254), 10 µg/mL Herceptin (replenished every 2-3 days; 

obtained from the University of Maryland Marlene and Stuart Greenebaum Cancer 

Center), and 1 µM Lapatinib (kind gift from Dr. Anne Hamburger at the University of 

Maryland Baltimore).  For TAZ siRNA knockdown experiments, TAZ siRNA was 

transfected (as below) into MCF7 Tet.OFF cells and 24hr later cells were scraped and 

placed into suspension as described above.  

 

Western blot and antibody protocols  

MCF7 cells grown to subconfluence in the presence or absence of doxycycline for 72 hr 

in full media as described above.  Cells were then treated in a minimal DMEM (Sigma, 

D5030) containing 0.1%BSA, 1% L-glutamine, 2% Tet-Approved FBS, and 1mM 

glucose for 16 hrs followed by treatment with 2ng/mL TGFβ (R&D Systems, 240-B-002) 

for 48 hrs in the presence or absence of EGTA to examine sE-Cad expression levels, 

TAZ localization, and HER2 expression levels. Cells were washed with PBS and scraped 

from plates. Cytoplasmic and nuclear lysates were obtained using Low/High Salt 

extraction method.  Cytoplasmic extracts were obtained by resuspending cells in NP40 

containing Hypotonic Buffer (10mM HEPES pH 7.4, 1.5mM MgCl2, 10mM KCl, 0.5% 

NP40).  Nuclear extracts were obtained by resuspending the nuclear pellet in an equal 

volume of low salt buffer (10mM HEPES, 25% glycerol, 1.5mM MgCl2, 20mM KCl, 

0.2mM EDTA) followed by high salt buffer (10mM HEPES, 25% glycerol, 1.5mM 

MgCl2, 800mM KCl, 0.2mM EDTA). Samples were resolved on 4-12% Bis-Tris 

polyacrylamide gradient gels (Invitrogen) and transferred to PVDF membrane 
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(Millipore).  Membranes were probed with antibodies listed below followed by 

development with enhanced ECL (Millipore). Proteins were visualized using antibodies 

recognizing: E-Cadherin (Abcam, HECD-1, ab1416), YAP/TAZ (Cell Signaling, D24E4, 

#8418), Flag antibody (from Dr. Chen-Yong Lin at Georgetown University, Washington 

DC), RUNX2 (Cell Signaling, D1L7F, #12556), HER2 (Santa Cruz, C-18, sc-284), ER-α 

(Santa Cruz, G-20, sc-544), N-Cadherin (Abcam, ab18203), Vimentin (Santa Cruz, V9, 

sc-6260), Histone H2A (Cell Signaling, #2578), β-actin (Sigma/Aldrich), and GAPDH 

(Cell Signaling, 14C10, #2118).  Protein levels were normalized to actin and quantified 

using NIH Image-J software.  

 

Immunoprecipitation/Co-immunoprecipitation assay (IP/Co-IP) 

 Conditioned media was collected from MCF7 cells cultured in the presence or absence 

of doxycycline in minimal DMEM (Sigma, D5030) containing 0.1% BSA, 1% L-

glutamine, 2% Tet-Approved FBS, and 1mM glucose for 16 hrs followed by treatment 

with 2ng/mL TGFβ1 (R&D Systems, 240-B-002) for 48 hrs with or without the MMP 

inhibitor Phenanthroline (kind gift from Dr. Toni Antalis at the University of Maryland 

Baltimore).  Cell debris was pelleted briefly by centrifugation.  Protein levels were 

estimated using the Bradford assay and 200µg of protein was suspended in 200µL Co-IP 

buffer (50mM Tris pH 7.5, 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 

0.5% NP-40) and precleared in 20µL of a 50% slurry of Protein G-Sepharose (GE 

Healthcare, 17-0618-01) for 30 minutes.  Precleared supernatants were then incubated 

overnight with 0.5µg of E-Cadherin antibody (Abcam, HECD-1, ab1416).  Protein G-

Sepharose was added for 1 hr and the precipitated complexes were washed with Co-IP 
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buffer.  Proteins were eluted from the beads using 0.1M Glycine buffer (pH 2.5), treated 

with 1X SDS loading buffer containing β-mercaptoethanol, and heated at 97ºC for 10 

min.  Samples were resolved on a 4-12% Bis-Tris polyacrylamide gel (Invitrogen) and 

transferred to PVDF membranes (Millipore). Immunoblots were probed for E-Cadherin 

(Abcam, HECD-1, ab1416) followed by development with enhanced ECL (Millipore).  

 To test for RUNX2 and TAZ protein interaction, nuclear lysates were obtained 

using NucBuster (Novagen) from MCF7 cells grown in the presence or absence of 

doxycycline in minimal DMEM (Sigma, D5030) containing 0.1% BSA, 1% L-glutamine, 

2% Tet-Approved FBS, and 1mM glucose for 16 hrs (t=0) or supplemented with 2ng/mL 

TGFβ for 4 and 24 hrs. Briefly, 400µg of protein was resuspended in Co-IP buffer to a 

final volume of 200µL.  Lysates were precleared with 35µL of a 50% slurry of Protein G-

Sepharose (GE Healthcare) for 1 hr.  Precleared nuclear lysates were then incubated with 

4µL of YAP/TAZ antibody (Cell Signaling) overnight.  Protein G-Sepharose was added 

for 1 hr and the precipitated complexes were washed with Co-IP buffer.  Proteins were 

eluted from the beads using 0.1M Glycine buffer (pH 2.5), treated with 1X SDS loading 

buffer containing β-mercaptoethanol, and heated at 97ºC for 10 min.  Samples were 

resolved on a 4-12% Bis-Tris polyacrylamide gel (Invitrogen) and transferred to PVDF 

membranes (Millipore). Immunoblots were probed for RUNX2 (Cell Signaling, D1L7F, 

#12556), and YAP/TAZ (Cell Signaling, D24E4, #8418) followed by development with 

enhanced ECL (Millipore).  To visualize the TAZ protein band a conformation specific 

rabbit secondary antibody was used (Cell Signaling, L27A9, #5127).  Rabbit IgG and 

beads alone were used as Co-IP controls.   
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siRNA mediated knockdown of TAZ 

TAZ knockdown was performed in MCF7 Tet.OFF cells using Custom 23mer desalted 

siRNA oligonucleotides from Sigma and a Universal Scrambled Negative Control siRNA 

Duplex from Origene (Catalog No. SR30004): TAZ siRNA 1: 

GACAUGAGAUCCAUCACUAUU;  TAZ siRNA 2:  GGACAAACACCCAUGA 

ACAUU;  TAZ siRNA 3: AAGCCUAGCUCGUGGCGG AUU.  Briefly, MCF7 

Tet.OFF cells were grown in the absence or presence of doxycycline for 3 days and then 

transfected with corresponding siRNA’s using Lipofectamine-2000 (Life Technologies). 

RIPA extracts were obtained 48hr post transfection and total protein was analyzed by 

Western blot (see above) and probed for TAZ protein expression.  Protein levels were 

normalized to actin and quantified using NIH Image-J software.   

 

CADD522 drug treatments  

The CADD522 compound (MF = C15H13Cl2NO3) has a molecular weight of 326.175, a 

LogP value (logarithm of its partition coefficient between n-octanol and water, a measure 

of the compound's hydrophilicity with low hydrophilicity = high LogP) of 3.25, a low 

LogSW (measure of aqueous solubility) of -4.35, three rotatable bonds, a hydrogen 

bonding donor/acceptor ratio (Hdon/Hacc) of 2/3, a polar surface area (tPSA) of 66.4 

(indicative of good cell membrane permeability), and an IC50 = 10nM in D-ELISA DNA 

binding assays (59).  MCF7 Tet.OFF cells were grown in the absence or presence of 

doxycycline for 3 days.  Media was then changed and cells were maintained in full media 

(as listed in cell culture section) and treated with or without 50 µM CADD522. Cells 

were allowed to grow for 24, 48, and 72 hrs.  Nuclear and cytoplasmic extracts were 
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obtained using High/Low salt extraction method and protein levels analyzed by Western 

blot (see above). T47D luminal breast cancer cells were transfected with FLAG.tagged 

RUNX2 in tag2a cloning vector as well as tag2a empty vector using X-tremeGENE HP 

DNA Transfection Reagent (Roche, #06366236001).  Twenty-four hours post 

transfection, T47D cells were treated with 50µM CADD522 and allowed to grow for 48 

hrs.  Nuclear and cytoplasmic extracts were obtained using High/Low salt extraction 

method and protein levels analyzed by Western Blot (see above).  

 

Attachment and Invasion Assay 

Tissue culture plates were coated with fibronectin (1μg/ml), extracellular matrix (ECM; 

from endothelial cells cultured to confluence and treated with 5mM EDTA to remove 

cells), or with confluent endothelial cells (human bone marrow endothelial cells).  

MCF7.Tet.OFF cells (RUNX2 negative; RUNX2 positive after culture in the absence of 

doxycycline for 3 days) were cultured on the indicated plates for either 120min or 16hr in 

D5030W media (Sigma) containing 0.1%FBS, 5mM glucose, and 2ng/ml TGFβ.  The 

number of cells/field attached to fibronectin, ECM, or endothelial monolayer was 

counted from 3-4 fields/well.  

 

SuperArray gene expression analysis  

 MCF7 Tet.OFF cells were grown for 3 days in the presence or absence of doxycycline in 

complete media.  Cells were washed once with 1X PBS and glucose starvation media was 

added (D5030 + 2% FBS + 1mM glucose) and maintained for 16 hrs. TRIzol (Ambion; 

15596018) extraction was performed to obtain total RNA.  RNA was suspended in 
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nuclease-free Molecular grade water (HyClone). cDNA was synthesized using the RT2 

First Strand Kit (Qiagen; 330401) followed by real-time QPCR on the Applied Biosystem 

model 7300 thermocycler in RT2 Profiler PCR Array for Human Extracellular Matrix 

and Adhesion Molecules (Figure 15) (Qiagen;  330231 PAHS-013ZA).  Data was 

analyzed using RT2 Profiler PCR Array Data Analysis v3.5 available online through 

Qiagen.  

 

Figure 15.  Human Extracellular Matrix and Adhesion Molecule SuperArray.  Numbers 1-
84 tested for extracellular matrix (ECM) and cell:cell adhesion molecules.  Controls were 
located in row H.  HK:  housekeeping;  GDC:  Genomic DNA control;  RTC:  Reverse 
transcription control;  PPC:  Positive PCR controls.  (Figure modified from Qiagen Profiler 
PCR Array Manual. Downloadable: 
http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-013A.html) 
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TCGA RUNX2 protein analysis  

 The Cancer Genome Atlas (TCGA) data was obtained from the online cbioportal 

(http://www.cbioportal.org/public-portal).  The results shown represent protein 

expression and are based upon data generated by the TCGA Research Network 

(http://cancergenome.nih.gov).  

