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By SHANNON M. SMITH 

Dissertation Director: 

Li Cai, Ph.D. 

 

In the United States, breast cancer is the most common form of non-skin cancer 

and the second leading cause of cancer related deaths in women. The National Cancer 

Institute recognizes two clinical challenges in breast cancer research.  First, the 

prevention of breast cancer is seen as a challenge due to the complex nature of the 

developing breast.  Second, there is no effective treatment for the metastatic diseases due 

to the presence of cancer stem-like cells.   

Cancer stem-like cells (CSC) have the ability to continuously proliferate and 

differentiate, sustaining the original tumor and generating new tumors.  CSCs represent a 

small population of a tumor and can be identified by cell surface protein markers that 

distinguish the cells from the surrounding population of cancer cells.  In breast cancer, 

CSCs can be identified by the up-regulation of CD44, a cell surface glycoprotein, and the 

down-regulation of CD24, a cell adhesion molecule.   

CD44 is a cell surface glycoprotein involved in a number of cellular processes, 

including cell adhesion, migration and cell-cell interactions.  The protein is a receptor for 

hyaluronic acid and it can interact with other ligands such as osteopontin and collagens.  

Ongoing research of CD44 focuses on downstream effects of CD44 and how variant 

forms of CD44 function in cancer cells.  Despite the intense research aimed at 
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understanding CD44’s role in cancer and cancer stem-like cells, little is known about its 

regulation in normal or cancer cells.  

As an important component of gene transcription machinery, cis-regulatory 

elements are located in non-coding genomic DNA on the same chromosome as the gene 

of interest and are responsible for the up- and down-regulation of genes.  Cis-elements 

are often highly conserved and tend to be in regions of open chromatin configuration 

making them accessible to trans-acting factor binding proteins.  In this thesis, I have 

identified a highly conserved region, CR1, with the ability to direct gene expression in a 

cell specific manner.  Further analysis revealed that the trans-acting factor NFκB has the 

ability to bind CR1 and is involved in regulating CD44 expression.  Inhibition of NFκB 

resulted in reduced CD44 expression and subsequently a reduction in proliferation and 

invasiveness of breast cancer cells.  

Finally, I examined a second conserved region cis-element in the CD44 locus, 

CR3, and found it too has the ability to regulate gene expression.  Initial examination of 

trans-acting factors revealed MEF2 and GATA1 transcription factor binding sites are 

required to direct gene expression in a cell specific manner.   

These findings provide new insight into molecular mechanism underlying CD44 

regulation in breast cancer cells and offers new clues to therapeutic targets that may help 

eliminate chemo- and radiation-resistant cancer cells and subsequent metastasis.  
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Chapter 1: Introduction 

 

Breast tumors contain a heterogeneous population of cells that can be distinguished 

by cell surface markers.  The cell surface transmembrane glycoprotein, CD44, has been 

found to be up-regulated on a sub-population of breast cancer cells with stem like 

properties including the ability to self-renew (continuously proliferate) and differentiate, 

sustaining the original tumor and generating new tumors.  The biological functions of 

CD44 are thought to promote the metastatic potential of breast cancer cells and therefore, 

CD44 has become the focus of research aimed at identifying therapeutic targets to treat 

breast cancer.  

 In the following chapter, I will discuss how breast development promotes breast 

cancer as well as the most commonly diagnosed breast cancers.  Then, I will discuss the 

identification of breast cancer stem-like cells and the role CD44 plays in the promotion of 

breast cancer.  Finally, I will examine the approach of using cis-elements and the trans-

acting factors to identify novel therapeutic targets against CD44. 

 

1.1 Female breast development 
 

In utero, the developing breast begins as a mammary bud and continues to 

develop until a woman carries a child to full term.  Breast development begins week 28 in 

utero, when the mammary bud branches and begins to proliferate [1,2,3].  After birth, the 

epithelial lining differentiates and undergoes involution and by two years of age, the 

breast will consist of a small ductal structure.  During puberty the ductal system elongates 

and end buds proliferate, forming terminal ductal lobular units (TDLU).  Finally, during 
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pregnancy and lactation, there is an increase in lobules and the acini become dilated with 

milk.  Following weaning, involution occurs and the epithelial cells are removed by 

apoptosis and phagocytosis. This cycle of proliferation and involution continues to occur 

with each menstrual cycle and pregnancy until menopause is reached [2,3,4]. 

Although mammary stem cells have not been conclusively identified in the female 

breast, they are thought to be responsible for the expansion and regeneration of the 

mammary gland during puberty, pregnancy and menopause [5].  Kordon and Smith were 

able to show how a multipotent stem cell was able to produce an entire mammary gland 

and identified three distinct progenitor cell populations in the breast.  One stem cell 

produced the epithelial cell compartment, while the other two had the ability to produce 

secretory lobules or branching ducts [5,6].  The dynamic nature of the breast requires it to 

maintain tissue homeostasis in which the number of daughter cells produced is 

controlled, as is the initiation of differentiation.  Unfortunately, the constant cycling 

between proliferation and regression can accumulate DNA damage and lead to cancer.  

 

1.2 Breast Cancer 

Current cancer statistics estimate women have a 1 in 8 chance of developing 

invasive breast cancer throughout their lifetime.  In 2013, an estimated 232,000 women 

will be diagnosed with breast cancer while more than 39,500 women will die of breast 

cancer [7].  Fewer than 30% of cancers diagnosed in women are breast cancers.  Breast 

cancer is the most commonly diagnosed cancer (excluding skin cancer) in women and the 

second leading cause of cancer related deaths [7].   
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Breast cancer is a very complex disease with numerous risk factors.  While the 

strongest risk factor is age, a close family history (i.e. mom, sister, or daughter) can 

double a women’s risk of developing breast cancer [7,8].  Other risk factors include 

inherited changes in genes (BRCA1, BRCA2 and p53), age of first menstruation and age 

when menopause is reached.  If a woman carries her first full term pregnancy after the 

age of 30, this can also increase the risk of developing breast cancer.  Despite intense 

research, a decrease in the incidence of breast cancer has only been seen in women over 

the age of 50 (down 2% each year between 1999-2005).  This is attributed primarily due 

to the reduction in the use of hormones during menopause [8].   

 

1.2.1 Types of Breast Cancer 

 The most common forms of breast cancer include ductal carcinoma in situ, invasive 

ductal carcinoma and invasive lobular carcinoma.  However, there are at least 14 other 

less common forms of breast cancer, which include inflammatory breast cancer, triple 

negative breast cancer and angiosarcoma [9,10,11].   

To ensure breast cancers are categorized correctly and subsequently treated 

properly they are divided into 5 distinct molecular subtypes [10].  Two broad groups 

include estrogen receptor positive (ER+) and estrogen receptor negative (ER-) breast 

cancers.  ER+ cells are subcategorized as either Luminal A or Luminal B breast cancers, 

the most common subtype of invasive breast cancer (~60% of all breast cancers) [12].  

Luminal A breast cancers (ER+, PR+, HER2-) have a lower grade and thus better 

prognosis compared to Luminal B breast cancers (ER+, PR+, HER2+) which have a higher 

grade and the worst prognosis. [13].  While Luminal B breast cancer has a poor 
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prognosis, luminal breast cancers in general have a better prognosis than other breast 

cancers due to the ability to target the hormone receptors (ER and PR) and/or HER2 [14]. 

 ER- breast cancers are subcategorized into 3 groups, normal breast-like tumors, 

HER2+ and triple negative/basal-like breast tumors.  Normal breast-like tumors have cells 

that resemble normal breast tissue with increased genes normally seen in body fat as well 

as non-epithelial cell types [10,11].  While normal breast-like tumors are usually 

misdiagnosed as they are rare (6-10% of breast cancer) and do not fit the criteria of other 

breast cancers, they do have a good prognosis [15].   

Human epidermal growth factor 2 positive (HER2+) cancers have increased 

expression of HER2 and other genes from the same region of chromosome 17.  These 

cancers also have increased expression of NFκB and GATA4 while exhibiting a decrease 

in GATA3, ER and PR expression [16].  HER2 has been found to be up-regulated in 10-

15% of breast cancers and is associated with increased proliferation, distant metastasis, 

higher incidence of recurrence and subsequently, high mortality [16,17].  Although 

HER2+ cancers were once associated with worst prognosis, targeted antibody treatment 

with Trastuzumab has been proven effective [10,11].   

Triple negative/basal-like breast cancers make up 8-20% of all breast cancers and 

continue to have a poor prognosis.  Basal-like breast cancers show a decrease in ER and 

HER2 expression and upwards of 24% being triple negative (TN) (estrogen, progesterone 

and HER2 negative) [18].  Basal-like breast cancers with TN phenotype cannot be treated 

with hormonal treatments or targeted antibody treatment against HER2 therefore they are 

currently being treated unsuccessfully with chemotherapy.  Current research is focused 

on identifying therapeutic targets for TN cancers including cell surface proteins EGFR, 
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HER3, HER4 and pathways including the mitogen activated protein (MAP) kinase 

pathway.   

 

1.3 Cancer stem-like cells 

It has been shown that TN and basal like breast cancers display distinct cell 

surface markers including the up-regulation of CD44 and down-regulation or absence of 

CD24 [18].  These cells express cancer stem like properties including the ability to self-

renew, differentiate and they show increased tumorigenic potential.  Although the 

population of cells expressing the CD44+/CD24- signature has increased tumorigenic 

properties, not all cancer cells with these markers are cancer stem like cells. 

While the origin of cancer stem-like cells (CSCs) or cancer initiating cells (CICs) 

is highly debated, there are currently two theories as to how CICs may arise.  The first 

proposes that oncogenic mutations in normal stem cells leads to an alteration of normal 

stem cell expansion.  The second theory states that oncogenic mutations in cancer cells 

allow them to revert to a more stem like state [5,19].  Despite the lack of a full 

understanding as to how CICs form, there is scientific evidence that they do exist.  

Researchers have identified CICs in leukemia, brain, ovary, colon, pancreas and breast 

cancers [4,20,21,22,23,24].  CICs were identified by unique cell surface markers that 

distinguish them from the rest of the tumor population. 

As mentioned, recent studies of CD44 and CICs have shown cells lacking the 

CD44+/CD24- signature possess proteins associated with a more differentiated state.  

These cells are unable to invade the lymphatic system and attach elsewhere in the body, a 

step necessary to establish a metastatic tumor.  At the same time, cancer cells with the 



!

!

6!

CD44+/CD24- expression pattern were found to be similar to progenitor cells and 

expressed the embryonic transcription factors (TF) Oct4, Nanog, and Sox2 [25,26].  

These cells were able to invade the lymphatic system and establish metastatic tumors 

elsewhere in the body [26].   More recently, the importance of CD44 in the fight against 

CICs was shown by the eradication of human acute myeloid leukemic (AML) stem cells 

by targeting CD44.  Jin, et al, isolated AML CICs based on their CD44 signature, 

injected them into NOD/SCID mice after which they targeted the CICs with a 

monoclonal antibody.  The antibody prevented the CD44 from functioning properly, 

eradicating the CSC population [27].  This study identifies CD44 as a prime target in the 

treatment of cancer and eradication of CICs. 

 

1.4 CD44 

 CD44 is a cell surface glycoprotein involved in the regulation of growth, survival, 

differentiation and motility of cells [28,29].  It was first identified on the surfaces of 

white blood cells but is now known to be present on the surface of most cells throughout 

the body.  While the CD44 gene is highly conserved across species, the protein is 

polymorphic, ranging in size from 80-200 kDa.  This vast size range is due to post 

translational modifications including variant isoforms and glycosylation [28,29].   

 

1.4.1 CD44 Structure and Function 

The structure of CD44 is responsible for its functional role in cells.  The first five 

(1-5) and last five (16-20) exons of CD44 comprise the standard form (CD44s) [29].  

There are 5 primary domains that make up the standard structure of CD44.  The amino 
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terminal globular end, encoded by the first five exons of the CD44 gene, contains the link 

binding domain and a basic motif domain [30,31].  Six cysteines located in the globular 

structure provide stability and allows CD44 to acquire proper folding [28,29].  The 

globular structure contains binding sites for the primary ligands including collagen, 

laminin, fibronectin and hyaluronin, the primary ligand [29,32,33,34].  These ligands are 

able to dictate the role CD44 plays in cell-cell, cell-extracellular matrix adhesion, 

migration and cell growth.   

The stem structure makes up the third domain.  Normally 46 amino acids, the 

stem structure can be lengthened by the addition of a combination of 10 variably spliced 

exons (6-15) [34,35].  The variant forms of CD44 (CD44v) are expressed only on certain 

epithelial cells and during embryonic development, lymphocyte maturation and 

development, as well as several carcinomas.  Addition of the variants affects the stem 

structure and protrusion into the extracellular region of cells [28,35,36]  

 The forth domain, the trans-membrane domain is 100% conserved and contains 23 

hydrophobic amino acids and one cysteine that is thought to take part in oligomerization 

of CD44 [29,32].  Studies have suggested CD44 oligomerization is correlated with its 

association in lipid rafts.  In a recent study, researchers showed CD44 interaction in lipid 

rafts decreases its interaction with the ERM protein ezrin, thus decreasing cell migration 

[37].  Finally, the cytoplasmic domain has been shown to affect membrane localization.  

CD44 tail interacts with cytoskeletal proteins including ankyrin, ezrin, radixin and 

moesin (ERM proteins).  The interaction of CD44 with ERM proteins is thought to be 

responsible for regulating cell migration, shape and sub-cellular localization [28,29]. 
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 The 360 amino acids that make up CD44s should result in a molecular weight of 

37kDa.  However, gel electrophoresis reveals CD44s has a molecular weight closer to 

80kDa.  This discrepancy is due to post translational modifications including N and O 

glycosylations.  Within the globular structure there are at least 5 conserved N-

glycosylation sites (asparagine residues) as well as several O-glycosylation sites 

(serine/threonine residues) in the extracellular region [38].  The stem structure containing 

the variable exons can also be highly glycosylated.  In addition to glycosylation sites, 

heparan sulfate, keratin sulfate and sialic acid attachment sires have also been identified 

[28,38].  The post translational modifications affect ligand binding and thus the function 

of the protein [38,39]. 

 Although CD44 is constitutively expressed throughout the body, it is not 

constitutively active.  CD44 exists in three states, active, inducible or inactive [38,39].  

The state of activation is dependent upon cell type and post translational modifications.  

Hyaluronan binding to CD44 has been shown to be enhanced by inhibition of N-

glycosylation, thus suggesting a mode of regulation of CD44 [39,40].   

 Splice variants, post-translational modifications and ligand binding help to dictate 

CD44 function.  The primary function of CD44s involves cell adhesion with other cells 

and ligands in the extra cellular matrix.  These interactions result in a three dimensional 

structure of organs [29,39].  CD44 and HA have been shown to be up-regulated in 

proliferating cells as a means to produce and attach to an expanding scaffold.  CD44 

interaction with HA and the ECM can also support migration, a process needed for 

expansion of the ECM.  This claim has been supported by the identification of CD44 

localization along the leading edge of cells and lamellipodia [29,41].   



!

!

9!

1.4.2 CD44 and Cancer 

 Cancers metastasize by first losing local adhesion followed by penetration into the 

lymphatic system where they circulate in the blood and lymph system until they attach to 

epithelial cells and establish a new tumor [29].  This process is characteristic of stem cells 

and CICs [29].  This process, known as the epithelial-mesenchymal transition (EMT), 

requires changes in gene expression that disrupt epithelial cells [42].  Changes in CD44 

have been implicated in EMT tumor migration and it has been shown that increased 

CD44 expression can result in more aggressive tumors due to the disruption of normal 

epithelial mesenchymal interactions [43].  Further analysis has shown inhibition of 

CD44-HA binding using CD44 specific antibodies, has the ability to suppress tumor 

formation [43].   

 Hyaluronan, the primary ligand of CD44, is the most abundant component of the 

extra cellular matrix (ECM) [44].    It is concentrated in regions of high division and 

invasion, embryonic morphogenesis, inflammation, wound repair and cancer [45].  

Studies have shown that in hematopoietic stem cells (HSCs) CD44-HA interaction 

induces the up-regulation of other adhesion molecules strengthening HSC adhesion [28].  

Similarly, CD44 expression on metastatic cells interacts with HA on endothelial cells to 

navigate cancer cells to target tumor tissues.  This interaction is crucial for solid tumors 

to adhere to surrounding normal tissue [29,46].   

 Interestingly, the interaction of CD44 with HA is not the only mechanism by which 

CD44 mediates CIC migration.  In melanoma cells, it was shown CD44 interaction with 

HA did not affect migration of the cells.  This was due to the truncation of CD44 

cytoplasmic tail [47].  Extracellular signals stimulate the cytoplasmic domain of CD44 to 



!

!

10!

bind intracellular proteins.  Interaction of ERM proteins and ankyrin with CD44 has been 

shown to facilitate cell migration and movement [48].  Truncation of the cytoplasmic tail 

of CD44 prevents these interactions and thus prevents CD44 mediated migration of CICs. 

 The importance of CD44 to metastatic cancers and CICs has been shown through 

inhibition of CD44 using specific antibodies.  However, it is not feasible to target a 

marker shared by adult stem cells (ASCs) and CICs [29].  Therefore, identification of 

distinct expression signatures specific to cancer cells and CICs is crucial to identifying 

new therapeutic targets against cancers and metastatic tumors.   

 

1.5 Regulation of Gene Expression 

While CD44 studies have focused primarily on its role in promoting tumor cell 

migration and metastatic tumor formation, the mechanism that underlies the up-

regulation of CD44 in cancer cells remains poorly understood.  Understanding the DNA 

protein interactions responsible for cell specific expression of CD44 could be a key to 

identifying novel therapeutic targets against breast cancer.   

When the human genome was first sequenced in 2001, researchers were surprised 

to identify ~21,000 protein coding genes, roughly the same number identified in the C. 

elegan genome [49].  These protein coding genes made up ~2% of the human genome.  

The remaining 98%, while known to contain some regulatory regions, often got referred 

to as “junk” DNA.  In 2003, researchers set out to identify all functional elements of the 

human genome (Encyclopedia of DNA Elements (ENCODE)).  Their research 

determined >40% of the human genome consisted of regulatory elements [49,50].   
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Non-protein coding sequences of DNA have been shown to be important 

regulators of gene expression.  Gene regulatory elements consist of promoters, enhancers 

and repressors.  These elements are cis-acting in that they operate on the same molecule 

of DNA as opposed to trans-acting factors (i.e. transcription factors) that have the ability 

to influence gene expression on different chromosome [51].   Cis-regulatory elements can 

up-regulate (enhancers) or down-regulate (repressors) gene expression through dynamic 

interactions with promoters and have been shown to operate by binding trans-acting 

factors and looping to the promoter of the regulated gene to interact with transcription 

machinery. Unlike promoters, cis-regulatory elements are non-directional and they can 

operate from up-stream, within or down-stream of the transcription start site of the genes 

they regulate.  Studies have also shown that cis-regulators have the ability to operate over 

long distances [52,53]. 

 cis-regulatory elements can be predicted as highly evolutionarily conserved 

regions of non-coding DNA using  computational analysis [54].  This is because 

sequence conservation suggests conserved function.  However, recent studies suggest 

other non-conserved elements of DNA may also identify regulatory regions.  cis-elements 

are often identified by DNase hypersensitivity and histone modifications.  In order to 

bind trans-acting factors, DNA must be in an open configuration.  DNase 

hypersensitivity identifies these regions of open DNA [50,51,55].  In addition specific 

histone modifications also confer an open configuration.  Together these methods have 

been able to identify regions with the ability to regulate gene expression.  

Cis-regulators have the ability to regulate gene expression in a temporal and spatial 

specific manner.  It has been found that tissue/cell-specific regulatory regions make up 1-
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3% of the genome [49,50].  A study of cancer cell lines suggests there are a higher 

number of regulatory DNA regions not seen in normal cells.  This thesis examines highly 

conserved regions of DNA thought to regulate cell specific expression of CD44 in breast 

cancer cells.   

In Chapter 2 of this thesis, I will discuss the identification of putative cis-regulators 

of CD44 in breast cancer cells.  I will show a highly conserved region, CR1, has the 

ability to direct CD44 expression in a cell-specific manner via its interactions with trans-

acting factors. 

In Chapter 3, I will describe the role trans-acting factor NFκB plays in regulating the 

expression of CD44.  Furthermore, I will show how the inhibition of NFκB induces 

CD44 repression and ultimately affects breast cancer cell proliferation and invasiveness. 

  In Chapter 4, I will describe the preliminary study on another cis-element, CR3, 

located in the intronic region of the CD44 locus and its potential role in regulating CD44 

expression.   

Finally, in Chapter 5, I will discuss the significance and future direction of this 

research.  This thesis contributes to the current knowledge of the cancer stem cell marker, 

CD44.  The trans-acting factors identified in this thesis can be used as potential 

therapeutic targets in breast cancer.  Future research will address the putative cis-

elements not studied in this thesis to identify more therapeutic targets in the fight against 

breast cancer. 

 

 



!

!

13!

Chapter 2:  Cell specific CD44 expression in breast cancer requires the 

interaction of AP-1 and NFκB with a novel cis-element 

 

2.1 Abstract 

Breast cancers contain a heterogeneous population of cells with a small percentage 

that possess properties similar to those found in stem cells. One of the widely accepted 

markers of breast cancer stem cells (BCSCs) is the cell surface marker CD44. As a 

glycoprotein, CD44 is involved in many cellular processes including cell adhesion, 

migration and proliferation, making it pro-oncogenic by nature. CD44 expression is 

highly up-regulated in BCSCs, and has been implicated in tumorigenesis and metastasis.  

However, the genetic mechanism that leads to a high level of CD44 expression in breast 

cancer cells and BCSCs is not well understood.  Here, we identify a novel cis-element of 

CD44 that directs gene expression in breast cancer cells in a cell type specific manner.  

We have further identified key trans-acting factor binding sites and nuclear factors AP-1 

and NFκB that are involved in the regulation of cell-specific CD44 expression. These 

findings provide new insight into complex regulatory mechanism of CD44 expression, 

which may help identify more effective therapeutic targets against the breast cancer stem 

cells and metastatic tumors.  

 

2.2 Introduction 

Breast cancer remains the most common form of cancer among women and the second 

leading cause of cancer related deaths [56].  Recently a small subset of cancer cells was 

identified by their cell surface markers (e.g., up-regulation of CD44 and down-regulation 
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of CD24) as cancer stem cells (CSCs) [57]. This CD44+/CD24low/- signature is observed 

in other CSCs including prostate, pancreatic, brain and leukemia stem cells [27,58,59].  

In addition to stem cell characteristics (i.e., the ability to self-renew and differentiate into 

all cell types in a mammary gland), CSCs are resistant to chemo- and radiation treatment 

[60], and have the increased ability to metastasize and develop new tumors throughout 

the body [61]. 

As a cell surface glycoprotein, CD44 is ubiquitously expressed on most cells 

throughout the body [62,63,64].  CD44 is involved in cellular processes including cell-cell 

and cell-extracellular matrix adhesion, migration, differentiation and survival, all of which 

makes CD44 pro-oncogenic by nature [63,65,66,67]. Studies have established that CD44 

is a therapeutic target for metastatic tumors [68]. By targeting CD44, human acute 

myeloid leukemic stem cells can be eradicated [27].  In addition, directly repressing CD44 

expression by miR-34a inhibits prostate CSCs and metastasis [69]. 

Overexpression of CD44 has been correlated to a number of transcription factors 

including Egr1, AP-1, NFκB, and c/EBPβ [62].  Most notably, AP-1 and NFκB have been 

shown to directly correlate with CD44, by binding the CD44 promoter [70]. AP-1, a 

leucine zipper transcription factor consists of two families, JUN (c-JUN, JUNB and 

JUND) and Fos (c-Fos, FosB, Fra1 and Fra2).  The Jun proteins can form homodimers 

with one another or heterodimers with the Fos proteins.  Together these proteins bind to 

core sequences in the genome to regulate expression of a target gene.  AP-1 is involved in 

a number of cellular processes similar to CD44 including differentiation, proliferation and 

apoptosis [71,72]. Regulation by AP-1 is induced by growth factors, cytokines and 

oncoproteins, which are implicated in the proliferation and survival of cells. AP-1 activity 
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in a cell, whether it be pro-apoptotic or pro-oncogenic, is determined by the composition 

of the homodimer or heterodimer formed as well as the tumor type and state of 

differentiation of the cell [72,73]. 

NFκB, like AP-1, has been linked to the up-regulation of CD44, but no direct 

evidence has been shown.  Increased HGF has been shown to enhance expression of 

CD44v6 through a complex of NFκB, c/EBPβ and EGR1 [74].   NFκB proteins have also 

been shown to be up-regulated in breast cancer stem cells (BCSCs), and their expressions 

have been correlated to increased expression of tumor stem cell markers, including 

CD44.  Interestingly, the reduction of NFκB in a murine cell line Met-1 was able to 

reduce the number of CD44+/CD24-/low cells [75].  

Despite intense research on CD44, the mechanism by which the protein is up-

regulated in cancer and BCSCs is not well understood.  Gene regulatory elements, e.g., 

promoters and enhancers, recruit transcription factors and chromatin modifying proteins, 

and allow transcription of the target genes to occur [76,77,78,79,80,81,82].  Enhancers 

are required for both temporal and tissue/cell specific gene expression 

[76,77,78,79,80,81,82].  Therefore, it is an important task to identify and understand their 

role in gene expression of both normal and pathological conditions. 

In this study, we report the identification of a novel cis-element of CD44 containing 

717 bp (in human) and 715 bp (in mouse) of evolutionarily conserved noncoding DNA, 

located approximately 95 kb upstream of the CD44 transcription start site. We show that 

this cis-element has the ability to direct reporter gene expression in breast cancer cells in 

a cell type specific manner. These data suggest that this cis-element and its interacting 
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transcription factors play an important role in regulating CD44 expression in breast 

cancer and BCSCs. 

 

2.3 Materials and Methods 

2.3.1 Computational Prediction of CD44 cis-regulatory elements 

Multiple sequence alignment methods were used to identify evolutionarily conserved 

noncoding DNA sequences as putative gene regulatory elements.   The sequences and 

annotations of analyzed genes along with their homologs from the various genomes were 

retrieved using noncoding sequence retrieval system, NCSRS [83].  These sequences 

were then aligned using multi-LAGAN [84] to identify elements with > 70% identity 

over a 100bp span to ensure significance in sequence conservation.  The percent identity 

and length of the CR were used to calculate a score for each conserved region (CR) 

(score = percent identity + (length/60)). 

 

2.3.2 Cell Culture 

The breast cancer cell lines SUM159, MDA-MD-231 and MCF7, were describe 

previously [59].  SUM159 cells (Asterand Inc. Detroit, MI), MDA-MB-231 cells 

(ATCC), MCF7 cells (gift from Dr. Nanjoo Suh at Rutgers) were cultured according to 

the guidelines from the suppliers.  All cell lines were maintained at 37°C in a humidified 

incubator with 5% CO2. 
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2.3.3 Reporter Plasmids 

Conserved regions were amplified by PCR from mouse genomic DNA (Table 2.1), 

subcloned into a GFP reporter plasmid with a basal beta-globin promoter (βGP-GFP) and 

verified by sequencing.   

 

2.3.4 Transfection 

For transfections, cells were seeded onto poly-L-Lysine (PLL) treated coverslips in 

24 well plates.  Cells were transfected with Lipofectamine LTX (Invitrogen) as per 

manufacturer’s recommendations.  Following a 24hr incubation period, nuclei were 

stained with Hoechst33342 (Sigma).  Cells were then fixed with 4% paraformaldehyde in 

PBS for 12 minutes at room temperature.  Coverslips were adhered to slides with Fluoro-

Gel (Electron Microscopy Sciences). GFP-expressing cells were visualized by a Zeiss 

AxioImager A1 fluorescence microscopy.  

 

2.3.5 qRT-PCR 

RNA was isolated from cells using Tri Reagent (Ambion).  cDNA was prepared by 

reverse transcription using the qScript cDNA SuperMix (Quanta), and used as a template 

for RT-PCR (PerfeCTa SYBR Green FastMix (Quanta)). RT-PCR reaction was run on a 

Roche LightCycler using primer sequences obtained from the Harvard Primer Bank 

(Table 2.2).  Threshold cycles were normalized relative to GAPDH expression. Error 

bars represent the standard deviation of the mean. 
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2.3.6 Data quantification 

In all experiments, percentages represent the averages calculated from at least three 

independent samples.  All values are shown as a mean ± standard error of the mean.  

Error bars represent the standard error of the mean.  In cases where results were tested for 

statistical significance, a student’s t-test was applied. 

 

2.3.7 Immunocytochemistry 

For immunocytochemistry, cells were plated on PLL treated coverslips and 

incubated for 24 hours and then fixed to coverslips using 4% paraformaldehyde, blocked 

with 10% Donkey Serum (Jackson Immunology) and then incubated with the primary 

antibody for 2 hours at room temperature.  The following antibodies were used [CD44 

(Chemicon); CD24 (Santa Cruz); NFκB-c-Rel (Chemicon); NFκB-p50 (Upstate); NFκB-

p65 (Abcam); JUNB (Santa Cruz); FosB (Santa Cruz)].  Following incubation with 

primary antibody, cells were incubated with a fluorescent secondary antibody (Jackson 

Immunology) for 30 minutes at room temperature.  Nuclei were stained with 

Hoechst33342.   

 

2.3.8 Genomic DNA sequencing 

Genomic DNA was collected from the human cell lines using the Promega Genomic 

DNA kit as per manufacturer’s recommendations.  Genomic DNA from each cell line 

was sequenced using primers specific for the conserved regions (Table 2.1).  Genomic 

DNA was aligned using the online program ClustalW [85].   
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2.3.9 Electrophoresis mobility shift assay and supershift 

Single stranded DNA probes were designed from mouse CR1 and labeled with the 3’ 

Biotin End Labeling Kit (Thermo Scientific) as per manufacturer’s suggestions. Nuclear 

extracts were collected from each breast cancer cell line using NE-PER nuclear and 

cytoplasmic extraction reagents (Thermo Scientific). Binding reactions were performed 

and detected using the LightShift Chemiluminescent EMSA kit (Thermo Scientific) per 

manufacturer’s recommendations. DNA-protein complexes were run on 10% non-

denaturing poly-acrylamide gels and transferred onto Biodyne Plus membrane (Pall).  