 

Statistics  

Statistical analyses were performed using Students t-test and ANOVA to determine 

significant differences between RUNX2-positive treatment groups or RUNX2-negative 

treatment groups.  Results were considered significant if the p-values were p<0.05. 
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CHAPTER 4:  RUNX2 AND TAZ-DEPENDENT SIGNALING 

PATHWAYS REGULATE SOLUBLE E-CADHERIN EXPRESSION 

AND TUMORSPHERE FORMATION IN BREAST CANCER CELLS 

A. Abstract 

Breast cancer (BC) is the second leading cause of cancer-associated deaths among 

women.  Current strategies aimed at eradicating the primary tumor by targeting the bulk 

population of cells often leads to BC recurrence and metastasis because of intratumoral 

heterogeneity and treatment resistance.  The RUNX2 transcription factor promotes BC 

metastasis to the bone in triple negative BC, is upregulated in early stage luminal BC 

expressing estrogen receptor (ER)/progesterone receptor (PR), is associated with a 

subpopulation of stem-like cells, and is a poor prognostic indicator of patient survival.  

However, the precise mechanisms by which RUNX2 regulates an oncogenic phenotype 

are not known.  We now show for the first time that RUNX2 promotes luminal BC cell 

tumorsphere formation, which can be inhibited with a novel RUNX2-targeting drug 

identified by computer-assisted drug design.  RUNX2 associates with the TAZ 

transcriptional coactivator in MCF7 cells to promote a tumorigenic phenotype that can be 

inhibited by siRNA-mediated knockdown of TAZ.  TGFβ treatment of cells expressing 

RUNX2 increased endogenous TAZ translocation to the nucleus, a process that was 

prevented by inhibiting RUNX2.  This translocation was preceded by disruption of 

adherens junctions through ectodomain shedding of an oncogenic soluble E-Cadherin 

fragment (80kDa sE-Cad).  RUNX2 expression increased HER2-mediated tumorsphere 

formation, which was abrogated after treatment with the HER2-targeting agents 

Herceptin and Lapatinib.  These data support a novel role for RUNX2 in promoting early 
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and late stage tumorigenesis in the context of TGFβ, the Hippo signaling mediator TAZ, 

sE-Cad, and HER2.  Using this signaling pathway to monitor BC cell oncogenic activity 

will allow us to discover new anti-cancer agents.  Further characterization of RUNX2-

targeted compounds that disrupt this oncogenic pathway could have therapeutic potential. 

B. Rationale and Hypothesis 

Despite advancements in treatment and detection of BC, it still remains the 

leading cause of cancer associated deaths among women.  RUNX2 and TAZ were 

independently characterized as promoting metastasis to the bone. Furthermore, TAZ is 

the obligatory RUNX2 cofactor that promotes osteoblast differentiation during 

development and bone maintenance in adults. Much of the research to date that has 

elucidated the mechanisms by which these two proteins promote tumorigenesis has been 

performed in TNBC cell models.  However, RUNX2 and TAZ are also overexpressed in 

early stage luminal BC, but their role in these early stage tumors has yet to be studied and 

elucidated.  Expression of RUNX2 and TAZ in a subpopulation of luminal BCs that is 

responsible for metastasis suggests that elucidating their function in these early stage 

tumors could aid to improve overall patient survival. Understanding the biology 

underlying the basic function of these two proteins in early stage tumors may increase the 

likelihood of indentifying FDA-approved therapeutics to target this tumor population. 

To test the hypothesis that RUNX2 and TAZ cooperate to promote a tumorigenic 

phenotype in luminal BC cells, (1) the role of RUNX2 and TAZ in promoting anchorage-

independent growth will be defined, (2) the formation of soluble E-Cadherin in response 

to RUNX2 will be characterized, and (3) how HER2 expression regulates RUNX2-

mediated tumor growth will be determined.  Specific therapeutic targeting of RUNX2, 
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soluble E-Cadherin, and HER2 in breast cancer cells will be used to characterize the 

RUNX2-activated oncogenic pathway.     

C. Introduction 

Breast cancer (BC) is a heterogeneous disease (8,10) and despite advances in 

treatment, it remains the second leading cause of cancer-related deaths among women 

(3).  Luminal BC has the highest rates of relapse, often localizes to the bone (8,54), and 

accounts for 50% of all metastatic-related BC deaths (150) in spite of the primary tumor 

being highly responsive to treatment. Given their high rate of relapse, it is clear current 

treatment modalities are insufficient to completely eradicate these heterogeneous tumors.  

The HER2-targeted agent trastuzumab is only FDA-approved for use in patients whose 

tumors are clinically defined as HER2 amplified and are usually hormone unresponsive. 

Recent clinical trials have also shown a 50% reduction in recurrence rates in patients with 

hormonal responsive luminal BC treated with combination trastuzumab/chemotherapy 

over patients treated with chemotherapy alone (55).   Ductal carcinomas in situ (DCIS) 

also express HER2 prior to a transition to an invasive phenotype, suggesting there may be 

clinical benefit to treating early stage disease with HER2-targeted agents even in the 

absence of HER2 amplification. 

RUNX2, an osteoblast transcription factor, is expressed in developing breast 

epithelial cells and is enriched in the mammary stem cell population responsible for 

terminal end bud differentiation (151,152). RUNX2 is expressed in early stage ER+ BC 

above normal levels found in the breast epithelia (105,109).  However, its role in 

regulating luminal BC has yet to be elucidated.  In basal-type breast cancer cell lines 

RUNX2 promotes an osteomimetic phenotype and metastasis to the bone through 
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transcriptional activation of osteopontin, MMPs, and VEGF (84,85,124).  The RUNX2 

binding partners, YAP (153) and TAZ (141), are WW domain-containing transcriptional 

coactivators that promote cell transformation (89), osteogenesis (141), or stem cell self-

renewal (144,145).  TAZ is a nuclear effector of the Hippo tumor suppressor pathway 

that has been implicated in promoting BC progression (134), but its cooperative 

interaction with RUNX2 in BC has yet to be elucidated.  RUNX2 was recently shown to 

be upregulated in a subpopulation of luminal A MCF7 cells that share molecular 

characteristics with a more invasive BC phenotype, including genes associated with stem 

cell renewal, and enhanced tumorsphere-forming capacity (26).   Disruption of cell:cell 

contacts (Hippo pathway inactivation) results in reduced phosphorylation of TAZ leading 

to nuclear translocation and interaction with transcription factors that regulate expression 

of cell proliferation and anti-apoptotic genes (76).  TAZ is upregulated in 20% of BC 

patients (138) and is expressed in many breast cancer cell lines (134) where it has been 

shown to increase migration, invasion, tumorigenesis, and drug resistance, as well as 

promote an EMT (147).  TAZ and RUNX2 have both been independently implicated in 

mediating metastasis to the bone (84,148) but a cooperative role in BC has not been 

reported.    

An epithelial-mesenchymal transition (EMT) in BC is characterized by 

downregulation of E-Cadherin (15,21,23).   However, it is becoming increasingly clear 

that tumor cells may also disseminate from the primary tumor without undergoing an 

EMT or downregulating E-Cadherin expression (26,27,32).  An alternative pathway 

involving secretion of an oncogenic E-Cadherin fragment (sE-Cad; 80kDa) was reported 

to mediate migration, invasion, and proliferation while maintaining epithelial 
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morphology (32,37,43,50,61,154).  sE-Cad functions in an autocrine and paracrine 

manner to activate survival and metastatic programs by interacting with ErbB receptors 

(32,37,42,60,61,155). In addition, sE-Cad binds full length E-Cadherin resulting in the 

destabilization of adherens junctions (32).  sE-Cad has been proposed as a functional 

metastatic biomarker in many cancers (32,43,48,50,51) including, but not limited to, BC 

(48).  We now report that RUNX2 expression in luminal BC cells results in nuclear TAZ 

localization and expression of sE-Cad.  We found that TGFβ enhances the RUNX2-

mediated expression of sE-Cad and HER2 in MCF7 cells.  RUNX2 associated with TAZ 

immune complexes and knockdown of TAZ inhibited RUNX2 and HER2 mediated 

tumorsphere formation.  Inhibition of RUNX2 with a novel RUNX2-targeting compound 

(CADD522) inhibited tumorsphere formation without affecting RUNX2 negative cells. 

Furthermore, downregulation of RUNX2 levels using CADD522 inhibited sE-Cad 

production and TAZ nuclear localization in RUNX2 positive cells.  These results suggest 

that RUNX2:TAZ and activation of sE-Cad/HER2 signaling could be potential oncogenic 

pathways for a BC population of RUNX2 positive cells with metastatic potential.   

D. Results 

1. RUNX2 is expressed in luminal BC cell lines and is a poor prognostic marker. 

The function of RUNX2 in early stage luminal BC is not completely understood.  

Therefore, we tested the hypothesis that RUNX2 and inactivation of the Hippo signaling 

pathway could have an impact on the tumorigenic phenotypes of luminal BC cells. Much 

of the work examining RUNX2 expression was performed in TNBC cell lines.  However, 

analysis of luminal breast cancer cell lines does reveal low level RUNX2 expression in 

MCF7, HCC1428, and T47D luminal BC cell lines (Figure 16 below).  To define the 
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oncogenic effects of RUNX2 in luminal BC cell lines we created a Tet.OFF model in 

MCF7 cells (Figure 14, 16).  The removal of doxycycline (dox) allows for the inducible 

transcription and expression of RUNX2.  The RUNX2 construct in the Tet.OFF MCF7 

model contains an N-terminal FLAG tag resulting in a shift in migration from 55kDa 

(endogenous) to 60kDa (Figure 16).   

 The RUNX2 gene and protein are upregulated in early stage BC tissue (26,151,152).  

There is also evidence for a luminal BC subpopulation that expresses RUNX2 (26). The 

Cancer Genome Atlas (TCGA) Portal is a platform database that contains the genetic 

information of a diverse set of cancers.  Through this portal researchers can download 

data from an extensive database and analyze it for expression of a desired protein.  Data 

downloaded and analyzed from TCGA for the expression of RUNX2 among different 

Figure 16.  Expression of RUNX2 among Luminal Breast Cancer Cell lines. 
Nuclear protein fractions were obtained and proteins were visualized via 
western blot.  Endogenous RUNX2 and FLAG-tagged RUNX2 were 
visualized using anti-RUNX2 antibodies.  Inputs were probed with anti-β-
actin antibodies as a loading control.    
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subtypes of BC were analyzed via Kaplan-Meier curves to determine the percentage of 

patients surviving relative to months after diagnosis for patients with high RUNX2 

expression (>2 standard deviations) and patients with lower levels of RUNX2 expression 

(<2 standard deviations) RUNX2 protein levels were associated with poor prognosis in 

patients diagnosed with early stage luminal BC (Figure 17). Patients with RUNX2 

overexpression had a median survival of 80 months compared to 117.5 months for 

RUNX2 low expressing patients (p=0.016).  

 

Figure 17.  Kaplan-Meier Survival Curves for RUNX2 expressing luminal BC patients.  
RUNX2 protein expression data from luminal tumors were downloaded via the TCGA 
Portal and survival based on RUNX2 expression was analyzed.  Patients with high RUNX2 
expression (>2 SD) are shown by the red line and patients with low RUNX2 expression (<2 
SD) are shown by the blue line.       
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2.  RUNX2 promotes anchorage-independent growth and tumorsphere formation in 

suspension. 

Using the MCF7 Tet.OFF model we tested whether RUNX2 affected the ability 

of luminal BC cells to be able to attach to extracellular matrix and invade through an 

endothelial monolayer.  RUNX2 expression promoted 1.5-fold, 2-fold, and 4-fold 

increased attachment to extracellular matrix, fibronectin, and endothelial cells (EC), 

respectively, and invasion through an EC monolayer, relative to RUNX2 negative cells 

(Figure 18). 

 

Figure 18.  RUNX2 promotes attachment and invasion of MCF7 RUNX2 expressing BC 
cells.  Tissue culture plates were coated with Fibronectin (1 μg/mL), extracellular matrix 
(ECM, obtained from endothelial cells which were grown to confluence then removed with 
EGTA), or endothelial cells (HBME). MCF7 Tet.OFF cells were cultured in the indicated 
wells for 120 minutes and the number of cells attached/field were counted from 3-4 
wells/field.  MCF7 RUNX2-positive cells (-Dox) are graphed in blue while MCF7 RUNX2-
negative cells (+Dox) are graphed in black. Arrows are indicative of places MCF7 cells 
invaded through the endothelial cell (EC) monolayer.   

Growth of BC cells in suspension as a model of anchorage-independence defines a 

transformed BC cell phenotype (tumorsphere) (181).  Inducible RUNX2 expression in 

MCF7 cells resulted in tumorspheres that were significantly larger (12.93±3.21; 

p=0.0001) than MCF7 cells in which RUNX2 expression was repressed (8.69±1.41) (blue 

bars, Figure 19 below). The TGFβ signaling pathway has a dual function: in non-
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tumorigenic cells, TGFβ inhibits growth and survival, but in the presence of an oncogene 

(like RUNX2) TGFβ promotes growth and survival of cancer cells (134,156).  RUNX2 

also cooperates with TGFβ-activated Smads to promote transcription of RUNX2 target 

genes (112,115,157).  TGFβ inhibited tumorsphere formation in RUNX2-negative MCF7 

cells but significantly increased tumorsphere size in RUNX2-positive MCF7 cells 

(12.93±3.21 to 18.83±3.08; p<0.001) (yellow bars, Figure 19). 

 

Figure 19.  RUNX2 promotes tumorsphere formation.  MCF7 Tet.OFF cells were scraped 
from culture dishes and 60,000 cells were plated in each well of a 6-well ultra-low 
attachment plate in PromoCell Basal Medium complete with Supplement Mix.  Cells were 
then treated with (yellow bars) or without (blue bars) 2 ng/mL TGFβ for 7 days.  After 
growth for 7 days, wells were photographed and tumorsphere sizes were measured from 
photographic images (mm) and diameters (diameters calculated with the formula: (L+W)/2) 
graphed. Representative photos of colonies are shown to the right of the graph. 
Tumorsphere sample size is indicated in each bar as “n” 

To determine whether tumorsphere formation was RUNX2 dependent, an inhibitor of 

RUNX2:DNA binding that was discovered by computer assisted drug design (CADD) 

was used to treat MCF7 Tet.OFF cells in suspension.  CADD522 was designed to interact 

with the RUNX2 DNA-binding pocket (Figure 20 below) and shown to inhibit 
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RUNX2:DNA binding (158).  

 

Figure 20.  CADD522.  The CADD522 compound was screened from a chemical library of > 
1X106 compounds by CADD based on its ability to “fit” within the DNA-binding pocket of 
RUNX2, calculated from the Runt DNA binding domain X-ray crystal structure.  In this 
depiction, Runt protein “tail” residues (purple), “wing” residues (red), and “base” residues 
(yellow) define a region of the protein that normally interacts with double-stranded DNA. 
Space-filling spheres (aqua) represent the position of DNA and the putative location of the 
inhibitor compound.  About 100 positive CADD “hits” were chosen for further screening 
using electrophoretic mobility shift assays to measure their effect on RUNX2:DNA binding.  
Additional screening of the top 20 inhibitory compounds using a DNA-based ELISA (D-
ELISA) resulted in identification of the CADD522 inhibitory compound. 

 Tumorsphere formation of RUNX2-expressing MCF7 cells was inhibited 4-fold relative 

to vehicle-treated cells (17.21±5.28 to 4.83±1.87; p<0.001), while RUNX2 negative cells 

were unaffected (6.98±2.89 to 6.37±1.78; p=0.209) (Figure 21 below). Therefore, 

RUNX2 is necessary for luminal BC cell tumorsphere formation.  RUNX2 protein 

stability is regulated by phosphorylation, which promotes DNA binding (91,159), but 

also subsequent deacetylation and ubiquitination that downregulates RUNX2 levels. To 

test whether inhibiting RUNX2 DNA binding altered the levels of RUNX2 we treated 

MCF7 or T47D cells overexpressing RUNX2 with the CADD522 DNA-binding inhibitor 
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(158). 

 

Figure 21.  CADD522 inhibits RUNX2-positive MCF7 tumorsphere formation. MCF7 
Tet.OFF cells were scraped from culture dishes and 60,000 cells were plated in each well of 
a 6-well ultra-low attachment plate in PromoCell Basal Medium complete with Supplement 
Mix and 2 ng/mL TGFβ.  Cells were then treated with (green bars) or without (yellow bars) 
50 µM CADD522 for 12 days.  After growth for 12 days, wells were photographed and 
tumorsphere sizes were measured from photographic images (mm) and diameters 
(diameters calculated with the formula: (L+W)/2) graphed. Representative photos of 
colonies are shown to the right of the graph. Tumorsphere sample size is indicated in each 
bar as “n”.   

  RUNX2 protein expression was reduced by 90% within 24hr and greater than 95% after 

48hr in MCF7 cells treated with CADD522, which also inhibited RUNX2 expression 2-

fold in luminal T47D BC cells (Figure 22 below) confirming that inhibiting RUNX2 

DNA-binding can alter levels in live cells.  
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Figure 22.  CADD522 inhibits the expression of exogenous RUNX2.  (A) RUNX2 expressing 
MCF7 Tet.OFF cells and RUNX2 overexpressing T47D cells were treated with 50μM 
CADD522 over a 72 hour time period.  RUNX2 protein levels were analyzed by western 
with anti-RUNX2 and anti-β-actin antibodies. (B) Western blots were quantified using NIH 
ImageJ and normalized to β-actin.  RUNX2 protein fold changes in MCF7 Tet.OFF 
RUNX2-positive cells is indicated by the black bars while the RUNX2 protein fold change in 
T47D cells is indicated by the yellow bars.  Fold change values are indicated above 
corresponding bars. 
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3. TAZ cooperates with RUNX2 to promote tumorsphere formation. 

 

Figure 23.  RUNX2 promotes TAZ nuclear translocation.  (A) Cytoplasmic and nuclear 
extracts were obtained from MCF7 Tet.OFF cells.  Lysates were analyzed via western blot 
and proteins visualized with antibodies targeting total YAP, RUNX2, and β-actin.  (B) 
MCF7 Tet.OFF cells were grown in the presence or absence of doxycycline (dox) for 3 days 
to allow for full RUNX2 expression in the –dox samples.  Cells were then nutrient deprived 
for 16 hours (t=0) followed by treatment with 2 ng/mL TGFβ for 2 days (t=48).  MCF7 
RUNX2-positive cells were also treated with 0.5mM and 1mM EGTA for 2 days.  
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Cytoplasmic and Nuclear lysates were obtained and proteins analyzed via western blot.  
Anti-TAZ, anti-FLAG, and anti-β-actin antibodies were used to visualize, TAZ, RUNX2, 
and actin respectively.  Changes in TAZ protein levels were determined by quantifying 
TAZ bands using NIH ImageJ and normalizing to β-actin.  Cytoplasmic TAZ changes are 
indicated by the black bars and nuclear TAZ changes are indicated by the blue bars. Fold 
change values are indicated above corresponding bars. 

The RUNX2 transcriptional complex contains many transcriptional coactivators 

and/or corepressors, depending on the target gene, to mediate tissue-specific gene 

expression.  TAZ, a known transcriptional coactivator of RUNX2 (141) that is recruited 

to the nucleus upon inactivation of Hippo signaling, has been implicated in promoting BC 

progression and a stem-like phenotype (134,137,138,145,148). We found that TAZ 

nuclear levels were higher upon induction of RUNX2 expression in MCF7 cells relative 

to RUNX2 negative cells while the TAZ homologue, YAP, was unaffected (Figure 23 

above).  We, therefore, focused on TAZ as the transcriptional cofactor for RUNX2 

within these cells.   Destabilization of cell:cell contacts with EGTA resulted in increased 

nuclear levels of TAZ with a concomitant decrease in cytosolic TAZ.  To determine if 

RUNX2 and TAZ were associated within the same immune complex, 

immunoprecipitation (IP) experiments were performed. IP with TAZ-specific antibody 

resulted in association of RUNX2 and TAZ within the same immune complex only in 

RUNX2-positive MCF7 cells cultured in low serum and treated with TGFβ for 4 and 24 

hrs (Figure 24 below). 
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Figure 24.  RUNX2 and TAZ are in the same immune complex.  MCF7 Tet.OFF cells were 
grown in the presence (RUNX2 negative) or absence (RUNX2 positive) of doxycycline for 3 
days.  Cells were nutrient deprived for 16 hours followed by treatment with 2 ng/mL TGFβ 
for 4 and 24 hours. Nuclear lysates were then obtained using Novagen’s NucBuster kit and 
proteins were immunoprecipitated with anti-TAZ antibodies.  Elutents were analyzed by 
western and probed with anti-TAZ and anti-RUNX2 antibodies to visualize TAZ and 
RUNX2 respectively. 