Membranes were cross-linked in a UV imager for 15 minutes.  EMSA probe sequences 

are in Table 2.3.  Supershift assays were performed in a similar fashion.  Antibodies were 

added to select reactions 15 minutes prior to addition of labeled probes.   

 

2.3.10 Site directed mutagenesis 

Site directed mutagenesis was performed as previously described [86] using primer 

sequences as listed in Table 2.4.  Treated DNA was transformed into NEB5α cells 

(NEB) and plated onto LB-amp plates.  Constructs were collected by Qiagen midi-prep 

and then sequenced to verify the resulting mutation.  Mutated constructs were transfected 

into cells and tested for GFP expression. 

 

2.3.11 Chromatin immunoprecipitation 

 Chromatin immunoprecipitation (ChIP) was performed as previously described 

[87,88].  Sonication was performed using a Branson 450 Digital Sonicator.  The 

chromatin extract was pre-cleared with protein A beads (NEB). NFκB-c-Rel (Chemicon); 
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NFκB-p50 (Upstate); NFκB-p65 (Abcam); cJun(N) (Santa Cruz); cJun(D) (Santa Cruz); 

JUNB (Santa Cruz); FosB (Santa Cruz) antibodies were used to perform ChIP assay.  

Protein-DNA crosslinks were reversed with 30µl 5M NaCl and incubating samples at 

65°C for 4 hours. Proteins were digested with 0.1mM EDTA, 20mM Tris-HCl and 2µl 

Proteinase K solution (Active Motif) for 2 hours at 42°C.  DNA was purified using 

phenol-chloroform extraction.  PCR was performed to identify DNA:protein interactions. 

PCR primers used for ChIP assays are listed in Table 2.5.  

 

2.3.12 shRNA-based gene knockdown 

 Short hairpin RNA (shRNA) sequence (leading strand) used for AP1-JUNB 

knockdown were 5’-CCTTCTACCACGACGACTCATACACAGCT-3’ and 5’-

CACGACTACAAACTCCTGAAACCGAGCCT-3’.   shRNA sequences for NFκB-p50 

knockdown were 5’-GCAGCTCTTCTCAAAGCAGCAGGAGCAGA-3’ and 5’-

GAGAACTTTGAGCCTCTCTATGACCTGGA-3’ (OriGene Technologies, Inc. , 

Rockville, MD).  Control constructs were an empty vector and scrambled shRNA 

construct.  Constructs were transfected into cell lines using Lipfectamine LTX (Life 

Technologies).  Transfected cells were cultured for 72 hours before being fixed and 

stained as described above.   

 

2.4 Results 

2.4.1 Prediction of cis-regulatory elements for CD44 expression using sequence 

alignment analysis  
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To understand the molecular mechanism of CD44 expression in breast cancer cells, 

highly conserved regions of non-coding DNA were computationally predicted as cis-

regulators of CD44 expression. Multiple sequence alignment using the human CD44 

genomic region as baseline revealed homologous regions in mouse, dog (Fig. 2.1A) and 

other mammalian species.  A total of 14 conserved regions (CR) (>100 consecutive base 

pairs of sequence with >70% sequence identify) were identified. The three highest 

conserved regions (CR1-3, Fig. 2.1B) were chosen for further experimental verification, 

because many studies have shown that highly evolutionarily conserved noncoding DNA 

sequences have a high potential to regulate gene expression [89,90].  CD44CR1 (CR1) 

contains 715 bp and is located 95 kbp upstream of CD44 with 78% conservation.  CR2 

contains 611 bp with 76% conservation and is located 55 kbp upstream of CD44.  CR3 

contains 604 bp with 79% conservation and is located in the first intron of the CD44 

gene. 

   

2.4.2 Conserved regions have the ability to direct reporter GFP expression in breast 

cancer cells 

To test the CRs for their ability to direct gene expression, the CRs were PCR 

amplified from mouse genomic DNA and subcloned into an expression vector containing 

a β-globin minimal promoter (βGP) and green fluorescent protein (GFP) as the reporter 

gene (Fig. 2.1C). Mouse DNA was used to validate that evolutionarily conserved 

elements can function in different species.  

The ability of the conserved regions to direct gene expression was tested using three 

previously characterized human breast cancer cells, MDA-MB-231, SUM159, and MCF7, 
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each with a different CD44/CD24 expression profile (Table 2.6) [59,91]. Both MDA-MB-

231 and SUM159 cells contain high levels of CD44 expression. In addition, SUM159 

cells have been characterized with cancer stem cell like features including the ability to 

self-renew, reconstitute the parental cell line, survive chemotherapy, as well as form 

tumors with as few as 100 cells [59,91]. Thus, these cells provide different lines of 

validation.  

First, immunofluorescence staining was performed to verify CD44 and CD24 

expression level. Consistent with the genome-wide expression profiling study [59],  

MDA-MB-231 and SUM159 cells showed very high CD44 staining and low CD24 

staining, while MCF7 showed low CD44 and high CD24 staining (Fig. 2.2A-C).  

Then, CD44 and CD24 expression level in the three cell lines was further quantified 

using quantitative PCR (qPCR).  Results showed that MDA-MB-231 and SUM159 cells 

have the high CD44 and low CD24 expression, while MCF7 cells have the opposite 

expression profile, i.e., a higher CD24 and lower CD44 expression (Fig. 2.2D).  

Next, each reporter construct containing one of the top three conserved regions of 

CD44 was individually tested by transfection into the three cell lines. Transfection of the 

positive control construct, CAG-GFP, resulted in reporter GFP expression (Fig. 2.3A-C) 

and demonstrated the ability of each of the cell lines to be transfected.  As negative 

controls, a highly conserved region in Neurod1 locus with βGP and βGP alone (data not 

shown), resulted in no visible GFP expression (Fig. 2.3D-F), indicating that not all highly 

conserved regions of genomic DNA nor βGP alone have the ability to direct gene 

expression. GFP expression was observed in MDA-MB-231 and SUM159 cell lines after 

transfection with CR1-GFP construct (Fig. 2.3G-H). More GFP-expressing cells were 
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observed in SUM159 cells as compared to MDA-MB-231 cells, while no GFP-expressing 

cells were observed in MCF7 cells (Fig. 2.3I). Transfection of constructs containing 

CD44CR2 and CD44CR3 also resulted in GFP-expressing cells (data not shown, under 

further investigation). 

 

2.4.3 Analysis of trans-acting factor binding sites on the conserved regions of CD44 

The ability of CR1 to direct different levels of reporter GFP expression among the 

three cell lines is most likely attributed to their interactions with trans-acting factors. 

Therefore, CR1 of both mouse and human were examined for trans-acting factor binding 

sites (TFBSs) and mutations in these sites. Genomic DNA of CR1 from each of the three 

cell lines was collected and sequenced to determine if mutations in the region that disrupt 

TFBSs.  Sequencing results show only a 5 bp span that differed between the three human 

cell lines in CR1 (Fig. 2.4). This 5 bp difference found in the SUM159 cells is located in 

an unconserved region of CR1 and showed no disruption of key TFBSs. This indicates 

that the difference in GFP expression among these cells may not be associated with the 

DNA sequence. Thus, we speculate that the difference in GFP expression may be the 

result of trans-acting factor binding in the cell lines.  CR1 sequences from mouse and 

human both contained over 150 putative TFBSs as predicted by MatInspector [92].  

These TFBSs were examined further for conservation between mouse and human 

sequences (Table 2.7). Most of these conserved TFBSs involved in breast cancer (e.g., 

AP-1, NFκB, and STAT5), stem cells and embryonic development (e.g., OCT1, PAX6, 

GATA1), and therefore had the highest potential for regulating CD44 and for being 
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involved in breast cancer. Our further analysis was thus focused on the activities of CR1 

in regulating gene expression in breast cancer cells. 

 

2.4.4 Sequence specific trans-acting factor binding with CR1  

Electrophoretic mobility shift assays (EMSAs) were performed to determine if 

differences in GFP expression resulted from differences in trans-acting factor binding in 

the cells.  Double-stranded, biotin labeled oligonucleotides corresponding to sub regions 

of CR1 were assayed for trans-acting factor binding using nuclear extract from each of 

the three cell lines (Fig. 2.5A).   The shifted bands for three of the large probes spanning 

the length of the conserved regions in all three cell types (Fig. 2.5B-D) indicating 

protein-DNA binding activity.  Probe 1 shows strong bands shifted with nuclear extracts 

from MDA-MB-231 and MCF7 cells only (Fig. 2.5B), while probe 2 has a band shifted 

that is equally strong with all three cell lines (Fig. 2.5C).  Probe 3 shows a number of 

bands that can be competed away with an unlabeled probe (Fig. 2.5D).  Although the 

bands in probe 3 are similar in all three cell lines, there was a band with SUM159 cells 

that is not present in the other two cell lines. 

 Smaller probes were then used to narrow down regions of binding and to identify 

specific TFBSs.  A probe designed to mimic the first AP-1 site (AP-1-1) showed no band 

shift (Fig. 2.5E), while the probe for the second AP-1 site (AP-1-2) showed a number of 

band shifts (Fig. 2.5F). Although these bands were not completely competed away, there 

was a significant reduction in band intensity with the addition of the competition probe.  

A probe for the region of NFκB binding also revealed band shifts.  The intensity of the 

band differed among cell lines, with SUM159 showing the strongest shift (Fig. 2.5G).     
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2.4.5 Mutation of AP-1 and NFκB binding sites results in a loss of CR1 expression 

EMSA identified regions of CR1 that were able to bind nuclear factors in each of the 

three cell lines.  However, these in vitro assays are not sufficient to determine if these 

factors have the ability to direct gene expression.  To determine if the specific TFBSs are 

involved in the regulation of reporter GFP expression, site directed mutagenesis (SDM) 

was performed.  The core binding sites for the two AP-1 TFBSs and a NFκB binding site 

were deleted from the CR1 reporter construct using SDM.  Mutant constructs were 

transfected into each of the cell lines.  Wild-type CR1 and a random mutation were used 

as control transfections.  Results show that with the control transfections, there was no 

significant difference in the percentage of GFP-expressing cells (Fig. 2.6A-B), whereas 

single site mutations at each AP-1 site and NFκB binding site (Fig. 2.6C-E) resulted in 

statistically significant decrease in the percentage of GFP-expressing cells in SUM159 cell 

line when compared to un-mutated CR1 and the control mutation (Fig. 2.6A-B).  

 Since GFP expression was not completely abolished with the deletion of a single 

TFBS in SUM159, we mutated a combination of TFBSs (Fig. 2.6F-H).  Results of 

transfections with combinatorial mutations again showed a statistically significant 

decrease in the percentage of GFP-expressing cells (Fig. 2.6F-H).  However, the 

percentage of GFP-expressing cells with two mutation constructs did not change 

significantly as compared with single-mutation constructs.  To determine whether all 

three sites are needed for CR1 to direct GFP expression, the three binding sites were 

mutated (Fig. 2.6I).  The transfection of this construct resulted in the highest decrease in 

the percentage of GFP-expressing cells. Interestingly, transfection of the mutant 
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constructs into MDA-MB-231 resulted in no GFP-expressing cells (Fig. 2.7) suggesting 

regulation of CD44 in MDA-MB-231 differs from SUM159 cells. 

 

2.4.6 Trans-acting factor binding assays identify components of AP-1 and NFκB 

binding to CR1 in SUM159 cells 

To determine whether the difference in reporter GFP expression among the three 

breast cancer cells is due to the trans-acting factors binding with CR1, chromatin 

immunoprecipitation (ChIP) assays were performed using antibodies against individual 

components of AP-1 and NFκB. ChIP results show that in SUM159 cells JUNB bound 

strongly with CR1, while in MCF7 cells only JUND bound to CR1 (Fig. 2.8). When 

ChIP assays were performed with antibodies against NFκB components (e.g., c-Rel, p50 

and p65), SUM159 revealed weak binding with all three NFκB antibodies (Fig. 2.9A).  

However, MCF7 showed no significant binding when compared to controls.  These 

results are supported by an EMSA supershift assay performed to verify specific proteins 

binding using antibodies against NFκB proteins c-Rel, p50 and p65 (Fig. 2.9B).  The 

antibody against NFκB-p50 was able to provide a significant shift in the labeled probe.  

NFκB-p65 showed a weaker shift similar to NFκB-p50 as well as a band that was 

downshifted. Together these results support the notion that the different cell lines have 

different means by which they regulate CD44.  

 

2.4.7 JUNB and NFκB-p50 knockdown represses CD44 expression 

 To determine the effects of AP-1-JUNB and NFκB-p50 on CD44 expression, we 

performed shRNA gene knockdown experiments in SUM159 cells.  Control 
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transfections, with scrambled control shRNA (Fig. 2.10A-E) or an empty vector (Fig. 

2.11A-E), showed no change in JUNB or CD44 expression in transfected cells.  

Transfection of shJUNB constructs resulted in a decreased JUNB expression as shown by 

immunocytochemistry (Fig. 2.10F-J and Fig. 2.11F-J). Cells transfected with the 

shJUNB construct also showed a decrease in CD44 expression as compared to 

untransfected cells (Fig 2.10).  Similar results were seen with knockdown of NFκB-p50.  

Control shRNA transfection with a scrambled shRNA (Fig. 2.12A-E) or empty shRNA 

construct (Fig. 2.13A-E) showed no change in NFκB-p50 or CD44 expression.  

Knockdown of NFκB-p50 (Fig. 2.12F-J and Fig. 2.13F-J) did result in a decrease in 

CD44 expression compared to untransfected cells.  These results support the notion that 

JUNB and NFκBp50 interact with CR1 and regulate CD44 expression.  

 

2.5 Discussion 

In breast cancer, the up-regulation of CD44, a cell surface glycoprotein involved in 

cell-cell and cell-extracellular matrix adhesion, migration, differentiation and survival, is 

associated with cancer stem cells [93,94]. However, the mechanism for this gene up-

regulation is not well understood.  In this study, we identified the novel cis-element CR1, 

with the ability to direct reporter gene expression in a cell specific manner (Fig. 2.3), and 

the trans-acting factors AP-1 and NFκB as key factors involved in the regulation of CR1 

(Fig. 2.5). 

Genomic sequencing of CR1 from breast cancer cell lines did not reveal any major 

mutations that cause changes in key TFBSs (Fig. 2.4), which suggests that variations in 
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reporter gene expression among these cells may be attributed to the difference in trans-

acting factor binding to CR1.   

Consistent with the notion that there was a difference in trans-acting factor(s) 

binding to CR1, mutations of TFBSs for AP-1and NFκB resulted in a significant 

reduction in GFP expression in two breast cancer cell lines (Fig. 2.6). Deletion of each 

site individually was able to completely eliminate reporter gene expression in MDA-MB-

231 (Fig. 2.7).  However, deletion of all three sites TFBS, individually and sequentially 

in SUM159 cells did not completely eliminate reporter gene expression (Fig. 2.6). These 

results indicate that factors AP-1 and NFκB are important trans-regulators of gene 

expression in breast cancer; and AP-1 and NFκB function in a cell type specific manner 

via various binding patterns to CR1 in different breast cancer cell lines. The inability to 

completely eliminate CR1 expression implies other TFs and/or co-factors may be 

involved in regulating CD44 expression in breast cancer stem-like SUM 159 cells.   