To determine whether RUNX2 and TAZ cooperate to promote tumorsphere formation, 

MCF7 Tet.OFF cells were transfected with 100 pmol control (scrambled) siRNA or three 

specific siRNAs targeting TAZ.  TAZ knockdown to levels 70-80% (siRNA1), 50-70% 

(siRNA2) or 30% (siRNA3) of control (scrambled siRNA) was observed in RUNX2 

negative (doxycycline +) or positive (doxycycline -) cells (Figure 25 below).  TAZ 

knockdown with siRNA1 (4.85±2.11) and siRNA2 (5.16±1.91) slightly inhibited 

tumorsphere formation in RUNX2 negative cells compared to controls (6.97±2.89 for 

untreated and 7.18±2.98 for scrambled) (Figure 26 below).  Tumorsphere formation of 

RUNX2 positive cells was inhibited 2.5 to 4-fold by TAZ siRNA1, siRNA 2, and 

siRNA3 (4.43±1.47, 5.35±2.42, and 6.05±3.12 respectively) relative to untreated or 
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scrambled siRNA controls (17.21±5.28 and 13.97±3.81 respectively) over 12 days 

(Figure 26 below). 

 

Figure 25.  TAZ siRNA inhibits TAZ protein levels.  MCF7 Tet.OFF cells were grown in the 
presence (RUNX2 negative) or absencce (RUNX2 positive) of doxycycline and transfected 
with 3 siRNA’s targeting TAZ and a scrambled control siRNA. (A)  Total protein was 
obtained using RIPA lysis buffer and proteins were analyzed by western probing for TAZ 
and β-actin.  (B) Western blots were quantified using NIH ImageJ and normalized to β-
actin.  TAZ protein fold changes in MCF7 Tet.OFF RUNX2-positive cells is indicated by the 
blue bars while the RUNX2-negative TAZ protein fold change is indicated by the black 
bars.  Fold change values are indicated above corresponding bars. 
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Figure 26.  TAZ knockdown inhibits tumorsphere formation. MCF7 Tet.OFF cells were 
transfected with TAZ siRNA #1-3 and scrambled control.  After a 24 hour transfection, 
MCF7 Tet.OFF cells were scraped from culture dishes and 60,000 cells were plated in each 
well of a 6-well ultra-low attachment plate in PromoCell Basal Medium complete with 
Supplement Mix and 2 ng/mL TGFβ.  Cells were allowed to growth for 12 days in 
suspension.  After growth for 12 days, wells were photographed and tumorsphere sizes were 
measured from photographic images (mm) and diameters (diameters calculated with the 
formula: (L+W)/2) graphed (untransfected = yellow bars; scrambled siRNA = red bars; 
TAZ siRNA 1 = green bars; TAZ siRNA 2 = purple bars; TAZ siRNA 3 = blue bars).   
Representative photos of colonies are shown below the graph. Tumorsphere sample size is 
indicated in each bar as “n”.   

Interestingly, a 30% reduction in TAZ protein levels (siRNA3) was sufficient to 

significantly decrease tumorsphere formation by 65% in RUNX2 positive cells (p<0.001) 
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while having no effect in RUNX2 negative cells. These data suggest that TGFβ treatment 

and RUNX2 induction results in Hippo signaling pathway inactivation and increased 

TAZ nuclear localization with RUNX2.  Since cell:cell association in suspension 

increased with RUNX2 expression, while TAZ knockdown reduced cell:cell association, 

the results are consistent with a cooperative interaction between RUNX2 and TAZ in 

promoting tumorsphere formation. 

 

Figure 27.  CADD522 inhibits nuclear localization of TAZ. MCF7 Tet.OFF cells and 
HCC1428 luminal BC cells were treated with 50μM CADD522 over a 72 hour time period.  
Nuclear fractions were obtained and nuclear lysates were analyzed by western for TAZ 
protein levels with anti-TAZ and anti-β-actin antibodies. Western blots were quantified 
using NIH ImageJ and normalized to β-actin.  TAZ protein fold changes in MCF7 Tet.OFF 
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is indicated by the black bars while the TAZ protein fold change in HCC1428 cells is 
indicated by the blue bars.  Fold change values are indicated above corresponding bars.  

 

 BC cell targeting with the RUNX2-selective CADD522 compound lowered TAZ nuclear 

levels within 24 hrs in RUNX2 positive cells (Figure 27 above; doxycycline -). 

However, CADD treatment of RUNX2 negative cells (doxycycline +) had no affect on 

nuclear TAZ levels over72 hrs.  Similarly in HCC1428 BC cells expressing endogenous 

RUNX2, treatment with CADD522 resulted in an 80% reduction in nuclear TAZ levels 

compared to vehicle-treated controls (Figure 27 above).   

4. RUNX2 expression is associated with production of soluble E-Cadherin (sE-Cad) 

and increased tumorsphere formation.  

Cell migration and invasion of surrounding stroma contributes to tumor 

metastasis, which is often accompanied by an EMT. 

 

Figure 28.  RUNX2 does not promote an EMT.  MCF7 Tet.OFF cells were grown in the 
presence (RUNX2 negative) or absence (RUNX2 positive) of doxycycline and nutrient 
deprived for 16 hours followed by a 48 hour treatment with 2 ng/mL TGFβ. Nuclear and 
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cytoplasmic fractions were obtained and proteins analyzed by western blot.  E-Cadherin, N-
Cadherin, ER-α, vimentin, RUNX2, and β-actin protein levels were analyzed using anti-E-
Cadherin, anti-N-Cadherin, anti-ER-α, anti-vimentin, anti-FLAG, and anti-β-actin 
antibodies respectively.  Hs578t nuclear and cytoplasmic extracts were analyzed by western 
and used as antibody controls for mesenchymal markers. 

The expression of RUNX2 and the loss of epithelial markers, such as E-Cadherin and ER, 

define an EMT in some cells (15,23).  In luminal BC cells RUNX2 did not promote loss 

of E-Cadherin or downregulation of ER (Figure 28 above). Instead, RUNX2 was 

associated with increased production of an oncogenic E-cadherin fragment, sE-Cadherin 

(sE-Cad; 80kDa) (Figure 29 below). RUNX2 positive cells expressed 2.5-fold higher 

levels of sE-Cad in response to TGFβ treatment (48hr), relative to RUNX2-negative 

MCF7 cells (Figure 29 below; boxes 1 and 2). sE-Cad protein levels were reduced after 

treatment with the Ca+2 chelator EGTA to levels observed in RUNX2 negative cells 

suggesting sE-Cad was associated on the cell surface (Figure 29 below, box 3). sE-Cad 

is an established biomarker for many cancers including prostate cancer (43,50,51) and 

has been found in the conditioned media of DU145 prostate cancer cells where it 

promotes tumorigenesis and mediates invasion (43). 
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Figure 29.  RUNX2 is associated with the production of sE-Cad.  MCF7 Tet.OFF cells were 
treated in the presence (RUNX2 negative) or absence (RUNX2 positive) of doxycycline for 3 
days. Cells were then nutrient deprived for 16 hours (t=0) followed by treatment with 2 
ng/mL TGFβ for 2 days (t=48).  MCF7 RUNX2-positive cells were also treated with 0.5mM 
and 1mM EGTA for 2 days.  Cytoplasmic and Nuclear lysates were obtained and proteins 
analyzed via western blot.  Anti-E-Cadherin, anti-FLAG, and anti-β-actin antibodies were 
used to visualize, E-Cadherin, RUNX2, and actin respectively.  Changes in sE-Cad protein 
levels were determined by quantifying the lower E-Cadherin band using NIH ImageJ and 
normalizing to β-actin and then graphed (below).  Red hashed boxes within the western 
quantification graph correspond to the same red hashed boxes in the western blot located 
above. Fold change values are indicated above corresponding bars.   
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Therefore, we examined the conditioned media from MCF7 cells expressing RUNX2. 

After 48hr treatment with TGFβ there was a 117% increase in the secretion of sE-Cad in 

RUNX2 positive cells (Figure 30, data quantified using NIH Image J and normalized to 

heavy chain). 

 

Figure 30.  RUNX2 positive MCF7 cells secrete higher levels of sE-Cad. MCF7 Tet.OFF 
cells were treated in the presence (RUNX2 negative) or absence (RUNX2 positive) of 
doxycycline for 3 days. Cells were then nutrient deprived for 16 hours (t=0) followed by 
treatment with 2 ng/mL TGFβ for 2 days (t=48).  Conditioned Media was then collected and 
centrifuged to pellet cellular debris.  Protein levels were estimated and 200 µg of protein 
was suspended and immunoprecipitated using anti-E-Cadherin antibodies to precipitate sE-
Cad (80 kDa).  Elutes were analyzed via western blot.  Anti-E-Cadherin antibody was used 
to visualize sE-Cad.   

E-Cadherin and sE-Cad can be neutralized using the extracellular specific E-Cadherin 

antibody, DECMA-1 (155).  DECMA-1 significantly decreased tumorsphere sizes in 

RUNX2-positive MCF7 cells (7.85±3.11; p<0.001) compared to TGFβ and IgG controls 

(13.06±5.16 and 14.88±4.14 respectively) indicating RUNX2 positive cells rely on sE-

Cad for tumorsphere formation (Figure 31). 
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Figure 31.  sE-Cad mediates tumorsphere formation in RUNX2 positive MCF7 cells.  MCF7 
Tet.OFF cells were scraped from culture dishes and 60,000 cells were plated in each well of 
a 6-well ultra-low attachment plate in PromoCell Basal Medium complete with Supplement 
Mix and 2 ng/mL TGFβ.  Cells were then treated with DECMA-1 (green bars), IgG Control 
(purple bars), or without drug (yellow bars) for 10 days.  After growth for 10 days, wells 
were photographed and tumorsphere sizes were measured from photographic images (mm) 
and diameters (diameters calculated with the formula: (L+W)/2) graphed. Representative 
photos of colonies are shown to the right of the graph. Tumorsphere sample size is indicated 
in each bar as “n”.   

However, DECMA-1 promoted the formation of larger tumorspheres in RUNX2 negative 

cells, perhaps through its ability to prevent E-Cadherin-dependent growth suppression, 

thus increasing cell proliferation, which is consistent with published reports (160).  The 

RUNX2-selective drug, CADD522, increased sE-Cad production 3.5-fold within the first 

24hr of treatment, but sE-Cad levels declined by almost 20-fold by 72 hr (p=0.002) in 

RUNX2 positive cells (doxycycline -) (Figure 32 below).  Baseline sE-Cad levels in 

RUNX2 positive cells were significantly higher that RUNX2 negative cells prior to 

CADD522 treatment (p=0.02).  Therefore, MCF7 cells naturally produce sE-Cad and its 

levels can be modulated by the expression of RUNX2.   
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Figure 32.  CADD522 inhibits sE-Cad production. MCF7 Tet.OFF cells were treated in the 
presence (RUNX2 negative) or absence (RUNX2 positive) of doxycycline for 3 days. MCF7 
Tet.OFF cells were then treated with 50 μM CADD522 over a 72 hour time period.  
Cytoplasmic fractions were obtained and analyzed by western for sE-Cad, and β-actin 
protein levels with anti-E-Cadherin and anti-β-actin antibodies respectively. sE-Cad protein 
levels were quantified from the 80 kDa band on the western blot using NIH ImageJ and 
normalized to β-actin.  Westerns were run and quantified in triplicate. 

5. HER2 expression in RUNX2 positive cells that express elevated sE-Cad levels 

sensitizes cells to HER2-targeted drugs. 

 The human epidermal receptor-2 (HER2; ErbB2) is a tyrosine kinase cell surface 

receptor that is amplified in a subset of ER-/PR- BC and interacts with sE-Cad to 

promote ligand-independent cell signaling (8,10,161).  However, HER2 is also expressed 
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in a subset of luminal BC cells in the absence of gene amplification (55).  The 

ErbB/HER2 receptor family is one of the main targets of sE-Cad signaling (42,60).  After 

48hr treatment with TGFβ, RUNX2-positive MCF7 cells expressed 80% higher HER2 

levels relative to RUNX2-negative cells (Figure 33, boxes 1 and 2). 

 

Figure 33.  RUNX2 positive MCF7 cells express higher HER2 protein levels. MCF7 
Tet.OFF cells were treated in the presence (RUNX2 negative) or absence (RUNX2 positive) 
of doxycycline for 3 days. Cells were then nutrient deprived for 16 hours (t=0) followed by 
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treatment with 2 ng/mL TGFβ for 2 days (t=48).  MCF7 RUNX2-positive cells were also 
treated with 0.5mM and 1mM EGTA for 2 days.  Cytoplasmic and Nuclear lysates were 
obtained and proteins analyzed via western blot.  Anti-HER2, anti-FLAG, and anti-β-actin 
antibodies were used to visualize, HER2, RUNX2, and actin respectively.  Changes in HER2 
protein levels were determined by quantifying the upper HER2 band on the western blot 
using NIH ImageJ and normalizing to β-actin and then graphed (below).  Red hashed boxes 
within the western quantification graph correspond to the same red hashed boxes in the 
western blot located above. Fold change values are indicated above corresponding bars. 

 EGTA treatment (E-Cadherin destabilization to remove sE-Cad bound at the cell surface, 

Figure 29) promoted a reduction in HER2 in RUNX2-positive MCF7 cells to the levels 

observed in RUNX2 negative cells (Figure 33, box 3 compared to box 1).  To test for 

functional HER2, the effect of HER2-targeted agents on tumorsphere formation was 

measured.  The Herceptin monoclonal antibody (aka: trastuzumab) binds the extracellular 

domain of HER2 and promotes receptor internalization and degradation, prevents 

homo/heterodimerization, and mediates antibody-dependent cellular cytotoxicity (161).  

Herceptin inhibited tumorsphere formation in RUNX2-positive MCF7 cells by 2-fold 

(11.91±4.65 to 5.76±2.83; p<0.001), without affecting tumorsphere formation in RUNX2 

negative cells (6.25±2.68 to 7.2±3.27; p=0.145) (Figure 34). 

 

Figure 34.  Cells expressing RUNX2 are sensitive to Herceptin/Trastuzumab.  MCF7 
Tet.OFF cells were scraped from culture dishes and 60,000 cells were plated in each well of 
a 6-well ultra-low attachment plate in PromoCell Basal Medium complete with Supplement 
Mix and 2 ng/mL TGFβ.  Cells were then left untreated (yellow bars) or treated with  
Herceptin (green bars), or IgG Control (purple bars) for 10 days.  Wells were replenished 
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with Herceptin or IgG control every 2-3 days. After growth for 10 days, wells were 
photographed and tumorsphere sizes were measured from photographic images (mm) and 
diameters (diameters calculated with the formula: (L+W)/2) graphed. Representative 
photos of colonies are shown to the right of the graph. Tumorsphere sample size is indicated 
in each bar as “n”.   

 Isotype-matched IgG had no significant impact on tumorsphere size.  Lapatinib is a 

small molecule receptor tyrosine kinase inhibitor that is able to cross lipid bilayers and 

bind the intracellular kinase domain of HER2 to inhibit receptor kinase activity (161).  

Lapatinib significantly decreased the diameter of RUNX2-positive MCF7 tumorspheres 

by 2-fold (13.48±4.87 to 5.68±1.78; p<0.001) while having no affect on RUNX2 

negative tumorspheres (6.99±1.67 to 6.08±2.38) (Figure 35).  

 

Figure 35.  RUNX2 positive cells are sensitive to lapatinib. MCF7 Tet.OFF cells were 
scraped from culture dishes and 60,000 cells were plated in each well of a 6-well ultra-low 
attachment plate in PromoCell Basal Medium complete with Supplement Mix and 2 ng/mL 
TGFβ.  Cells were then left untreated (yellow bars) or treated with  Lapatinib (blue bars), 
or DMSO Control (red bars) for 15 days. After growth for 15 days, wells were 
photographed and tumorsphere sizes were measured from photographic images (mm) and 
diameters (diameters calculated with the formula: (L+W)/2) graphed. Representative 
photos of colonies are shown to the right of the graph. Tumorsphere sample size is indicated 
in each bar as “n”. 

E. Discussion 

 The mechanisms regulating BC progression in early stage luminal BC are not 

completely understood.  Therefore, we tested the hypothesis that RUNX2 and Hippo 

pathway inactivation could have an impact on the tumorigenic phenotype of luminal BC 
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cells.  We found that RUNX2 expression supports a TGFβ-driven oncogenic signaling 

pathway that involves the production of soluble E-cadherin (sE-Cad), cooperation with 

HER2, and TAZ-mediated activation of tumorsphere formation (Figure 36). 

 

Figure 36.  Summary diagram showing mechanisms by which sE-Cadherin production may 
increase tumorigenesis in RUNX2-expressing cells. The Hippo tumor suppressor pathway is 
active (left side) in the context of stable E-Cadherin interactions that promote epithelial 
cell:cell polarity.  Under these conditions, E-Cadherin signaling promotes TAZ 
phosphorylation (red star) localization to 14-3-3 complexes and eventual ubiquitination and 
degradation.  Upon induction of oncogenic events (right side), which include sE-Cad 
production and cooperation with HER2 receptors, the Hippo pathway is inactivated and in 
this context TGFβ signaling promotes TAZ localization to the nucleus where it can interact 
with transcription factors, such as RUNX2, which are responsible for activation of genes 
that promote cell invasion and survival.  Several therapeutic targets are indicated (pink) 
that inhibit the tumorigenic phenotype described in our study (tumorsphere formation), 
including Herceptin/Lapatinib targeting of HER2, DECMA-1 targeting of sE-Cad, and 
CADD522 targeting of RUNX2. 
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 The expression of adhesion and invasion genes (but this is shown in the next chapter, 

Figure 38) and the sensitivity of RUNX2-expressing cells to specific agents targeting 

RUNX2, sE-Cad, and HER2 suggest that multiple pathways are involved in promoting a 

tumorigenic phenotype in luminal BC cells.  These effects on tumorsphere formation are 

consistent with the known roles of RUNX2 (26) and TAZ (138,145) in tumor-initiating 

stem cell functions.  Our data also suggest that the switch from TGFβ-mediated cytostatic 

activity to TGFβ-induced tumorigenic inactivation of the Hippo tumor suppressor 

pathway may occur early in BC progression and involves the cooperation of RUNX2 and 

its transcriptional partner, TAZ.  These combined signaling pathways may be responsible 

for a transcriptional program that mediates ECM and MMP expression, BC invasion, 

survival, and metastasis.   

 RUNX2 is a known oncogene in BC that also promotes bone metastasis of triple 

negative BC (71,84,85,94,97,124).  It is associated with poor survival in patients 

diagnosed with grade 3 BC that are ER negative (152).  We now show that RUNX2 

expression is also associated with poor survival in luminal BC patients and is expressed 

in luminal BC cells where it exhibits oncogenic functions. Using luminal BC models 

(MCF7; T47D; HCC1428) that are ER+/PR+, we find that RUNX2 promotes adhesion to 

extracellular matrix and endothelial monolayers, expression of matrix and invasion genes 

(shown later, Figure 38), and anchorage-independent growth consistent with a 

transformed phenotype. There is evidence for a luminal BC stem-like population that 

expresses RUNX2 (26,57).  This population of cells represents a small proportion of the 

bulk tumor cells, but may account for tumor relapse after surgery, chemotherapy, and/or 

radiation.   Since expression of RUNX2 in luminal BC is often associated with reduced 
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levels of ER (95,151,152), this population of cells may also be resistant to standard 

hormonal therapies using estrogen receptor modulators (SERMs) or therapies that inhibit 

the production of estrogen (aromatase inhibitors).  However, there is also a positive 

association between RUNX2 expression and ER+/PR+ status that determines a unique 

subtype of BC (109).  

 The EMT paradigm accounts for many features of tumor progression (163).  

However, emerging data support the concept of tumor progression without the 

requirement of an EMT.  TGFβ is a growth factor enriched in tumor and bone 

extracellular matrix that promotes tumor progression in oncogenic situations but inhibits 

tumorigenesis in the absence of oncogenic stimuli (134).  RUNX2 interacts and 

cooperates with the TGFβ transcriptional cofactors, Smads, to promote gene activation.  