Our ChIP results showed binding of AP-1 with CR1 in SUM159 and MCF7 cells, 

however, the two cells showed a different pattern of TF binding to CR1, i.e., JUNB in 

SUM159 and JUND in MCF7 (Fig. 2.8). ChIP results also showed that NFκB factors 

cRel, p50 and p65 bind to CR1 in SUM159 cells but not MCF7.  This result was 

confirmed with an EMSA supershift with SUM159 nuclear extract, showing shifts with 

both NFκB-p50 and p65 (Fig. 2.9).   

The observation that knockdown of AP-1-JUNB and NFκB-p50 reduced the 

expression of CD44 suggest the role of JUNB and p50 in regulating CD44 expression via 

their interaction with CR1. The fact that a complete loss of CD44 expression was not seen 

may be attributed to 1) reduced JUNB and p50 expression as opposed to a complete 
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knockdown; 2) other factors interact with JUNB and/or p50 in the regulation of CD44 

expression; and 3) other regulatory regions allowing basal expression of CD44. 

Studies have shown that deletion of CD44 can lead to a reduction in recurrence of 

cancers [27] and metastasis [95].  By targeting the factors that result in the overexpression 

of CD44, we may be able to better treat breast cancer and metastatic tumors.  

Previous studies have shown that AP-1 regulates CD44 expression [72,96,97,98]. AP-

1 has an increased activity in small cell and non-small cell lung carcinomas, which lead to 

an increase in CD44 expression.  In addition, a TRE binding element with Fra-1 in the 

promoter of CD44 has been identified [99,100]. These studies have established that AP-1 

regulates CD44 expression via its interaction with CD44 promoter. In this study, our 

findings suggest that the cis-element CR1 functions via common factor AP-1 and/or 

NFκB and interact with the promoter to regulate CD44 expression, which provides new 

insight into regulatory mechanisms on complex CD44 expression.  

Together, our findings suggest that CR1 has the potential to regulate CD44 

expression in breast cancer and BCSCs via its interaction with AP-1 and NFκB factors. 

Further studies will focus on how CR1 interacts with the promoter to regulate CD44 

expression. CD44 is known to have a complex expression patterns with ubiquitous 

expression and variant forms, and has been implicated in the aggressiveness and 

metastasis of a number of cancer types [63,65,91,101]. Therefore, the regulation of such a 

molecule could be equally complex. A full understanding of complex regulation of CD44 

expression requires the investigation of the other cis- and trans-regulators of CD44.  
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Table 2.1. PCR Primers for the amplification of the three conserved regions. 

 

Conserved 
Region 

PCR 
product 
length 
(bp) Primer Mouse Sequence Human Sequence 

CD44CR1 829 Forward GGGCAGGATGAGTGGTTATTGAGA GGTGAAATGCCCTATAGCTCAACTCTG 

 (715 bp)   Reverse GGGTGGAATACAACCACACTGCAT GTGCTTATTTCACATTGCATTCCTGC 

CD44CR2 735 Forward CACTGTTTGAAATGGGTGGCGATG TGCTGCAATATAGACTTTCTGACC 

 (611 bp)   Reverse GCATGAAACCACAGAGCCTACAGA GACTGTCGTGTTTGTTCTCACTC 

CD44CR3 732 Forward TCCTACCTGTCTCCAGTGTTGTGA TGGGCCCAGCTCAGTTTATACCTT 

 (604 bp)   Reverse AACAACATTCCACAGACTGGCTCG GGTCCCTTCTTCCCATCAGTTTCT 
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Table 2.2. qPCR primer sequences obtained from Harvard Primer Bank. 
 
Name Primer Sequence  
CD44 Forward TGCCGCTTTGCAGGTGTATT 
  Reverse CCGATGCTCAGAGCTTTCTCC 
CD24 Forward CTCCTACCCACGCAGATTTATTC 
  Reverse AGAGTGAGACCACGAAGAGAC 
GAPDH Forward CATGAGAAGTATGACAACAGCCT 
  Reverse AGTCCTTCCACGATACCAAAGT 
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Table 2.3. Probe design for EMSA  
 

EMSA Probes Forward Sequence 

CD44CR-60-170 gattgccaacacccaggaaataaggaagaatgagacagaaaccagatgtgttggtgtcatcctgtgactcagcttctattctggttgctgataaa
taaagaagagtttcca 

CD44CR1-600-660 ctgagggcagtaaaccctgactcactgcctccttcctaccacagtttccaaaacactgcta 

CD44CR1-660-745 attgcgcccttgtctctatgcagatctcagtcagtctgggccaccatgtatgcaaacagctctttctgggaaatcccttcttgtct 

CD44CR1-600-745 ctgagggcagtaaaccctgactcactgcctccttcctaccacagtttccaaaacactgctattgcgcccttgtctctatgcagatctcagtcagtct
gggccaccatgtatgcaaacagctctttctgggaaatcccttct 

CD44CR1-450-495 ccagtgggtttccccacctttccttcactcacatctctctctcccc  

CD44CR1-490-525 ctccccgactttcttcttcgaagttcccataggcca  

CD44CR1-550-590 catgcatgtacagacttcgtccgaagcctccctgtgagca 

CD44CR1-AP-1-1 tcatcctgtgactcagcttctatt 

CD44CR1-AP-1-2 gtaaaccctgactcactgcctcct 

CD44CR1-NFκB ctctttctgggaaatcccttcttgt 

CD44CR1-ETS-1  aacacccaggaaataaggaagaatgagac 

CD44CR1-ETS-2 gttggtgtcatcctgtgactc 
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Table 2.4. Primers used for site directed mutagenesis. 
 
Name Primer Sequence 
CD44CR1ΔAP-1-1 Forward GGTGTCATCCTGTGAGCTTCTATTCTGG 
  Reverse CCAGAATAGAAGCTCACAGGATGACACC 
CD44CR1ΔAP-1-2 Forward GGCAGTAAACCCTCACTGCCTCCTTCCTACC 
  Reverse GGTAGGAAGGAGGCAGTGAGGGTTTACTGCC 
CD44CR1ΔNFκB Forward CAAACAGCTCTTTCTAATCCCTTCTTGTC 
  Reverse GACAAGAAGGGATTAGAAAGAGCTGTTTG 
SDM Control 
Deletion Forward CCATGGGCTTTCCACATGGTAAATGTCCCTTTGC 

  Reverse GCAAAGGGACATTTACCATGTGGAAAGCCCATG 
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Table 2.5:  Primers used for ChIP assays 
 
ChIP Probes  CD44CR-AP-1-1 – 373 bp 
CD44CR1 – AP-1-1 

Forward AGGTGAGCGGATATCAACCAAGGA 
CD44CR1 – AP-1-1 

Reverse AGAACTCAGTGCCGTGTCGATAGT 
ChIP Probes  CD44CR1-NFκB – 362bp 

CD44CR1 – NFκB 
Forward CCAGGTATGCTATGTTTGGTTAAGCCC 

CD44CR1 –NFκB 
Forward GTGGAGTTGGAAAGACAGATTGGC  

ChIP Probes CD44CR1-AP-1-2 – 400bp 
CD44CR1 – AP-1-1 

Forward TCTCTCCCACTGCTTTCCTCCAAA 
CD44CR1 – AP-1-1 

Reverse GTGCTTATTTCACATTGCATTCCTGC 
 

  



!

!

35!

Table 2.6: Expression of key factors in 3 breast cancer cell lines. 

  SUM159 MDA-MB-231 MCF7 
Cell Type  Anaplastic 

Carcinoma 
Epithelial-
Adenocarcinoma 

Epithelial- 
Adenocarcinoma 

CD44 Very High Very High Low 
CD24 Low Negative/Low High 
Her2 Negative Negative Positive 
PR Negative Negative Positive 
ER Negative ER (alpha-, 

beta+) 
Positive 

ALDH1 High High Low 
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Table 2.7.  Conserved transcription factor binding sites in CR1 between mouse and 
human. 
 
Family  Matrix  from - to Str. Sequence 
V$HAND  V$PARAXIS.01 95 - 115 (+)  cagaaACCAgatgtgttggtg 
V$RP58  V$RP58.01 99 - 111 (-)  aacaCATCtggtt 
V$RORA  V$REV-ERBA.02 115 - 137 (-)  tagaagctgaGTCAcaggatgac 
V$AP1R  V$NFE2.01 116 - 136 (-)  agaagCTGAgtcacaggatga 
V$PBXC  V$PBX1_MEIS1.03 118 - 134 (-)  aagctgagTCACaggat 
V$AP1R  V$TCF11MAFG.01 118 - 138 (+)  atcctgTGACtcagcttctat 
V$AP1F  V$AP1.01 122 - 132 (+)  tgtgACTCagc 
V$AP1F  V$AP1.01 122 - 132 (-)  gctgAGTCaca 
V$GATA  V$GATA.01 145 - 157 (+)  tgctGATAaataa 
V$HOXC  V$PBX_HOXA9.01 145 - 161 (-)  ttctTTATttatcagca 
V$PAX6  V$PAX6.02 159 - 177 (+)  gaagagtttCCAGgtatgc 
V$BCL6  V$BCL6.02 161 - 177 (-)  gcataccTGGAaactct 
V$STAT  V$STAT5.01 499 - 517 (+)  tttcTTCTtcgaagttccc 
V$CAAT  V$NFY.03 176 - 190 (-)  taaaCCAAacatagc 
V$NKXH  V$NKX31.01 203 - 217 (+)  gacagtAAGTatacc 
V$SNAP  V$PSE.02 212 - 230 (+)  tatacCCTAaagttaccaa 
V$HAML  V$AML3.01 241 - 255 (-)  ggttGTGGttcagag 
V$EBOX  V$MYCMAX.02 259 - 271 (-)  tcaacaCATGtga 
V$IRFF  V$IRF4.01 279 - 299 (+)  aaaagaaaaaGAAAaaagaaa 
V$IRFF  V$IRF7.01 292 - 312 (+)  aaaaGAAAtgaaaattggaaa 
V$OCT1  V$OCT1.06 296 - 310 (+)  gaaatgaaAATTgga 
V$RBPF  V$RBPJK.02 508 - 522 (-)  cctaTGGGaacttcg 
V$YBXF  V$YB1.01 518 - 530 (-)  cagatTGGCctat 
V$CAAT  V$NFY.01 519 - 533 (+)  taggCCAAtctgtct 
V$SP1F  V$GC.01 537 - 551 (-)  tgtggGGTGgggttg 
V$CLOX  V$CDPCR3.01 585 - 607 (-)  gccctcagaaaaagatATTGctc 
V$AP1R  V$BACH2.01 609 - 629 (-)  aggcagTGAGtcagggtttac 
V$AP1R  V$NFE2.01 611 - 631 (+)  aaaccCTGActcactgcctcc 
V$CREB V$TAXCREB.02 611 - 631 (+) aaacccTGACtcactgcctcc 
V$CSEN V$DREAM.01 612 - 622 (-) gaGTCAgggtt 
V$AP1F  V$AP1.01 615 - 625 (+)  cctgACTCact 
V$AP1F  V$AP1.01 615 - 625 (-)  agtgAGTCagg 
V$CARE V$CARF.01 626 - 636 (+) ggaagGAGGca 
V$HAML  V$AML1.01 631 - 645 (-)  aactGTGGtaggaag 
V$AIRE  V$AIRE.01 631 - 657 (-)  cagtgttttggaaactgTGGTaggaag 
V$OCT1 V$POU2F3.01 671 - 695 (-) tctATGCagatctcagt 
V$OCT1 V$OCT3_4.02 671 - 695 (+) gatctGCATagagacaa 
V$FKHD V$HNF3.01 703 - 719 (-) tgtatgcAAACagctct 
V$NFKB  V$NFKAPPAB.01 725 - 737 (+)  ctGGGAaatccct 
V$NFKB  V$NFKAPPAB.01 726 - 738 (-)  aaGGGAtttccca 
V$EVI1  V$EVI1.01 730 - 746 (-)  aagacAAGAagggattt 
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Figure 2.1.  Prediction of cis-regulatory elements for CD44 expression using sequence 

alignment analysis.  

(A) A genomic map of human CD44 and surrounding genes located on chromosome 11p13.  (B) 

Multiple sequence alignment of homologous CD44 sequences using human sequence as baseline.  

14 evolutionarily conserved regions were identified and predicted as potential cis-regulatory 

elements for CD44 expression. Conserved regions 1-3 (CR1-3) have the highest levels of 

conservation. Blue regions represent CD44 coding sequence.  Pink regions represent non-coding 

sequence.  Peaks surrounded by red bars are highly conserved regions that have at least 70% 

conservation among species.  (C) Plasmid reporter construct containing a conserved region of 

CD44, a minimal beta-globin-promoter (βGP), and green fluorescent protein (GFP).  
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Figure 2.2. CD44 and CD24 expression in breast cancer cell lines as detected by 

immunocytochemistry.   

Human cell lines MDA-MB-231 (a-a’’’), SUM159 (b-b’’’), and MCF7 (c-c’’’) were fixed and 

stained for CD44 (F10442, Millipore) and CD24 (91, Millipore).  Nuclei were stained with 

Hoechst33342.  D.  Real-time PCR analysis of CD44 and CD24 mRNA levels in breast cancer 

cell lines.  GAPDH served as endogenous control.  Immunohistochemistry and Real-time PCR 

showed high CD44 and low CD24 expression in MDA-MB-231 and SUM159 cell lines.  MCF7 

cells showed low CD44 and high CD24 expression.  Scale bar = 100µm.  
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Figure 2.3.  CR1 directs reporter GFP expression in breast cancer cell lines.   

Conserved region was tested for the ability to direct reporter gene expression by transfecting 

breast cancer cell lines with CD44CR1-βGP-GFP construct (CD44CR1-GFP).  Nuclei were 

stained with Hoechst 33342. (A-C) GFP expression in all three cell lines resulted from 

transfection of a positive control construct (CAG-GFP). (D-F) No GFP expression was detected 

from transfection of a negative control construct with a conserved region from NeuroD1gene.  

GFP expression from CR1 can be seen in MDA-MB-231 and SUM159 cells (G-H).  However, no 

expression is seen in MCF7 cells (I).  

  



!

!

40!

 

 

Figure 2.4.  Genomic sequence alignment of conserved regions reveals no mutations in 

TFBSs.   

Genomic DNA was obtained from the cell lines MDA-MB-231, SUM159 and MCF7.  Genomic 

DNA was sequenced at CD44CR1 conserved region and aligned using ClustalW.  Alignment of 

CD44CR1 sequences identified a 5bp deletion located in SUM159 genomic DNA. However, 

these mutations do not change TFBSs.  
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Figure 2.5.  Specific protein factors bind with CR1. 

EMSAs were performed to determine the in vitro binding activities of nuclear protein factors with 

CD44CR1.  (A)  DNA probe design using conserved mouse sequence and TFBSs within each 
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probe. Probe 1 identified binding (indicated by arrow head) in two cell lines (MDA-MB-231 and 

MCF7), but not observed in SUM159.  (B) Probe 2 showed strong binding present in all three cell 

lines (arrowheads).  (C) Probe 3 showed multiple shifted bands and was successfully competed 

away in all three cell lines using unlabeled probes.  (E) Probe AP-1-1 showed no band shift in 

any of the three cell lines.  (F) Probe AP-1-2 resulted in a band shift in all three cell lines.  All 

band shifts were competed away with an unlabeled probe.  Arrowheads indicate bands specific to 

MDA-MB-231 and MCF7.  (G) Probe NFκB showed a band shift that was successfully competed 

away in all three cell lines.   
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Figure 2.6.  Mutation of AP-1 and NFκB binding sites in CR1 reduces reporter GFP 

expression in SUM159 cells.   

Assays using site directed mutagenesis of AP-1 and NFκB binding sites.  (A-I) Schematic of each 

mutation of CR1 construct. Mutated sites are identified by a red X.  (A’-I’) Transfection of each 

the constructs in SUM159 cells. (J) Quantification of the number of GFP-expressing cells/total 

number of cells counted.  Control mutation at a non-conserved site (B’) showed no difference in 

GFP expression when compared to CR1 (A’).  Single site mutations of AP-1-1, AP-1-2 and 

NFκB (C’-E’) showed a significant reduction of GFP expression compared to CR1.  However, 

GFP expression was not eliminated entirely.  Mutation of a combination of AP-1 and NFκB 
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binding sites (F’-H’) did not reduce further GFP expression, however, the percentage of GFP 

expression was still significantly reduced compared to CR1.  Mutation of all three TFBSs (I’) 

showed the greatest reduction of GFP expression.  ** p = < 0.0005 ***p=<1.0x10-5 (student’s t-

test). Scale bar = 50µM 
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Figure 2.7  Mutation of AP-1 and NFκB binding sites in CR1 eliminate reporter GFP 

expression in MDA-MB-231 cells. 

(A-F) Transfection of each the constructs in MDA-MB-231 cells. (A) CAG-GFP showed strong 

GFP expression in MDA-MB-231 cells.  Control mutation at a non-conserved site (C) showed no 

difference in GFP expression when compared to CR1 (B).  Single site mutations of AP-1-1, AP-

1-2 and NFκB (D-F) showed no GFP expression compared to CR1.  Scale bar - 50µM  
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Figure 2.8.  Differential AP-1 factor binding to CR1 in breast cancer cells 

ChIP with AP-1 antibodies resulted in amplification of a region of CR1 with inverted repeat AP-1 

binding sites.  Rabbit IgG and anti-GFP antibody served as negative control.  Representative 

results of at least two independent immunoprecipitation experiments and multiple independent 

PCR analyses are shown. Strong PCR amplification of CR1 region with JUNB binding was seen 

in SUM159 cells and with JUND binding in MCF7 cells. 
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Figure 2.9. NFκB factors interact with CR1. 

ChIP assays were performed to identify CR1 interacting transcription factors. Rabbit IgG and 

anti-GFP antibody served as negative control.  (A) Strong PCR amplification of CR1 region with 

NFκBp50 and p65 were seen in SUM159 samples.  MCF7 samples showed bands with intensities 

equal to the negative control.  (B) Supershift with NFκB antibodies was performed with SUM159 

nuclear extract.  Anti NFκB-p50 and p65 antibodies were able to supershift the band, but NFκB-

cRel antibody resulted in no shift. 
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Figure 2.10. AP-1-JUNB knockdown decreases CD44 expression. 

Sum159 cells were transfected with a scrambled shRNA control construct and JUNB shRNA 

construct (5’-CCTTCTACCACGACGACTCATACACAGCT-3’) and then stained for JUNB and 

CD44 expression.  Transfection with the control, scrambled DNA shRNA construct (A-E) 

showed no change in JUNB expression (B, circle) or CD44 expression (C, circle) when compared 

to un-transfected cells (arrows). Transfection with the JUNB shRNA construct (F-J) showed a 

reduction in JUNB expression (G, circle) and CD44 expression (H, circle) when compared to un-

transfected cells (F-G, arrow).  
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Figure 2.11. JUNB knockdown decreases CD44 expression. 

Sum159 cells were transfected with an empty vector control construct and JUNB shRNA 

construct (5’-CACGACTACAAACTCCTGAAACCGAGCCT-3’) and then stained for JUNB 

and CD44 expression.  Transfection with the control, empty vector shRNA construct (A-E) 

showed no change in JUNB expression (B, circle) or CD44 expression (C, circle) when compared 

to un-transfected cells (arrows). Transfection with the JUNB shRNA construct (F-J) showed a 

reduction in JUNB expression (G, circle) and CD44 expression (H, circle) when compared to un-

transfected cells (F-G, arrow).  
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Figure 2.12. NFκB-p50 knockdown decreases CD44 expression. 

Sum159 cells were transfected with a scrambled shRNA control construct and NFκB-p50 shRNA 

construct (5’-GCAGCTCTTCTCAAAGCAGCAGGAGCAGA-3’) and then stained for NFκB-

p50 and CD44 expression.  Transfection with the control, scrambled DNA shRNA construct (A-

E) showed no change in NFκB-p50 expression (B, circle) or CD44 expression (C, circle) when 

compared to un-transfected cells (arrows). Transfection with the NFκB-p50 shRNA construct (F-

J) showed a reduction in NFκB-p50 expression (G, circle) and CD44 expression (H, circle) when 

compared to un-transfected cells (F-G, arrow).  
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Figure 2.13. NFκBp50 knockdown decreases CD44 expression. 

Sum159 cells were transfected with an empty vector control construct and NFκB-p50 shRNA 

construct (5’-GAGAACTTTGAGCCTCTCTATGACCTGGA-3’) and then stained for NFκB-

p50 and CD44 expression.  Transfection with the control, empty vector shRNA construct (A-E) 

showed no change in NFκB-p50 expression (B, circle) or CD44 expression (C, circle) when 

compared to un-transfected cells (arrows). Transfection with the NFκB-p50 shRNA construct (F-

J) showed a reduction in NFκB-p50 expression (G, circle) and CD44 expression (H, circle) when 

compared to un-transfected cells (F-G, arrow).  
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Chapter 3: NFκB affects breast cancer cell proliferation and 

invasiveness via CD44 regulation 

 

3.1 Abstract  

CD44 is a cell surface glycoprotein, which is involved in many cellular processes 

including cell adhesion, migration and proliferation.  CD44 expression is up-regulated in 

breast cancer and other cancers and it often serves as a marker for tumor initiating cells 

(TICs). Despite such an important role of CD44, the mechanism underlying CD44 up-

regulation in cancers remains poorly understood.  Here, we identify NFκB as a regulator 

of CD44 expression.  NFκB functions via its binding with a cis-element CR1 located 

upstream of CD44 transcription initiation site.  Inhibition of NFκB leads to a reduction in 

CD44 expression. Furthermore, NFκB inhibition induced CD44 repression decreases 

proliferation and invasiveness of breast cancer cells.  These findings provide new insight 

into the molecular mechanism underlying CD44 regulation and potential therapeutic 

targets that may help eliminate chemo- and radiation-resistant cancer cells.     

 

3.2 Introduction 

Breast cancers are known to contain a heterogeneous population of cells.  Within 

a tumor, there is a small subset of cells with a unique cell surface marker signature (e.g., 

up-regulation of CD44 and down-regulation of CD24) as well as characteristics similar to 

stem cells such as the ability to self-renew, differentiate and they have been shown to be 

chemo-and radiation resistant [57,102,103,104,105]. These cells, known as cancer stem-

like cells or tumor initiating cells (TICs), have been observed in other cancers including 
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prostate, pancreatic, brain and leukemia [27,58,59], making CD44 an important target for 

cancer therapies.   

CD44 is a cell surface glycoprotein that is ubiquitously expressed on most cells 

throughout the body [63,94].  CD44 is involved in cellular processes including cell-cell 

and cell-extracellular matrix adhesion, migration, proliferation, differentiation and 

survival [63,66,67,94]. Studies have shown that human acute myeloid leukemic stem 

cells can be eradicated by targeting CD44 [27].  In addition, CD44 repression by miR-34a 

inhibits prostate TICs and metastasis [69].   

Despite intense research focused on CD44 as a target for cancer therapies, the 

mechanism by which the protein is up-regulated in cancer and TICs is not well 

understood.  In our recently published study, we identified that an evolutionarily 

conserved region (CR1), located upstream of CD44 transcription start site, functions as a 

cis-element.  We have demonstrated that CR1 has the ability to direct reporter gene 

expression in a cell-specific manner.  CR1 activity is modulated by the transcription 

factors NFκB and AP-1. Mutation of their binding sites in CR1 diminishes the ability of 

CR1 to direct reporter gene expression.  Further analyses using electrophoretic mobility 

shift assay (EMSA), supershift, and chromatin immunoprecipitation (ChIP) have shown 

that NFκB-p50, -p65 and JunB (an AP-1 factor) bound to CR1 [106].  

The NFκB family (RelA (p65), c-Rel, RelB, p50/105 and p52/100) has been at the 

forefront of cancer research [107]. There are well over 100 known targets of NFκB, 

including CD44 [108].  NFκB exists as a homo- or heterodimer in the cytoplasm, 

inhibited by bound IκB proteins [107].  It is not until IκB is phosphorylated that NFκB 
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can enter the nucleus, bind to DNA and activate transcription of its target genes 

[107,109,110,111].  

 In this study, we examine the effect of NFκB inhibition on CD44 expression and 

the activities associated with CD44 dysregulation, including cell proliferation and 

invasiveness in breast cancer TICs.  We show that in breast cancer cells (e.g., MDA-BM-

231 and SUM159 cells) the chemical compound Bay-11-7082 inhibits NFκB, which 

results in CD44 repression.  Furthermore, NFκB inhibition induced CD44 repression 

decreases cell proliferation and invasiveness of breast cancer cells.  Our findings provide 

insight into the mechanism by which CD44 is up-regulated in breast cancer and potential 

therapeutic targets against TICs. 

 

3.3 Materials and Methods 

3.3.1 Cell Lines 

The breast cancer cell lines SUM159 and MDA-MD-231 were describe 

previously [59].  SUM159 cells (Asterand Inc. Detroit, MI) and MDA-MB-231 cells 

(ATCC) were cultured according to the guidelines from the suppliers.  All cell lines were 

maintained at 37°C in a humidified incubator with 5% CO2. 

 

3.3.2 Bay-11-7082 Treatment 

Bay-11-7082 (Calbiochem) in DMSO was diluted in serum free medium to a 

concentration of 1.0 mM.  As a control, 10 µL of DMSO was added per 1.0 ml of media.  

This was the maximum amount of DMSO cells were exposed to for Bay-11-7082 

treatment.  
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3.3.3 Electrophoresis mobility shift assay 

A double stranded DNA probe with the sequence 5’–

GATCCGGCAGGGGAATCTCCCTCTC-3’ was labeled with the 3’ Biotin End 

Labeling Kit (Thermo Scientific) as per manufacturer’s suggestions. Nuclear extracts 

were collected from each breast cancer cell line using NE-PER nuclear and cytoplasmic 

extraction reagents (Thermo Scientific). Binding reactions were performed using 5 µg of 

nuclear extract from cells and detected using the LightShift Chemiluminescent EMSA kit 

(Thermo Scientific) per manufacturer’s recommendations. DNA-protein complexes were 

run on 6% non-denaturing poly-acrylamide gels and transferred onto Biodyne Plus 

membrane (Pall).  Membranes were cross-linked in a UV imager for 15 minutes.   

 

3.3.4 Western Blot Analysis 

Western blots were performed using 15µg cytoplasmic extract.  Cytoplasmic 

extracts were collected using NE-PER (Thermo Scientific).  Cytoplasmic extracts in 

SDS-PAGE sample buffer, were incubated at 95°C for 5 min.  Samples were run on a 

10% SDS-PAGE gel and transferred onto nitrocellulose.  Membranes were incubated in 

5% non-fat dry milk for 1 hr and incubated with 1° antibody (CD44 (Santa Cruz) or 

alpha-Tubulin (DSHB) over night at 4°C.   Membranes were incubated with 2° antibody 

(Santa Cruz) for 1 hr at room temperature.  Membranes were exposed with a 

chemiluminescence kit (Thermo Scientific) and imaged. 
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3.3.5 qRT-PCR 

RNA was isolated from cells using Tri-Reagent (Ambion).  cDNA was prepared by 

reverse transcription using the qScript cDNA SuperMix (Quanta), and used as a template 

for RT-PCR (SYBR Green FastMix (Applied Biosystems)). RT-PCR reaction was run on 

a Roche 480 96 well LightCycler using primer sequences obtained from the Harvard 

Primer Bank (Table 3.1).  Threshold cycles were normalized relative to GAPDH 

expression. Experiments are the mean of 2 independent experiments done in triplicate.  

Error bars represent the standard deviation of the mean.   

 

3.3.6 Immunocytochemistry 

For immunocytochemistry, cells were plated on PLL treated coverslips and 

incubated for 24 hours and then fixed to coverslips using 4% paraformaldehyde, blocked 

with 10% Donkey Serum (Jackson Immunology) and then incubated with the primary 

antibody for 2 hours at room temperature.  The following antibodies were used CD44 

(Chemicon); Ki67 (BD Pharmingen).  Following incubation with primary antibody, cells 

were incubated with a fluorescent secondary antibody (Jackson Immunology) for 60 

minutes at room temperature.  Nuclei were stained with Hoechst33342.  Cell counts were 

obtained from two independent experiments performed in duplicate.  Error bars represent 

the standard deviation of the mean. 

 

3.3.7 Measurement of Cell Size 

 Cells were measured using ImageJ measurement tool.  Images of cells were 

taken on Zeiss AxioImager A1 fluorescence microscope.  Only cells with that could be 
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completely identified and were not blocked by other cells or cut off by the image were 

measured.  Measurements were taken from the furthest two points on the cell.  A 

minimum of 200 hundred cells were measured from 2 independent experiments.  Error 

bars represent the standard deviation of the mean. 

 

3.3.8 Cell Proliferation Assay 

 Cell proliferation assay was performed using CyQuant Cell Proliferation kit (Life 

Technologies) as per manufacturer’s recommendation.  Cells were seeded in 96 well 

plates at different densities and left for 24 hrs in 37°C incubator.  Cells were treated with 

DMSO or Bay-11-7082 and incubated for 24 hrs, 48 hrs or 72 hrs.  Assay was read on a 

Tecan Infinite M200 Pro 96 well plate reader.  Data was compared to standard curve.  

Results of each data time point represent the mean of 3 independent experiments.  A 

standard curve was created for each cell type.  Cell number was calculated from the 

standard curve.  Fold change was calculated by the following equation: 

 Fold change =   (Cell number calculated from standard curve) / (Number of cells seeded) 

Error bars represent the standard deviation of the mean. 

 

3.3.9 Invasion Assay 

Invasion assays were performed as per manufacturer’s recommendations (BD 

Biosiences).  MDA-MB-231and SUM159 cells were treated with 2.5 µM Bay-11-7082 

for 72 hrs and 48 hrs respectively.  Trypsin was used to detach the cells and then counted 

and resuspended in serum free media at a concentration of 50,000 cells/mL. Complete 

media was placed in wells as chemoattractant and 0.5 ml of resuspended cells were 
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seeded into control chambers and BD BioCoat Matrigel invasion chambers and incubated 

for 24 hrs. Following incubation, media was removed from the wells and chambers, cells 

were fixed in 90% methanol for 3 min.  Cells were stained with Hoechst33342.  