Our data show that RUNX2-positive MCF7 cells produce higher levels of the oncogenic 

sE-Cad even with no expression of vimentin or N-Cadherin.  This sE-Cad fragment was 

shown to promote invasion, migration, and survival of cells without the loss of full length 

E-Cadherin (40,43,50,53) and has been proposed as a biomarker for metastatic potential 

in a variety of cancers, including breast, prostate, colorectal, bladder, and ovarian cancers 

(10,38,40,43,45,47-49,50,51,53,154).  Using Ca+2-chelating agents that inhibit MMPs 

and E-cadherin interactions in RUNX2-positive cells, sE-Cad secretion from RUNX2-

positive cells was inhibited to levels found in RUNX2-negative cells. Targeted 

microarray analysis showed that several proteases were upregulated in RUNX2-positive 

cells that could mediate E-cadherin processing (Figure 38).  It has been reported that sE-

Cad is produced by proteolytic processing through the action of ADAM and MMP 

proteases, including but not limited to MMP-2, MMP-3, MMP-7, MMP-9, and MT1-
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MMP (31,32,37,41,60,154), some of which are RUNX2 target genes (85). In addition, 

sE-Cad has been shown to promote internal signaling resulting in the expression of 

MMPs that are able to cleave E-Cadherin in a positive feedback loop (32,164). RUNX2 

could be the transcriptional modulator both upstream and downstream of sE-Cad 

signaling in producing MMPs for cleavage as well as being activated via signaling 

downstream of sE-Cad initiation. Therefore, it is possible that RUNX2 activates the 

transcription of an E-Cadherin targeting MMP and current research is focused on 

identifying specific MMPs that might regulate sE-Cad production in response to RUNX2.   

 sE-Cad was associated with the cell surface and released into the conditioned 

media in RUNX2-positive cells.  Therefore, in a tumor microenvironment it could 

mediate both autocrine and paracrine signaling to support early cell invasion and to allow 

the cells to survive in the circulation and migrate to the bone.  Since RUNX2-positive 

cells produce sE-Cad without loss of full-length E-cadherin, it is possible that these cells 

are primed for survival in suspension cultures through coordinated signaling involving 

other survival pathways.  We were able to inhibit tumorsphere formation in RUNX2 

positive cells using an inhibitory antibody to sE-Cad, DECMA-1.  For RUNX2-negative 

cells, DECMA-1 appeared to increase tumorsphere formation, which is consistent with 

published reports that these antibodies also prevent E-Cadherin-dependent growth 

suppression, which increases cell proliferation (160).  The result of blocking the function 

of full-length E-cadherin could have resulted in an EMT thus increasing tumorsphere size 

(165).   The RUNX2-specific drug, CADD522, increased sE-Cad production within the 

first 24hr of treatment, but sE-Cad levels declined by almost 20-fold by 72hr. These 

results are consistent with reduced sE-Cad turnover in the presence of the RUNX2 
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inhibitor (24hr treatment), perhaps as an adaptive response.  However, the eventual 

decline in sE-Cad levels could be the result of less RUNX2 protein, which is needed to 

transcribe proteases necessary for sE-Cad generation.  Some decrease in sE-Cad 

production in RUNX2-negative cells may be due to CADD522 inhibition of endogenous 

RUNX2 or of low amounts of RUNX2 produced by the Tet.OFF system even in the 

presence of doxycycline.  

 Transcription factors require coactivators or corepressors to modulate target gene 

promoter interaction and gene expression. Previous studies examining TAZ/YAP-

regulated tumorigenic events showed that in ER+/PR+ BC these Hippo pathway 

components are activated by TGFβ signaling and TEAD transcription factor interactions 

(134).  We now show that luminal, ER-positive BCs are also regulated by TAZ and 

RUNX2 transcription factor-mediated processing of sE-Cad, which increases cell:cell 

adhesion in suspension cultures and tumorsphere formation.  Therefore, these data 

support a role for TGFβ in promoting early and late stage tumorigenesis in the context of 

RUNX2, which cooperates with the TAZ/YAP Hippo pathway components.  Inactivation 

of the Hippo pathway can lead to nuclear translocation of TAZ/YAP, with changes in 

gene transcription and increased tumor transformation.  The TAZ transcriptional cofactor 

interacts with several nuclear DNA-binding partners, including TEAD, MyoD, Pax3, 

PPARγ, and RUNX2 (166) and is an important regulator of BC stem cell-related 

phenotypes (145).  Whether RUNX2 and TAZ can cooperate to promote breast cancer 

progression has not until now been studied.  We showed previously that RUNX2 interacts 

with the TAZ-related cofactor, YAP, to promote anchorage-independent growth (89). 

However, now we find that the TAZ cofactor, but not YAP, is essential in promoting a 
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RUNX2-dependent tumorigenic phenotype in luminal BC cells since TAZ knockdown 

abrogated tumorsphere formation while YAP localization in response to RUNX2 

induction did not change (Figure 23). TAZ is the transcriptional cofactor that determines 

whether mesenchymal stem cells in the bone differentiate into adipocytes (PPARγ) or 

osteoblasts (RUNX2) (141).  Since RUNX2/TAZ association promotes osteoblast 

differentiation, it is possible that tumor cells hijack this developmental partnership to 

prime BC cells for homing, implantation, and survival (osteomimicry) in the bone.  This 

could account for the high bone metastatic recurrence rate observed clinically in luminal 

BC cases.  Although TAZ knockdown inhibited tumorsphere formation almost 

completely in RUNX2-positive cells, TAZ also appears to be important in MCF7 cells in 

which RUNX2 is not induced.  This may reflect the endogenous stem-like MCF7 

subpopulation of cells that already express RUNX2 (26) and which may also use TAZ as 

a cofactor to promote tumorsphere formation.  

As the major cofactor responsible for activating a TGFβ/RUNX2 transcriptional 

program during osteoblast differentiation, TAZ has also been shown to interact with 

Smads (144).   It is well established that cell:cell contacts maintain Hippo pathway tumor 

suppressive function resulting in sequestration of TAZ in the cytosol.  However, with 

increased production of sE-Cad and disruption of normal adherens junction, TAZ 

translocated to the nucleus in RUNX2 positive cells in response to TGFβ. However, 

targeting RUNX2 with the selective drug CADD522 inhibited TAZ localization to the 

nucleus.  Furthermore, we found that RUNX2 and TAZ were associated within the same 

immune complex.  Therefore, it is possible that RUNX2 and TAZ promote the 

transcription of MMPs to generate sE-Cadherin leading to survival and an invasive 
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phenotype.  In the absence of RUNX2, TAZ may be able to interact with TEAD to 

promote tumorsphere formation, which could account for continued nuclear TAZ.  

However, when RUNX2 activation/expression was inhibited with CADD522, reduced 

TAZ nuclear levels suggest it does not associate with other nuclear factors such as 

TEAD.  Therefore, RUNX2/TAZ appears to be responsible for the tumorigenic 

phenotype in luminal BC cells.   

 Luminal BC cells are known to be heterogeneous and contain a subpopulation of 

cells that exhibit both stem-like properties and expression of the HER2 gene (57).  In 

fact, HER2 significantly correlated with expression of the tumor-initiating, stem-like BC 

phenotype.   One of the main targets of sE-Cad is the ErbB/HER2 receptor family.  In 

breast cancer, HER2 is often amplified in a subset of tumors that are termed HER2-

positive BC. However, there is increasing evidence that HER2 is abnormally expressed in 

a subset of luminal BC cells in the absence of gene amplification.  We found that 

RUNX2-positive MCF7 cells expressed a higher level of HER2 after treatment with 

TGFβ.  This correlated with higher levels of sE-Cad secreted into the conditioned media 

and bound to the cell surface. sE-Cad could be removed from the cell surface using a 

calcium chelator, EGTA, which resulted in a dose-dependent decrease in both sE-Cad 

and HER2 protein levels.  Despite HER2 being expressed in RUNX2 negative cells, these 

cells were unresponsive to HER2-targeted drugs.  This may be because sE-Cad levels are 

low in these cells and not functioning in an autocrine manner with HER2.  On the 

contrary, RUNX2 positive cells were extremely sensitive to HER2-targeted drugs 

resulting in a significant decrease in tumorsphere size demonstrating that RUNX2-

positive cells are initiating HER2 signaling through sE-Cad to promote a tumorigenic 
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phenotype. Whether sE-Cad will be a good biomarker for metastatic potential in early 

stage breast cancer or whether it could be used to predict drug response will require 

further investigation.  Therefore, sE-Cad could be a marker for tumors expressing 

RUNX2 in a tumor-initiating subpopulation of tumor cells primed for bone metastasis.  

Our data suggest these cells rely on HER2 signaling to potentiate their tumorigenic 

phenotype and thus early bone metastases could be inhibited with Herceptin and 

Lapatinib treatment.  

 BC heterogeneity results in poor disease management and may contribute to 

treatment resistance and tumor recurrence (8).  Treatments that target the bulk cancer cell 

population may not affect a subpopulation of tumor cells that contribute to relapse and 

metastasis (7,150).  Therefore, therapeutic approaches that combine targeting of these 

metastatic subpopulations in addition to the bulk tumor may have the most efficacies in 

preventing relapse after surgery and/or chemotherapy and radiation. HER2 targeting may 

also be effective in the context of RUNX2/TAZ/TGFβ-driven luminal BC progression.  

HER2-targeting agents, such as Trastuzumab and Lapatinib, are FDA approved and used 

in BC patients with HER2 gene amplifications. However, some DCIS also express HER2 

(4) and clinical trials examining the effectiveness of these agents in DCIS and luminal 

BC overexpressing HER2 (without amplification) suggest positive responses, which 

might warrant the use of HER2-targeted therapy for luminal BC (55) patients even in the 

absence of HER2 amplification. The production of sE-Cad, which cooperates with HER2, 

may promote survival and BC stem cell expansion and HER2-targeting might also inhibit 

this subpopulation of cells to prevent metastatic relapse. 
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F. Conclusions 

 In summary, RUNX2 expression supports a TGFβ-driven oncogenic signaling 

pathway that involves TAZ-mediated activation of tumorsphere formation, the production 

of soluble E-Cadherin (sE-Cad), and cooperation with HER2.  The effects on 

tumorsphere formation are consistent with the known roles of RUNX2 and TAZ in 

tumor-initiating functions.  These combined signaling pathways may be responsible for a 

transcriptional program that mediates BC proliferation, invasion, survival, and metastasis.  

Understanding how these components promote oncogenesis may lead to the development 

of better therapeutic agents to treat metastatic BC.  
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CHAPTER 5:  ONGOING PROJECTS AND FUTURE DIRECTIONS 

 

A. Identify the protease(s) regulated by RUNX2 transcriptional activity that is 

responsible for the proteolytic generation of sE-Cad. 

E-Cadherin normally functions as a tumor suppressor and its expression is often 

silenced during tumor development, which leads to metastasis. However, emerging 

evidence shows that this classic tumor suppressor may also function as an oncogene in 

tumors.  E-Cadherin may be proteolyically cleaved at the transmembrane proximal 

extracellular cadherin domain releasing the full extracellular fragment, which appears to 

function as an oncogene (32).  Proteases responsible for this proteolytic processing 

include members of the matrix metalloproteinase (MMP) family and a disintegrin and 

metalloproteinase (ADAM) family. Published data show that ADAM10, ADAM 15, 

MMP2, MMP3, MMP7, MMP9, and MMP14 are all able to cleave E-Cadherin and 

generate sE-Cad.  MMP9 is a well established transcriptional target gene of RUNX2 and 

has been shown to mediate metastasis to the bone in a RUNX2-dependent manner (124).  