Membranes were removed, adhered to slides, and then imaged. Cells were counted and 

percent invasion was calculated the following equation: 

Percent invasion = (Cells counted in invasion chamber) / (Cells counted in control 

chamber) 

 

Calculations represent the mean of three independent experiments.  Error bars represent 

the standard deviation of the mean.   

 

3.3.10 Data Quantification 

Error bars represent the standard error of the mean.  In cases where results were tested for 

statistical significance, a student’s t-test was applied. 

 

3.4 Results 

3.4.1 Bay-11-7082 inhibits NFκB expression in breast cancer cells 

 To determine the role of NFκB in regulating CD44 expression, NFκB activation was 

inhibited using the chemical compound Bay-11-7082. Bay-11-7082 has previously been 

shown to inhibit NFκB binding to DNA by preventing phosphorylation of the Inhibitor of 

κB (IκB) by the IκB Kinase (IKK) (20-22).  Inhibiting phosphorylation of IκB inhibits 

the activation of NFκB and subsequent binding to DNA.  We chose MDA-MB-231 and 

SUM159 cells for our study as both are triple negative breast cancer cells (ER-, PR-, 
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HER2-) with high levels of CD44 and contain a subpopulation of cells characterized as 

TICs (7, 23).  

Breast cancer cells were treated with Bay-11-7082 at various concentrations for 

24, 48 or 72 hrs to determine which concentration and duration of treatment had the 

greatest effect on inhibiting NFκB activation. Treatment with DMSO was used as a 

control. Electrophoretic mobility shift assays (EMSAs) were performed to determine the 

ability of NFκB to bind to DNA following treatment.  A double stranded, biotin labeled 

oligonucleotide corresponding to the NFκB binding site was used to assess binding. 

In MDA-MB-231 cells, strong binding of NFκB resulted in diminished band in 

EMSA was observed with 5.0 µM Bay-11-7082 at all three time points (Fig. 1A-C), 

suggesting it is the concentration required to block NFκB activation.  No obvious 

changes were observed with 0.625 µM and 1.25 µM Bay-11-7082 treatment.  Noticeable 

decrease in EMSA bands was observed at 2.5 µM Bay-11-7082 after 48 hrs treatment 

(Fig. 1B), and after 72 hrs treatment, decreased NFκB binding was seen at all 

concentrations (indicated by asterisks in Fig. 1B, C). 

 In SUM159 cells, loss of NFκB binding was observed with 5.0 µM Bay-11-7082 

treatment after 24 and 48 hrs (Fig. 1D,E), with little change in binding occurring at 0.625 

and 1.25 µM concentration. A dramatic decrease in EMSA band was observed with 2.5 

µM treatment after 48 hrs (Fig. 1E).  Interestingly, after 72 hours of treatment, EMSA 

bands could be seen with 2.5 and 5.0 µM Bay-11-7082 (Fig. 1F), suggesting Bay-11-

7082 is losing its inhibition effect in this cell. 

 Although applying higher concentrations of Bay-11-7082  (e.g., 5.0 and 10.0 µM) 

showed the greatest effect on NFκB binding at all-time points, a live/dead cell assay 
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showed toxicity of the treatment, which resulted in significant levels of cell death in both 

cells (Fig. S1).  Based on these observations, the maximum concentration of Bay-11-

7082 used in further analyses was determined at 2.5 µM. 

 

3.4.2 NFκB inhibition results in CD44 repression  

Next, we assessed the effect of NFκB inhibition on CD44 expression by 

performing Western blots using the cytoplasmic extracts of cells treated with Bay-11-

7082 at each of the three time points.  Resulting bands were analyzed using ImageJ to 

quantify the relative amount of CD44 protein compared to the control DMSO treatment.  

In MDA-MB-231 cells, CD44 expression decreased 10% after 24 hrs treatment with 2.5 

µM Bay-11-7082 while lower concentrations (0.625 µM and 1.25 µM) did not show 

noticeable difference (Fig. 2A,G). After 48 hrs, CD44 expression decreased ~30% with 

2.5µM treatment (Fig. 2B,G). A significant decrease in CD44 expression was observed at 

all concentrations after 72 hrs with the greatest reduction of CD44 expression (~30%) 

occurring at 2.5 µM treatment (Fig. 2C,G). In SUM159 cells, no changes in CD44 

expression were seen following 24 hrs of treatment (Fig. 2D,H). A significant decrease in 

CD44 expression  (~28% and 25%) was detected after 48 hrs treatment with1.25 and 2.5 

µM Bay-11-7082, respectively (Fig. 2E,H). Interestingly, after 72 hrs, a decrease in 

CD44 expression was only seen 2.5 µM Bay-11-7082 (Fig. 2F,H). 

To further confirm the effects of Bay-11-7082 on NFκB inhibition, mRNA level 

of NFκB and its known key targets, e.g., CD44, BCL-XL, and cMyc, was determined 

using quantitative PCR (qPCR) method.  Cells were treated with 2.5 µM Bay-11-7082 to 

obtain the greatest loss of CD44 expression as seen in the above described Western blot 
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analysis (Fig. 2).  In MDA-MB-231 cells, the mRNA level of NFκB (48 and 72 hrs; Fig. 

3A), CD44 (48 hrs; Fig. 3B), BCL-XL (48 and 72 hrs; Fig. 3C), and cMyc (72 hrs; Fig. 

3D) decreased markedly after treatment.  In SUM159 cells, decrease in the mRNA level 

of NFκB (48 hrs; Fig. 3E), CD44 (48 and 72 hrs; Fig. 3F), and cMyc (48 hrs; Fig. 3H) 

was observed. It appears that a significant decrease was seen after 48 hrs. However, after 

72 hrs, the mRNA level of NFκB and cMyc was increased to a level similar to the control 

DMSO treatment. No obvious difference was seen in BCL-XL mRNA after treatment.  

The qPCR results correlated well with the results from both EMSA and Western 

blots, suggesting that Bay-11-7082 inhibits NFκB expression at both mRNA and protein 

levels.  Furthermore, NFκB inhibition via Bay-11-7082 treatment represses the 

expression of CD44 and other NFκB target genes, e.g., BCL-XL and cMyc. 

 

3.4.3 NFκB inhibition induced CD44 repression decreases cell proliferation 

To determine the effects of NFκB inhibition induced CD44 repression on breast cancer 

cell properties, we examined cell morphology, proliferation, and invasiveness after Bay-

11-7082 treatment.  First, cell morphology (e.g., size and CD44 staining pattern) was 

examined to determine if the cells were healthy after treatment. Surprisingly, no obvious 

changes in cell size (Fig. S2) and CD44 staining pattern (Fig. S3) were detected in cells 

treated with Bay-11-7082.  

Next, we performed cell proliferation assay by immunostaining with Ki67, a 

nuclear protein associated with cell proliferation. A significant decrease in the percentage 

of Ki67 positive cells was observed with treatment of 1.25 µM and 2.5 µM Bay-11-7082 

after 72 hrs in MDA-MB-231 cells (Fig. 4A-D,I) and after 48 hrs in SUM159 cells (Fig. 
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4E-H,J).  Surprisingly, there was an increase in the percentage of Ki67 positive cells in 

48 hrs treatment with 0.625 µM of Bay-11-7082. This result may indicate that Bay-11-

7082 may stimulate cell proliferation at a low concentration and duration of treatment.  

Interestingly, the percentage of Ki67 positive cells was comparable to the DMSO control 

after 72 hrs treatment at all concentrations (Fig. 4J), suggesting that prolonged treatment 

has no effect on cell proliferation in SUM159 cells, possibly due to drug resistance 

development in this cell line.  

 

3.4.4 NFκB inhibition induced CD44 repression decreases invasiveness in breast 

cancer cells 

 CD44 has previously been shown to play a role in invasiveness of breast cancer cells 

(5, 12, 24). We, therefore, performed a matrigel invasion assay to determine the effect of 

NFκB inhibition induced CD44 repression on the metastatic potential of breast cancer 

cells.  In this assay, matrigel was used to block pores of a chamber membrane and, in-

turn, prevent non-invading cells from migrating through the membrane.  Cells with 

invasive properties are able to migrate through the matrigel and subsequently the 

membrane pores. As a control, cells were seeded into a control chamber containing no 

matrigel, just the porous membrane.   

We found that the control DMSO treated MDA-MB-231 and SUM159 cells 

invaded both the matrigel and control chambers (Fig. 5).  Quantification showed that 

52% of the control DMSO treated MDA-MB-231 cells (Fig. 5A-B,E) and 64% of 

SUM159 cells (Fig. 5F-G,J) were able to invade the matrigel chamber (using the number 

of cells in the control chamber as a base line).  However, after cells were treated with 2.5 
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µM Bay-11-7082 for 72 hrs (with the greatest reduction in CD44 expression as 

determined by Western blot and qPCR analyses), only about 27% of MDA-MB-231 cells 

(Fig. 5C-E) and 24% of SUM159 cells (Fig. 5H-J) were able to invade the matrigel 

chamber.  These results indicate that Bay-11-7082 treatment induces NFκB inhibition 

and CD44 repression, and further decreases the invasiveness of breast cancer cells. 

 

3.5 Discussion 

In this study, we determine the effects of NFκB inhibition on CD44 expression as 

well as the proliferation and invasiveness of breast cancer cells. We show that the 

chemical compound Bay-11-7082 inhibits NFκB activation by limiting NFκB binding to 

DNA (Fig. 1). The inhibition of NFκB causes a decrease in CD44 expression at both the 

mRNA (Fig. 3) and protein level (Fig. 2). NFκB inhibition induced CD44 repression 

decreases proliferation (Fig. 4) and invasiveness (Fig. 5) of breast cancer cells. 

A previous study has shown that CD44 expression diminished in hepatoma and 

cervical cancer cells when NFκB expression was inhibited via NFκB binding in the 

promoter of CD44 (25). In another study, NFκB was also identified as a regulator of 

CD44 expression in melanocytes, however, no NFκB binding site in the CD44 promoter 

has been identified (20). Thus, the molecular mechanism underlying NFκB mediated 

CD44 regulation remains controversial. Our transcription factor binding site analysis in 

the CD44 promoter confirmed that there were no NFκB binding sites (Table S1).  We 

propose that CD44 repression by NFκB inhibition is via its binding to the CD44 cis-

element CR1 (14). Our findings in this study, thus, established a direct correlation with 
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NFκB inhibition and CD44 repression in breast cancer cells, and provide new insight in 

the molecular mechanism of CD44 regulation. 

Bay-11-7082 has been shown to prevent IKK (IκB kinase) from phosphorylating 

IκB (inhibitor of κB) thus preventing NFκB from translocating to the nucleus to activate 

target genes (20).  Our study has found Bay-11-7082 was able to inhibit NFκB 

expression in breast cancer cells at concentrations lower than previously reported (22, 26, 

27).  Consistent with earlier studies performed on gastric cancer cells, we found the use 

of Bay-11-7082 at higher concentrations was toxic to breast cancer cells and caused a 

significant amount of cell death that was time and dosage dependent (28). When NFκB 

expression was silenced using retrovirus-mediated RNAi gene knockdown approach, we 

also observed a massive cell death (data not shown).  These results allowed us to 

determine that a complete loss of NFκB activation is not needed to obtain CD44 

repression.   

Despite a maximum of 30% decrease in CD44 expression at both the mRNA 

(qPCR in Fig. 3) and protein (Western blotting in Fig. 2) level, immunocytochemistry 

analysis of CD44 showed little difference in CD44 staining pattern (Fig. S3). Previous 

studies have shown CD44 expression can occur in sparsely dispersed patches or plaques 

(29). These patterns of expression are important for CD44 cellular activities including 

cell-cell adhesion, migration and invasion. It is thus possible that such a small percentage 

decrease in CD44 expression on the surface of the cells is not detectable by 

immunocytochemistry.  Further analysis will be needed to identify changes in expression 

in these patches and plaques (9, 30). 
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 NFκB-p65 phosphorylation has been implicated in the up-regulation of TICs in 

breast cancer.   Following NFκB inhibition, it was shown that the number of CD44 high 

expressing breast TICs diminished (31). Up-regulation of CD44 has been shown to 

increase proliferation and invasiveness of cancer cells (3, 31, 32).  TICs, in particular, 

have been implicated in cancer progression and tumor proliferation (33-35). Consistent 

with these previous studies, our findings that NFκB inhibition induced CD44 repression 

leads to decreased cell proliferation and invasiveness in both MDA-MB-231 and 

SUM159 cells. Thus, these findings may present potential therapeutic targets for breast 

cancer treatment.   

Interestingly, cell proliferation was not affected in SUM159 cells following 72 hrs 

Bay-11-7082 treatment (Fig. 4D).  Similarly, we found NFκB binding as well as CD44 

protein and RNA levels returned to its base level following 72 hrs of treatment in 

SUM159 cells (Figs. 1-3). This may be due to drug-resistance in SUM159 cells as they 

are triple negative breast cancer cells and known to develop chemotherapy resistance (36, 

37).  Multiple drug resistance in SUM159 cells is one of the major causes resulting in 

increased severity of breast cancer (1, 38).  Therefore, it is possible that SUM159 cells 

develop resistance to Bay-11-7082 treatment after prolonged exposure. 

Cancer cells with increased CD44 expression are responsible for metastasis in 

breast cancer (30, 39, 40).  High expression of CD44 coupled with low expression of 

CD24 has been shown to correlate with an invasive phenotype (30).  Our observation that 

CD44 repression results in decreased invasiveness in breast cancer cells is consistent with 

the notion that CD44 expression is one of the key determinants of the invasiveness of 

cancer cells. NFκB has been shown to decrease invasiveness via regulation of matrix 
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matalloproteinase 9 (MMP9) (41).  CD44 and MMP9 have previously been shown to 

form a complex and together promote invasiveness in cancer cells (32, 42-44).  Thus, 

NFκB inhibition induced repression of CD44 and MMP9 could be responsible for the 

decreased invasiveness seen in breast cancer cells.     

Together, our data suggest that targeting NFκB activation reduces CD44 

expression and subsequently affects proliferation and invasiveness of breast cancer cells.  

Future studies, such as xenograft models, will be needed to confirm these findings in 

vivo.  Furthermore, analysis of other transcription factors that bind to CD44CR1 (14), 

e.g., AP-1, may prove to have a synergetic effect on CD44 expression and cellular 

activities. Thus, our findings provide potential therapeutic targets in the fight against 

breast cancer.  
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Table 3.1.  qPCR primer sequences obtained from Harvard Primer Bank. 