MMP14 (aka: MT1MMP) is also an established RUNX2 transcriptional target, which is 

upregulated in breast cancers (64,177). Identifying the MMP(s) responsible for cleaving 

RUNX2 in our BC model and identifying it as a RUNX2 transcriptional target, directly or 

indirectly, would be strong support for the mechanism we have described.   We have 

already shown that the endogenous sE-Cad produced in MCF7 cells can be modulated by 

RUNX2 and inhibition of RUNX2 reduces the levels of sE-Cad bound to the cell surface 

and secreted into the conditioned media. We have preliminary data suggesting an MMP is 

the protease responsible for the production of sE-Cad in the RUNX2 positive MCF7 
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cells. 

 

Figure 37.  Phenanthroline inhibits the secretion of sE-Cad in RUNX2 positive MCF7 cells. 
MCF7 Tet.OFF cells were treated in the presence (RUNX2 negative) or absence (RUNX2 
positive) of doxycycline for 3 days. Cells were then nutrient deprived for 16 hours (t=0) 
followed by treatment with 2 ng/mL TGFβ for 2 days (t=48).  MCF7 RUNX2-positive cells 
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were also treated with 500 μM Phenanthroline and DMSO control over the 48 hours as 
indicated in the immunoprecipitation.  Conditioned Media was then collected and 
centrifuged to pellet cellular debris.  Protein levels were estimated and 200 µg of protein 
was suspended and immunoprecipitated using anti-E-Cadherin antibodies to precipitate sE-
Cad (80 kDa).  Elutes were analyzed via western blot.  Anti-E-Cadherin antibody was used 
to visualize sE-Cad.  (The first 4 lanes are the same as pictured in Figure 30). 

We treated MCF7 RUNX2-positive cells with the broad MMP inhibitor, Phenanthroline, 

and examined the conditioned media to determine whether the amount of secreted sE-Cad 

was reduced to the levels observed in RUNX2-negative MCF7 cells (Figure 37 above).  

After Phenanthroline treatment there was a 2.4-fold reduction in the amount of sE-Cad 

secreted into the conditioned media (Figure 37 above).  DMSO solvent control had no 

effect on the levels of sE-Cad found in the conditioned media.    

To determine the MMP responsible, the Human Extracellular Matrix and 

Adhesion SuperArray from Qiagen was used.  This array can query 84 genes associated 

with the extracellular matrix (including MMPs) as well as Cell:Cell adhesion molecules 

(Table 5).  

Table 5. Human Extracellular  Matrix and Adhesion Molecules PCR Array 
Gene Set 

Cell Adhesion Molecules 

Class Genes 

Transmembrane Molecules 

CD44, CDH1, HAS1, ICAM1, ITGA1, ITGA2, ITGA3, ITGA4, 
ITGA5, ITGA6, ITGA7, ITGA8, ITGAL, ITGAM, ITGAV, 
ITGB1, ITGB2, ITGB3, ITGB4, ITGB5, MMP14, MMP15, 

MMP16, NCAM1, PECAM1, SELE, SELL, SELP, SGCE, SPG7, 
VCAM1 

Cell-Cell Adhesion 
CD44, CDH1, COL11A1, COL14A1, COL6A2, CTNND1, 

ICAM1, ITGA8, VCAM1 

Cell-Matrix Adhesion 
ADAMTS13, CD44, ITGA1, ITGA2, ITGA3, ITGA4, ITGA5, 

ITGA6, ITGA7, ITGA8, ITGAL, ITGAM, ITGAV, ITGB1, 
ITGB2, ITGB3, ITGB4, ITGB5, SGCE, SPP1, THBS3 
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Table 5. Human Extracellular  Matrix and Adhesion Molecules PCR Array 
Gene Set 

Other Adhesion Molecules 

CNTN1, COL12A1, COL15A1, COL16A1, COL5A1, COL6A1, 
COL7A1, COL8A1, VCAN, CTGF, CTNNA1, CTNNB1, 

CTNND2, FN1, KAL1, LAMA1, LAMA2, LAMA3, LAMB1, 
LAMB3, LAMC1, THBS1, THBS2, CLEC3B, TNC, VTN 

Extracellular Matrix Proteins 
Class Genes 

Basement Membrane 
Constituents 

COL4A2, COL7A1, LAMA1, LAMA2, LAMA3, LAMB1, 
LAMB3, LAMC1, SPARC 

Collagens and ECM 
Structure 

COL11A1, COL12A1, COL14A1, COL15A1, COL16A1, 
COL1A1, COL4A2, COL5A1, COL6A1, COL6A2, COL7A1, 

COL8A1, FN1, KAL1. 

ECM Proteases 
ADAMTS1, ADAMTS13, ADAMTS8, MMP1, MMP10, MMP11, 

MMP12, MMP13, MMP14, MMP15, MMP16, MMP2, MMP3, 
MMP7, MMP8, MMP9, SPG7, TIMP1. 

ECM Protease Inhibitors COL7A1, KAL1, THBS1, TIMP1, TIMP2, TIMP3 

Other ECM Molecules 
VCAN, CTGF, ECM1, HAS1, SPP1, TGFBI, THBS2, THBS3, 

CLEC3B, TNC, VTN 

Preliminary data show that RUNX2-positive MCF7 cells do overexpress numerous 

MMPs (Figure 38 below).  In addition, the genes upregulated in sE-Cad producing 

RUNX2-positive MCF7 cells are consistent with the hypothesis that cells expressing sE-

Cad are more invasive than cells that do not.  Many invasion and extracellular matrix 

genes were upregulated (Figure 38 below) in the RUNX2-positive MCF7 cells.  

Unfortunately, a role for MMP14 (MT1MMP) and MMP9 was inconclusive from the 

SuperArray data and, therefore, the array analysis will need to be repeated with freshly 

prepared cDNA.  Once we determine which MMP(s) are upregulated in response to 

RUNX2, the array data must be validated via Q-PCR.   
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Figure 38.  RUNX2 promotes the activation of an invasive phenotype. MCF7 Tet.OFF cells 
were treated in the presence (RUNX2 negative) or absence (RUNX2 positive) of doxycycline 
for 3 days. Cells were then nutrient deprived for 16 hours.  Total RNA was extracted from 
cells using Trizol and cDNA was made following Qiagens RT2  First Strand kit.  
Extracellular matrix and Adhesion genes were screened using the RT Profiler PCR 
SuperArray from Qiagen. Q-PCR measured the gene level changes comparing the RUNX2 
positive RNA levels to the RUNX2 negative cells (control).  Fold  changes were calculated 
using the RT Profiler PCR Array Data Analysis v3.5 software and graphed as fold change 
and indicated above/below bars on the graph.  Datasets were normalized to GAPDH.   

Validated MMPs that are already known to target E-Cadherin for proteolytic processing 

should also be examined.  Using siRNA/shRNA, the individual MMPs will be knocked 

down in RUNX2-positive MCF7 cells and sE-Cad levels will be analyzed.  Luciferase 

assays can be utilized to determine if the candidate MMP is a RUNX2 transcriptional 

target.  To further validate the MMP as a RUNX2 target gene, Chromatin 

Immunoprecipitation (ChIP) would need to be performed to show that RUNX2 occupies 

sites in the proximal promoter of the putative MMP gene. Establishing the MMP 

responsible for sE-Cad cleavage in our system could be beneficial for developing better 
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biomarkers for luminal tumors and determine whether they have the potential to 

metastasize.  Upregulation of a putative MMP could suggest there is a subpopulation of 

cells within the tumor that express RUNX2 and may promote undetectable metastases.  

This information could be used to tailor treatment options for these patients to prevent or 

delay possible metastases in the near or far future.       

B. Determine whether RUNX2 is controlling a cancer stem cell-like phenotype. 

Understanding the role of cancer stem cells (CSC) in tumor initiation and 

progression is becoming increasingly important for the development of therapeutics that 

can more effectively treat primary tumors.  The CSC model differs from the classical 

stochastic model of tumor development (Figure 39 below).  The stochastic model 

proposes that any tumor cell may function as a tumor-initiating cell, which leads to tumor 

growth (colored cells, Figure 39A below).  The CSC model, however, suggests that only 

a small population of cells within the tumor have the ability to initiate tumors and these 

are the cancer stem cells (yellow cells, Figure 39B below).  In order for a cell to be 

defined as a CSC it must be shown to have the capacity to generate a tumor, exhibit 

properties of self-renewal and compromised differentiation, express genetic alterations, 

and have the capacity to generate tumorigenic and nontumorigenetic differentiated cells 

(167).  In breast cancer, these cells are defined at the molecular level as MM-

/CD44+/CD24-/low/ESA+/CD271+/ALDH+ (26,55,167).  In addition to displaying these 

characteristics, it has become clear that CSCs are resistant to chemotherapeutics, targeted 

agents, and radiation therapy (167).  Therefore, conventional treatments that target the 

bulk population of cancer cells leave the tumor initiating CSC largely unaffected, 

resulting in relapse and metastasis.  
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Figure 39.  The Cancer Stem Cell Hypothesis.  The Cancer stem cell model (B) of tumor 
formation compared to the classic stochastic model (A).  In the stochastic model it is 
proposed that any cell has the ability to self-renew and form a tumor.  The CSC model 
however, argues that only cancer stem cells (yellow) have the ability to generate all the 
different cells within the tumor as well self-renew which leads to tumor formation.  RUNX2, 
TAZ, and HER2 have all been independently characterized as playing a role in modulating 
the cancer stem cell population (C). (Figure modified from 167) 

Recent research suggests that expression of novel proteins may be responsible for 

modulating the CSC phenotype.  There is increasing evidence that RUNX2, HER2, and 

TAZ all play a role in CSC biology (Figure 39C).  RUNX2 was shown in 2012 to be 

upregulated in an endogenous population of stem cells found in MCF7 cells (26).  This 

cellular population was responsible for recapitulating the MCF7 heterogeneous cell 

population (26).  The RUNX2-negative epithelial-like cells, on the other hand, were not 

able to recapitulate an MCF7 heterogeneous population.  In addition, RUNX2 was found 
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upregulated in the stem cell population of the mammary gland where it was responsible 

for mediating differentiation of epithelial cells (151,152), and was shown to promote an 

EMT in MCF7 BC cells (96).  The expression of RUNX2 highly correlates with tumors 

overexpressing HER2 (151), which is another protein that has been independently shown 

to be important for the maintenance of CSC.  Aldehyde dehydrogenase (ALDH) is 

upregulated in the breast CSC population and HER2 correlated with a subpopulation of 

ALDH positive cells.  Using HER2 targeting agents, reduced levels of cells expressing 

ALDH were identified, suggesting that HER2 was modulating the population of ALDH-

positive cells (55,56).  Mammosphere formation is another method of determining if 

specific gene expression modulates stem-like activity.  HER2 expression was able to 

initiate the formation of primary, secondary, and tertiary tumorspheres, which were 

inhibited with HER2 targeting agents (55,56).  In addition to RUNX2 and HER2 as 

important regulators in CSC biology, TAZ has recently been shown to also play a role.  

TAZ expression correlated with a high histological grade of tumors, promoted self-

renewal of a stem-like subpopulation of BC cells, was essential for cells to maintain their 

tumorigenic potential, promoted an EMT, and was responsible for drug resistance (145-

147).  Since each of these proteins has been independently identified as being important 

for CSC activity, it would be important to determine if RUNX2 is controlling a CSC 

population within the luminal BC model described in this thesis.  By analyzing a change 

in CSC markers such as ALDH, CD44, CD24, and CD271 by flow cytometry one can 

determine if RUNX2 is modulating the CSC phenotype.  Identifying a 

RUNX2/HER2/TAZ population of cells as CSC would provide new therapeutic targets 
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for early stage luminal tumors and justification for using HER2 and RUNX2-targeted 

agents in inhibiting this CSC subpopulation.   

C. Determine if C-terminal cleavage fragments produced in RUNX2-positive 

MCF7 cells are promoting oncogenic Wnt signaling. 

The Wnt signaling pathway plays an important role in the progression of breast 

cancer.  Wnt signaling controls cellular proliferation, cellular migration, and 

differentiation during development (168) and is deregulated during cancer development. 

Abnormal constitutive activation of Wnt signaling has been shown to occur in triple-

negative breast cancers through the Wnt receptor Frizzled and co-receptor LRP6 up-

regulation (168).  The Wnt signaling pathway controls cellular localization and activity of 

the transcriptional co-activator, β-catenin.  In the absence of Wnt signaling (Wnt inactive, 

Figure 40 below), β-catenin is phosphorylated by a destruction complex composed of 

adenomatous polyposis coli (APC), axin, glycogen synthase kinase-3 (GSK3), and casein 

kinase 1 (CK1) (168,169).  In addition to targeted degradation, β-catenin can be 

sequestered in the cytoplasm bound to the C-terminal domain of E-Cadherin thus 

protecting it from destruction and preventing its nuclear translocation.  However, upon 

Wnt signaling (Wnt active, Figure 40 below), Wnt binds to Frizzled receptor with low-

density lipoprotein receptor-related protein 5/6 (LRP5/6) resulting in destabilization of 

GSK3.  This leads to cytoplasmic accumulation and nuclear translocation of β-catenin 

resulting in the transcription of proliferation, invasion, and metastatic associated genes.  

Loss of cell:cell adhesion through disruption of E-Cadherin hemophilic intereactions or 

through transcriptional downregulation of E-Cadherin is also associated with β-catenin in 

the nucleus.  However, the proteolytic (30kDa) fragment of E-Cadherin has been shown 
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to associate with β-catenin to mediate nuclear localization (32,153,170-172). 

 

Figure 40.  The Wnt signaling pathway.  Under normal conditions (left), Wnt does not bind 
to its extracellular receptor, Frizzled.  This results in sequestration of β-catenin in the 
cytosol.  Β-catenin can remain bound to the C-terminus of E-Cadherin or it can be 
phosphorylated by the Wnt destruction complex composed of glycogen synthase kinase-3 
(GSK3), adenomatous polyposis coli (APC), and axin.  Phosphorylation leads to ubiquitin-
mediated proteolysis.  Under tumorigenic conditions (right), Wnt binds to Frizzled leading 
to inhibition of the destruction complex allowing nuclear translocation of β-catenin and 
transactivation of genes associated with proliferation, invasion, and metastasis.  Loss of 
cell:cell contacts in tumor cells through proteolysis of E-Cadherin can lead to the generation 
of a c-terminal fragment which weights 30kDa.  This 30kDa fragment is able to bind β-
catenin and shuttle it to the nucleus thus bypassing the regulatory mechanisms of the 
destruction complex.  This can lead to activation of Wnt target genes in the absence of Wnt 
signaling.  (Figure modified from 169) 

Preliminary data from our lab shows an increased production of this 30kDa C-terminal 

Fragment of E-Cadherin after RUNX2 induction (Figure 41 below).   Furthermore, there 

is an increase in the nuclear localization of this fragment within 24hrs of TGFβ treatment 

in RUNX2-positive MCF7 cells (Figure 41 below).  This is accompanied by increased 

nuclear localization of β-catenin in the RUNX2-positive cells (Figure 41 below).  It 

would be important to determine whether these two proteins interact within the nucleus 
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and if the 30kDa fragment is modulating the transcriptional activity of β-catenin target 

genes.  Identifying RUNX2 as an indirect modulator of Wnt signaling would be novel in 

the breast cancer field.  

 

Figure 41.  β-catenin and 30kDa C-terminal fragment of E-Cadherin localize to the nucleus 
in RUNX2 positive MCF7 cells. MCF7 Tet.OFF cells were treated in the presence (RUNX2 
negative) or absence (RUNX2 positive) of doxycycline for 3 days. Cells were then nutrient 
deprived for 16 hours (t=0) followed by treatment with 2 ng/mL TGFβ for 1 day (t=24). 
Cytoplasmic and Nuclear lysates were obtained and proteins analyzed via western blot.  
Anti-E-Cadherin, anti-β-catenin, anti-FLAG, and anti-β-actin antibodies were used to 
visualize the 30 kDa C-terminal fragment of E-Cadherin, β-catenin, RUNX2, and actin 
respectively.   

 Wnt signaling has not only been shown to promote an EMT and BC 

tumorigenesis, but to be essential for maintenance of the CSC phenotype and an 

important modulator of bone metastasis (168,169,173,174), providing a link between Wnt 

signaling and RUNX2 function in the bone.  It would be intriguing if the Wnt signaling 

pathway is utilized by RUNX2-positive luminal BC cells to mediate metastasis and 

survival within the bone microenvironment.   

 Furthermore, increasing evidence supports the hypothesis of cross-talk between 

the Hippo signaling pathway and Wnt signaling (132,133,135,175).  During osteogeneic 

differentiation it was been shown that Wnt signaling can induce TAZ expression, 
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increase TAZ nuclear translocation, reduce TAZ phosphorylation, and promote TAZ 

dependent RUNX2 transcriptional target gene activation to promote osteoblast 

differentiation (133).  GSK3 was also shown to phosphorylate TAZ on S58 and S62 

leading to its degradation in the absence of Wnt signaling (135,175).  However, when 

Wnt is active and GSK3 is inhibited, TAZ has been shown to accumulate in the 

cytoplasm (135,175).  It would be important it see if Wnt signaling is part of a 

feedforward mechanism that promotes RUNX2 transcription through a TAZ-dependent 

mechanism in luminal BC cells.               

D. Determine if HER2 is a direct RUNX2 transcriptional target gene. 

 RUNX2 is a transcription factor responsible for activation or repression of many 

target genes.  In breast cancer it has been shown to regulate transcription of genes that 

mediate metastasis to the bone.  HER2 has also been shown to be an essential protein for 

the development of bone metastases (55) and it correlates with the expression of RUNX2 

in breast cancer (151).  However, it is not known whether HER2 is a RUNX2 

transcriptional target gene.  Because the expression of HER2 correlated with RUNX2 

expression, we examined the promoter of HER2 for the consensus to see if there are any 

RUNX2 binding sites (Figure 42, RUNX2 binding motifs highlighted in red).  

 

Figure 42.  RUNX2 binding sites on the HER2 promoter.  The HER2 promoter is composed 
of 6000 base pairs of DNA.  Using NCBI and running a BLAST search for RUNX2 binding 
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sites (Red ovals), 8 sites were identified within the distal promoter as having 100% sequence 
homology to RUNX2 DNA binding motif (TGTGGT). 

Examination of the HER2 promoter reveals 8 potential RUNX2 binding sites within 6kb 

upstream of the transcriptional start site.   Using Q-PCR, preliminary data suggest that 

RUNX2 could regulate the HER2 promoter (Figure 43). 

 

Figure 43.  RUNX2 correlates with higher HER2 mRNA levels.  MCF7 Tet.OFF cells were 
treated in the presence (RUNX2 negative) or absence (RUNX2 positive) of doxycycline for 3 
days. Cells were then nutrient deprived for 16 hours and treated with TGFβ for 48 hrs.  
Total RNA was extracted from cells using Trizol and cDNA was made.  Quantitative real-
time PCR (Q-PCR) of cDNA from RUNX2 positive and RUNX2 negative MCF7 cells 
treated for 48 hours with TGFβ was performed.  Results were analyzed for fold change in 
HER2 gene expression and normalized to β-actin. 

 However, the data using MCF7 inducible RUNX2 cells was not consistently 

reproducible.  Using a HER2 overexpressing cell lines (182) such as BT474 (expresses 

no RUNX2, Figure 44 below) and SkBR3 (expresses high RUNX2, Figure 44 below) 
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we can either overexpress RUNX2 exogenously (BT474) or knockout RUNX2 using 

siRNA (SkBR3) and then examine the mRNA and protein expression levels of HER2 to 

determine if RUNX2 has the ability to modulate the transcriptional activity of HER2.  If 

RUNX2 correlates with HER2 mRNA levels in these cells, ChIP will be used to 

determine if RUNX2 can associate with the promoter, which would suggest a direct 

regulation of HER2.  Further, luciferase promoter-reporter assays can be conducted to 

confirm HER2 promoter regulation by RUNX2.    

Figure 44.  RUNX2 protein expression in HER2 expressing BC cell lines.  
MCF7 Tet.OFF cells were treated in absence (RUNX2 positive) of 
doxycycline for 3 days to maximize RUNX2 expression.  BT474, MDA-
MB-231, and SkBr3 cells were also grown in full media. Nuclear lysates 
were obtained and proteins analyzed via western blot.  Anti-RUNX2 and 
anti-β-actin antibodies were used to visualize the RUNX2 and actin 
respectively.   
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E. Determine if the RUNX2/TGFβ-dependent oncogenic program is preserved 

in vivo.  

All of the work to this point has been performed in cell culture systems.  

Understanding the biological basis of a phenotype in cell culture is important, but so is 

validating the system in vivo.  Using the MCF7 Tet.OFF model, tumor cells will be 

injected into the mammary fat pad of NOD/SCID mice.  To determine if sE-Cad 

production increases as a function of the RUNX2 expression in the mice, blood will be 

drawn before and during tumor growth and the levels of sE-Cad will be monitored via 

ELISA.  sE-Cad levels can also be measured after treatment with the HER2 targeting 

agents, lapatinib and Herceptin. CADD522 can be used to determine whether RUNX2 

can be inhibited in vivo and if this also affects the levels of sE-Cad secreted into the 

bloodstream of mice.  Immunohistochemistry can be used to look for co-expression of 

RUNX2, TAZ, and HER2 in tumors isolated from the mice.       
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