 
Name Primer Sequence 

NFκB2 
Forward ATGGAGAGTTGCTACAACCCA 
Reverse CTGTTCCACGATCACCAGGTA 

CD44 
Forward TGCCGCTTTGCAGGTGTATT 
Reverse CCGATGCTCAGAGCTTTCTCC 

BCL-XL 
Forward GATCCCCATGGCAGCAGTAAAGCAAG 
Reverse CCCCATCCCGGAAGAGTTCATTCACT 

cMyc Forward ATGGCCCATTACAAAGCCG 
Reverse TTTCTGGAGTAGCAGCTCCTAA 
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Table 3.2 Putative transcription factor binding sites of CD44 promoter 
 

Family Detailed Family Information Matrix Sequence 

V$PRDF Positive regulatory domain I binding factor V$BLIMP1.01 gatagaGAAAtgtcngccµ 
V$HEAT Heat shock factors V$HSF2.02 ccctatcgatagAGAAatgtcngcc 
V$CLOX CLOX and CLOX homology (CDP) factors V$CLOX.01 ccctATCGatagagaaatg 
V$MEF2 MEF2, myocyte-specific enhancer binding factor V$SL1.01 catttctCTATcgatagggtacc 
V$MEF2 MEF2, myocyte-specific enhancer binding factor V$SL1.01 cggtaccCTATcgatagagaaat 
V$CLOX CLOX and CLOX homology (CDP) factors V$CLOX.01 ctctATCGatagggtaccg 
V$GATA GATA binding factors V$GATA1.06 tatcGATAgggta 
V$HESF Vertebrate homologues of enhancer of split complex V$HELT.01 ctagCACGcgtaaga 
V$BCDF Bicoid-like homeodomain transcription factors V$OTX2.01 agcctTAATccatgctg 
V$HNF6 Onecut homeodomain factor HNF6 V$HNF6.01 agccttaaTCCAtgctg 
V$CART Cart-1 (cartilage homeoprotein 1) V$PHOX2.01 agcctTAATccatgctgttcg 
V$CLOX CLOX and CLOX homology (CDP) factors V$CLOX.01 cttaATCCatgctgttcgt 
V$CREB cAMP-responsive element binding proteins V$CREB.02 acagtgtagTGACgaacagca 
V$PAX3 PAX-3 binding sites V$PAX3.01 tTCGTcactacactgtact 
V$PLZF C2H2 zinc finger protein PLZF V$PLZF.02 cagTACAgtgtagtg 
V$AP2F Activator protein 2 V$TCFAP2C.02 actgCCTGtggatga 
V$RORA v-ERB and RAR-related orphan receptor alpha V$RORA2.01 ggacaagtaAGTCatccacaggc 

V$RUSH SWI/SNF related nucleophosphoproteins with a RING finger 
DNA binding motif V$SMARCA3.02 acttACTTgtc 

V$HEAT Heat shock factors V$HSF1.04 cttacttgtccctgtagtTTCAtct 
V$STAT Signal transducer and activator of transcription V$STAT6.01 attcTTCAgatgaaactac 
V$STAT Signal transducer and activator of transcription V$STAT6.01 tagtTTCAtctgaagaatt 
V$ZF03 C2H2 zinc finger transcription factors 3 V$ZNF217.01 GAATtcttcagat 
V$ETSF Human and murine ETS1 factors V$SPI1.03 aaggaggaGGAAttcttcaga 
V$ZF07 C2H2 zinc finger transcription factors 7 V$ZNF263.01 aattcCTCCtccttt 

V$BARB Barbiturate-inducible element box from pro+eukaryotic genes V$BARBIE.01 aggaAAAGgaggagg 

V$ETSF Human and murine ETS1 factors V$ERG.02 gcctcaaaGGAAaaggaggag 
V$PAX5 PAX-2/5/8 binding sites V$PAX8.01 ttgaggcaggcCTCAaaggaaaaggagga 
V$KLFS Krueppel like transcription factors V$GKLF.02 aggcctcAAAGgaaaag 
V$LEFF LEF1/TCF V$LEF1.02 caggcctCAAAggaaaa 
V$NR2F Nuclear receptor subfamily 2 factors V$PNR.01 aggcctgccTCAAatatcacttccc 
V$HMTB Human muscle-specific Mt binding site V$MTBF.01 tgatATTTg 
V$ETSF Human and murine ETS1 factors V$SPI1.02 ttcacaggGGAAgtgatattt 



!

!

69!

V$NOLF Neuron-specific olfactory factor V$EBF1.01 atcactTCCCctgtgaagactgc 
V$KLFS Krueppel like transcription factors V$GKLF.02 agtcttcACAGgggaag 

V$DICE Downstream Immunoglobulin Control Element, critical for B 
cell activity and specificity V$DICE.01 ggcaGTCTtcacagg 

V$GREF Glucocorticoid responsive and related elements V$ARE.02 agactgcctggtGTTCtcc 
V$NGRE Negative glucocoticoid response elements V$IR1_NGRE.01 gttctccaGGAGaga 
V$NGRE Negative glucocoticoid response elements V$IR1_NGRE.01 tctctcctGGAGaac 
V$PAX3 PAX-3 binding sites V$PAX3.02 ggagTCACactctctcctg 
V$STAT Signal transducer and activator of transcription V$STAT5A.01 accaTTCCtagagaaggga 
V$BCL6 POZ domain zinc finger expressed in B-Cells V$BCL6.04 ccaTTCCtagagaaggg 
V$STAT Signal transducer and activator of transcription V$STAT1.02 ccttctctaGGAAtggtag 

V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$NANOG.01 ctctaggAATGgtagcacc 

V$TEAF TEA/ATTS DNA binding domain factors V$TEAD.01 tacCATTcctaga 
V$GLIF GLI zinc finger family V$ZIC2.01 ggtagcaCCCCaaac 
V$INSM Insulinoma associated factors V$INSM1.01 tgtttGGGGtgct 
V$RREB Ras-responsive element binding protein V$RREB1.01 cCCCAaacacacaca 
V$BRN5 Brn-5 POU domain factors V$BRN5.01 ttgcagCATAtttcaccttgcat 
V$SF1F Vertebrate steroidogenic factor V$SF1.01 catgCAAGgtgaaat 
V$SRFF Serum response element binding factor V$SRF.05 attaccatgcAAGGtgaaa 
V$OCT1 Octamer binding protein V$OCT1.02 accATGCaaggtgaa 
V$SNAP snRNA-activating protein complex V$PSE.01 tTCACcttgcatggtaatg 

V$STEM Motif composed of binding sites for pluripotency or stem cell 
factors V$OSNT.01 tcaccttGCATggtaatgg 

V$YY1F Activator/repressor binding to transcription initiation site V$REX1.01 agcaggCCATtaccatgcaaggt 
V$OCT1 Octamer binding protein V$OCT1.06 tgcatggtAATGgcc 
V$CDXF Vertebrate caudal related homeodomain protein V$CDX2.02 tgtgagttTTATtccgtac 
V$ABDB Abdominal-B type homeodomain transcription factors V$HOXA10.01 gtacggaaTAAAactca 
V$OAZF Olfactory associated zinc finger protein V$ROAZ.01 ccGTACcagagggtgag 

V$GCMF Chorion-specific transcription factors with a GCM DNA 
binding domain V$GCM1.01 cagagCCCTcaccct 

V$MOKF Mouse Krueppel like factor V$MOK2.01 gctatcttcagagCCCTcacc 
V$PCBE PREB core-binding element V$PREB.01 tatctTCAGagccct 
V$GATA GATA binding factors V$GATA1.06 tgaaGATAgcgcc 
V$PPAR Peroxisome proliferator activated receptor homodimers V$PPARG.01 cgcCAGGtcttatttacctcgat 

V$SORY SOX/SRY-sex/testis determinig and related HMG box factors V$HMGA.01 gtatcgaggtaAATAagacctggcg 

O$VTBP Vertebrate TATA binding protein factor O$ATATA.01 aggtaaaTAAGacctgg 
V$FKHD Fork head domain factors V$XFD1.01 tcgaggTAAAtaagacc 
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V$XBBF X-box binding factors V$RFX4.02 ttatttacctcGATAcccc 
V$PLAG Pleomorphic adenoma gene V$PLAGL1.02 ttgtGGGGtatcgaggtaaataa 
V$SIXF Sine oculis (SIX) homeodomain factors V$SIX1.01 tgtggggTATCgagg 
V$RREB Ras-responsive element binding protein V$RREB1.01 cCCCAcaacactcat 
V$NKXH NKX homeodomain factors V$NKX25.05 tgtaaTGAGtgttgtgggg 
V$BPTF Bromodomain and PHD domain transcription factors V$FAC1.01 cccacAACAct 
V$BRN5 Brn-5 POU domain factors V$BRN5.04 ccacaacactcATTAcatgtctg 

V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$HOXB3.01 acatgTAATgagtgttgtg 

V$HBOX Homeobox transcription factors V$VAX2.01 caacactcATTAcatgtct 

V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$HOXB3.01 aacacTCATtacatgtctg 

V$BRNF Brn POU domain factors V$BRN2.01 ttCATCagacatgtaatga 
V$IRXF Iroquois homeobox transcription factors V$IRX5.01 cagaCATGtaatg 
V$IRXF Iroquois homeobox transcription factors V$IRX5.01 attaCATGtctga 

V$SORY SOX/SRY-sex/testis determinig and related HMG box factors V$HMGA.01 catgtctgatgAATGaatgcatagg 

V$HOXC HOX - PBX complexes V$HOX_PBX.01 tgtcTGATgaatgaatg 
V$BRNF Brn POU domain factors V$BRN3.03 gtctgatGAATgaatgcat 
V$BRNF Brn POU domain factors V$BRN2.02 tatgcattcatTCATcaga 

V$SORY SOX/SRY-sex/testis determinig and related HMG box factors V$HBP1.02 tctgatgAATGaatgcataggggga 

V$TEAF TEA/ATTS DNA binding domain factors V$TEAD.01 attCATTcatcag 

V$SORY SOX/SRY-sex/testis determinig and related HMG box factors V$HBP1.01 gatgaatgAATGcatagggggatgg 

V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$NANOG.01 atgaatgAATGcatagggg 

V$STEM Motif composed of binding sites for pluripotency or stem cell 
factors V$OCT3_4.02 cccctatGCATtcattcat 

V$OCT1 Octamer binding protein V$POU3F3.01 cctatGCATtcattc 
V$STAF Selenocysteine tRNA activating factor V$STAF.01 tgcacccagccatCCCCctatgcattcattc 
V$PAX6 PAX-4/PAX-6 paired domain binding sites V$PAX6.04 catCCCCctatgcattcat 
V$OCT1 Octamer binding protein V$POU3F3.01 tgaatGCATaggggg 

V$EGRF EGR/nerve growth factor induced protein C & related factors V$EGR1.01 gaatgcataGGGGgatg 

V$GCMF Chorion-specific transcription factors with a GCM DNA 
binding domain V$GCM1.03 ccatcCCCCtatgca 

V$PLAG Pleomorphic adenoma gene V$PLAG1.02 taGGGGgatggctgggtgcattt 
V$HOXC HOX - PBX complexes V$HOX_PBX.01 agggGGATggctgggtg 
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V$RREB Ras-responsive element binding protein V$RREB1.01 aCCCAgccatccccc 
V$MTF1 Metal induced transcription factor V$MTF-1.01 aaatGCACccagcca 
V$FAST FAST-1 SMAD interacting proteins V$FAST1.03 ggctgggtgCATTtctc 
V$MYT1 MYT1 C2HC zinc finger protein V$MYT1.02 gaaAAGTtgagag 
V$PRDF Positive regulatory domain I binding factor V$BLIMP1.01 gaaattGAAAagttgagag 
V$IRFF Interferon regulatory factors V$IRF3.01 tcaagaaattGAAAagttgag 
V$HEAT Heat shock factors V$HSF1.01 ttatttatttcaAGAAattgaaaag 
V$STAT Signal transducer and activator of transcription V$STAT3.01 ttatTTCAagaaattgaaa 
V$BCL6 POZ domain zinc finger expressed in B-Cells V$BCL6.03 ttatttcAAGAaattga 
V$BCL6 POZ domain zinc finger expressed in B-Cells V$BCL6.03 caatttcTTGAaataaa 
V$HNF1 Hepatic Nuclear Factor 1 V$HNF1.01 tGTTAtttatttcaaga 
V$CDXF Vertebrate caudal related homeodomain protein V$CDX2.02 tttgttatTTATttcaaga 

V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$HOXB8.01 tcttgaaATAAataacaaa 

V$FKHD Fork head domain factors V$FREAC7.01 ttgaaaTAAAtaacaaa 
V$HOXC HOX - PBX complexes V$HOXC9.02 tttgttaTTTAtttcaa 
V$SAL1 Spalt-like transcription factor 1 V$SALL1.01 aaATAAataacaa 
V$HMTB Human muscle-specific Mt binding site V$MTBF.01 tgttATTTa 
V$EVI1 EVI1-myleoid transforming protein V$MEL1.01 aaggtAAGAttttgtta 
V$STAT Signal transducer and activator of transcription V$STAT6.01 acctTCCCtcagaagtcct 
V$P53F p53 tumor suppressor V$P53.01 ggaacCATGccaggacttctgaggg 
V$THAP THAP domain containing protein V$THAP1.01 agtcctGGCAt 
V$LEFF LEF1/TCF V$TCF7.01 gcaagatGAAAggaacc 
V$EVI1 EVI1-myleoid transforming protein V$EVI1.07 gtggcAAGAtgaaagga 
V$PAX2 PAX-2 binding sites V$PAX2.01 gtggctgtggcaagatgAAAGga 
V$CEBP Ccaat/Enhancer Binding Protein V$CEBP.02 tggctgtgGCAAgat 
V$ZF57 KRAB domain zinc finger protein 57 V$ZFP57.01 tctTGCCacagcc 
V$PAX5 PAX-2/5/8 binding sites V$PAX5.03 tcttgCCACagccactgataatcactttc 
V$CAAT CCAAT binding factors V$CAAT.01 acagCCACtgataat 

V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$HOXA2.01 gaaagTGATtatcagtggc 

V$PBXC PBX1 - MEIS1 complexes V$PBX1_MEIS1.
02 aaagTGATtatcagtgg 

V$BRNF Brn POU domain factors V$BRN3.02 ccactgaTAATcactttca 
V$GATA GATA binding factors V$GATA1.03 cactGATAatcac 

V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$HOXC8.01 actgataATCActttcatt 

V$PRDF Positive regulatory domain I binding factor V$BLIMP1.01 gaaaatGAAAgtgattatc 
V$IRFF Interferon regulatory factors V$IRF7.01 cacaGAAAatgaaagtgatta 
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O$INRE Core promoter initiator elements O$DINR.01 ttTCATtttct 
V$STAT Signal transducer and activator of transcription V$STAT5B.01 gagttacacAGAAaatgaa 
V$PAX3 PAX-3 binding sites V$PAX3.02 tgagTTACacagaaaatga 
V$XBBF X-box binding factors V$MIF1.01 tgagttacacaGAAAatga 
V$CEBP Ccaat/Enhancer Binding Protein V$CEBPB.02 ttttcTGTGtaactc 
V$AP1F AP1, Activating protein 1 V$AP1.02 tggtGAGTtacac 

V$STEM Motif composed of binding sites for pluripotency or stem cell 
factors V$OCT3_4.02 taaatctGCATggacttct 

V$OCT1 Octamer binding protein V$POU2F3.01 tccATGCagatttac 
V$HOXC HOX - PBX complexes V$HOXC9.02 atgcagaTTTActttta 
V$MEF2 MEF2, myocyte-specific enhancer binding factor V$MEF2.01 tgaactacTAAAagtaaatctgc 

V$RUSH SWI/SNF related nucleophosphoproteins with a RING finger 
DNA binding motif V$SMARCA3.02 atttACTTtta 

V$STEM Motif composed of binding sites for pluripotency or stem cell 
factors V$OSNT.01 gtagttcACATgacaaata 

V$EBOX E-box binding factors V$USF.02 tagttCACAtgacaaat 
V$HESF Vertebrate homologues of enhancer of split complex V$BHLHB2.01 agttcACATgacaaa 
V$MITF Microphthalmia transcription factor V$MIT.01 tttgtCATGtgaact 

V$HOXH HOX - MEIS1 heterodimers V$MEIS1B_HOX
A9.01 TGACaaataaatact 

V$FKHD Fork head domain factors V$HNF3B.01 gacaaataAATActgcg 
V$LEFF LEF1/TCF V$TCF7.01 tggaaatCAAAcgcagt 
V$PAX2 PAX-2 binding sites V$PAX2.01 tttaatgtttggaaatcAAACgc 
V$PAX2 PAX-2 binding sites V$PAX2.01 tttgatttccaaacattAAACca 
V$CEBP Ccaat/Enhancer Binding Protein V$CEBPB.01 aatgtttgGAAAtca 
V$HNF1 Hepatic Nuclear Factor 1 V$HNF1.03 gTTTAatgtttggaaat 
V$HOMF Homeodomain transcription factors V$HHEX.01 atactatggttTAATgttt 
V$SATB Special AT-rich sequence binding protein V$SATB1.01 tatAATAtactatgg 
V$MEF2 MEF2, myocyte-specific enhancer binding factor V$SL1.01 tctatatCTATctataatatact 
O$PTBP Plant TATA binding protein factor O$PTATA.02 atatTATAgatagat 
V$HOXC HOX - PBX complexes V$PBX1.01 ttataGATAgatataga 
V$MEF2 MEF2, myocyte-specific enhancer binding factor V$SL1.01 ataanctCTATatctatctataa 
O$YTBP Yeast TATA binding protein factor O$SPT15.01 atagataGATAtagagn 

V$SORY SOX/SRY-sex/testis determinig and related HMG box factors V$HBP1.01 atactttgAATGataanctctatat 

V$GATA GATA binding factors V$GATA2.01 gaatGATAanctc 
V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$NANOG.01 tactttgAATGataanctc 
V$LEFF LEF1/TCF V$LEF1.02 tatcattCAAAgtatga 
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V$CHRF Cell cycle regulators: Cell cycle homology element V$CHR.01 tactTTGAatgat 
V$OCT1 Octamer binding protein V$OCT1.06 agtatgatATTTcaa 
V$ARID AT rich interactive domain factor V$ARID5A.01 ttgtaATATtcttcagggtaa 
V$ARID AT rich interactive domain factor V$ARID5A.01 gaagaATATtacaaactcttc 
V$ETSF Human and murine ETS1 factors V$ETV1.02 taaagagaGGAAgagtttgta 
V$ZF35 Zinc finger protein ZNF35 V$ZNF35.01 gagaggAAGAgtt 
V$ABDB Abdominal-B type homeodomain transcription factors V$HOXB9.01 gcagatctTAAAgagag 
V$GATA GATA binding factors V$GATA3.02 agcAGATcttaaa 
V$STAF Selenocysteine tRNA activating factor V$STAF.02 taattcattttctCCCAtctttcctacccag 
V$KLFS Krueppel like transcription factors V$GKLF.01 tgggtaggaaagaTGGG 
V$NFAT Nuclear factor of activated T-cells V$NFAT.01 gggtaGGAAagatgggaga 
V$EVI1 EVI1-myleoid transforming protein V$EVI1.07 taggaAAGAtgggagaa 
V$E2FF E2F-myc activator/cell cycle regulator V$E2F.01 aagatgggaGAAAatga 
V$CART Cart-1 (cartilage homeoprotein 1) V$PHOX2.01 aacatTAATtcattttctccc 
V$IRFF Interferon regulatory factors V$IRF7.01 gggaGAAAatgaattaatgtt 
V$LHXF Lim homeodomain factors V$ISL2.01 ggagaaaatgaATTAatgtttac 
V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$HOXB4.01 aacattAATTcattttctc 
V$LHXF Lim homeodomain factors V$LHX3.01 tgtaaacaTTAAttcattttctc 
V$BRNF Brn POU domain factors V$BRN2.04 agaaaatGAATtaatgttt 
V$HBOX Homeobox transcription factors V$EN2.01 aaacattAATTcattttct 
V$HOMF Homeodomain transcription factors V$LBX2.01 agaaaatgAATTaatgttt 
V$PIT1 GHF-1 pituitary specific pou domain transcription factor V$PIT1.02 gaaaaTGAAttaatg 
V$BRNF Brn POU domain factors V$BRN3.02 taaacatTAATtcattttc 
V$HBOX Homeobox transcription factors V$EN1.02 gaaaatgAATTaatgttta 
V$HOMF Homeodomain transcription factors V$MSX3.01 taaacatTAATtcattttc 
V$SORY SOX/SRY-sex/testis determinig and related HMG box factors V$HBP1.02 gaaaatgAATTaatgtttacacaga 
V$NKX6 NK6 homeobox transcription factors V$NKX63.01 aaaatGAATtaatgt 
V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$HOXD8.01 aaaatgaATTAatgtttac 
V$CART Cart-1 (cartilage homeoprotein 1) V$VSX1.01 aaaatgAATTaatgtttacac 
V$NKX6 NK6 homeobox transcription factors V$NKX61.01 aacaTTAAttcattt 
V$PIT1 GHF-1 pituitary specific pou domain transcription factor V$PIT1.02 aaacaTTAAttcatt 
V$BRNF Brn POU domain factors V$BRN3.03 aatgaatTAATgtttacac 
V$ARID AT rich interactive domain factor V$BRIGHT.01 aatgaATTAatgtttacacag 
V$PIT1 GHF-1 pituitary specific pou domain transcription factor V$PIT1.02 atgaaTTAAtgttta 
V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$NANOG.01 atgaattAATGtttacaca 
V$HNF1 Hepatic Nuclear Factor 1 V$HNF1.01 aATTAatgtttacacag 
V$FKHD Fork head domain factors V$HNF3.01 tctgtgtAAACattaat 
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V$CEBP Ccaat/Enhancer Binding Protein V$CEBPB.02 ctttcTGTGtaaaca 
V$STAT Signal transducer and activator of transcription V$STAT5B.01 tgtttacacAGAAaggagg 
V$SORY SOX/SRY-sex/testis determinig and related HMG box factors V$SOX3.01 tacacaGAAAggaggataatggggg 
V$YY1F Activator/repressor binding to transcription initiation site V$YY2.02 ttgcccCCATtatcctcctttct 
V$RXRF RXR heterodimer binding sites V$VDR_RXR.01 gaaaggaggataatGGGGgcaaaaa 
V$LHXF Lim homeodomain factors V$ISL1.01 aaaggaggaTAATgggggcaaaa 
V$HOMF Homeodomain transcription factors V$BARX2.01 aggaggaTAATgggggcaa 
V$HOXF Paralog hox genes 1-8 from the four hox clusters A, B, C, D V$HOX1-3.01 gaggaTAATgggggcaaaa 

V$GCMF Chorion-specific transcription factors with a GCM DNA 
binding domain V$GCM1.03 ttttgCCCCcattat 

V$BRN5 Brn-5 POU domain factors V$BRN5.03 aTAATgggggcaaaaataataga 
V$THAP THAP domain containing protein V$THAP1.01 aatgggGGCAa 
V$BRN5 Brn-5 POU domain factors V$BRN5.01 tgggggCAAAaataatagatgaa 
V$FKHD Fork head domain factors V$FHXB.01 gcaaaaATAAtagatga 
V$CLOX CLOX and CLOX homology (CDP) factors V$CLOX.01 gttcATCTattatttttgc 
V$BRNF Brn POU domain factors V$BRN3.01 cgttcatctATTAtttttg 
V$SATB Special AT-rich sequence binding protein V$SATB1.01 aatAATAgatgaacg 

! !
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Figure 3.1.  Bay-11-7082 inhibits NFκB binding to DNA in breast cancer cells. 

Breast cancer cells, MDA-MB-231 (A-C) and SUM159 cells (D-F), were treated with either a DMSO control or Bay-11-7082 

at different concentrations (0.625 µM - 5.0 µM) for 24, 48 or 72 hrs.  Electrophoretic mobility shift assays (EMSA) showed 
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decreased NFκB binding at 2.5 µM of Bay-11-7082 treatment for 72 hrs in MDA-MB-231 cells (indicated by an asterisk in C) 

and 48 hrs treatment in SUM159 cells (indicated by an asterisk in E).  NFκB binding was completed abolished at 5.0 µM 

concentration, except 72 hrs treatment in SUM159 cells (F). 
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Figure 3.2 High concentrations of Bay-11-7082 causes significant cell death. 

Significant cell death occurs in MDA-MB-231 (A) and SUM159 cells (B) when treated with 5.0 mM and 10.0 mM Bay-11-

7082 after 24 hrs, 48 hrs, and 72 hrs of treatment. 100% cell death was seen with 10 mM treatment. D represents complete cell 

death at 10.0 mM treatment (n = 3; * p ≤ 0.05, ** p ≤ 0.01)  
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!

!

79!

Figure 3.3.  NFκB inhibition represses CD44 expression in breast cancer cells 

Results of Western blots showed that inhibition of NFκB decreases CD44 expression in MDA-MB-231 (A-C) and SUM159 

cells (D-F). Quantification showed a significant decrease in CD44 expression in MDA-MB-231 (G) and SUM159 cells (H). 

Band density was quantified using ImageJ (n=3; * p ≤ 0.01).  
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Figure 3.4 RNA expression of NFκB and CD44 decreases in cells treated with 

Bay-11-7082   

Results of real-time PCR (qPCR) showed Bay-11-7082 treatment decreases the 

expression of NFκB and its target genes (e.g., CD44, BCL-XL, and cMyc) in MDA-

MB-231 (A-D) and SUM159 cells (E-H) (n = 3; * p ≤ 0.05, ** p ≤ 0.01). 
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Figure 3.5 Immunocytochemistry revealed no changes in cell surface expression of 

CD44 in breast cancer cells. 

Immunostaining of breast cancer cells with CD44 antibody following treatment with 

Bay-11-7082. MDA-MB-231 (A-L) and SUM159 cells (M-X) showed no obvious 

changes in CD44 expression after Bay-11-7082 treatment for 24 hrs, 48 hrs, and 72 hrs. 

Scale bar = 50 µm.  
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Figure 3.6 Treatment in Bay-11-7082 had no effect on cell length. 

MDA-MB-231 (A) and SUM159 cells (B) treated with different concentrations of Bay-

11-7082 showed no significant changes in cell size following 24 hrs, 48 hrs, or 72 hrs of 

treatment at any concentration.  
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Figure 3.7 NFκB inhibition induced CD44 repression results in decreased cell 

proliferation in breast cancer cells  

Cell proliferation assays were performed using Ki67 staining. MDA-MB-231 (A-D) and 

SUM159 cells (E-H) were treated with either a DMSO control or Bay-11-7082 at 

different concentrations. Ki67 negative cells are indicated by arrowheads. Quantification 

showed decreased cell proliferation in MDA-MB-231 cells after 72 hrs treatment (I) and 

in SUM159 cells after 48 hrs treatment (J). (n = 3; * p ≤ 0.05, ** p ≤ 0.01). Scale bar = 

50 µm. 
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Figure 3.8 NFκB inhibition induced CD44 repression results in diminished 

invasiveness in breast cancer cells. 

Matrigel assays showed a dramatic decrease in invasiveness of MDA-MB-231 (A-D) and 

SUM159 cells (F-I) after treatment with either a DMSO control or 2.5 µM Bay-11-7082. 

Quantification of the number of MDA-MB-231 (E) and SUM159 cells (F) penetrate the 

matrigel (n = 3; ** p ≤ 0.01). Scale bar = 200 µm. 

 

!  
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Chapter 4:  The cis-element CR3 in the CD44 locus is involved in cell-

specific gene regulation. 

 

4.1 Abstract 

CD44 is involved in many cellular processes including cell adhesion, migration and 

proliferation, making it pro-oncogenic by nature. CD44 expression is highly up-regulated 

in cancer stem-like cells, and has been implicated in tumorigenesis and metastasis.  

However, the genetic mechanism that leads to a high level of CD44 expression in breast 

cancer cells and cancer stem like cells is not well understood.  Here, we identify cis-

element located in the CD44 locus that has the ability directs gene expression in breast 

cancer cells in a cell type specific manner.  We have further identified key trans-acting 

factor binding sites and nuclear factors MEF2 and GATA1 that are involved in the 

regulation of cell-specific CD44 expression. These findings provide new insight into 

complex regulatory mechanism of CD44 expression, which may help identify more 

effective therapeutic targets against the breast cancer stem cells and metastatic tumors.  

 

4.2 Introduction 

 The epithelial-mesenchymal transition (EMT) is a program of tissue development in 

which epithelial cells lose polarity and cell-cell contacts and gain the ability to cross the 

extracellular matrix [140,141].  Cells that take part in EMT are able to contribute to tissue 

outside the original epithelial layer [141]  While this transition is known to occur 

primarily in embryogenesis, cancers are known to obtain similar properties when they 

acquire invasive and stem like properties [142,143,144].   
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Cancer stem cells (CSCs), also known as tumor initiating cells (TICs) make up a 

sub-population of breast tumors.  They are characterized by their ability to self-renew, 

differentiate and have been shown to be resistant to chemotherapy and radiation treatment 

[117].  TICs are identified primarily due to changes in expression of cell surface proteins 

including the up-regulation of CD44 and down regulation or absence of CD24 

[104,116,145].  

CD44, a cell surface glycoprotein, is located on most cells throughout the body.  

CD44 has been described as pro-oncogenic due to its involvement in cell-cell, cell 

extracellular matrix adhesion as well as its involvement in proliferation and cell invasion 

[116,117,146,147].  While the up-regulation of CD44 on the surface of cancer stem-like 

cells has been noted in multiple cancers, the mechanism of up-regulation is not 

understood.  Our previous work has identified a cis-element located upstream of the 

CD44 promoter, CR1.  We were able to show CR1 is bound by NFκB and AP1.  

Furthermore, inhibition of NFκB was able to reduce CD44 expression in a dose and time 

dependent manner suggesting NFκB as a regulator of CD44.   

 In this study, we report the identification of a second novel cis-element of 

CD44, CR3, located in the first intron of the CD44 gene.  We show CR3 has the ability to 

direct reporter gene expression in a cell specific manner.  These data suggest CR3 and its 

interacting transcription factors play an important role in regulating CD44 expression in 

breast cancer and TICs.    

 

4.3 Materials and Methods 

Please see Chapter 2.3 for Materials and Methods. 
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4.4 Results 

4.4.1 Sequence alignment analysis predicts cis-regulatory elements for CD44 

expression  

To understand the manner by which CD44 expression is up-regulated in breast 

cancer cells, highly conserved regions of non-coding DNA were computationally 

predicted as cis-regulators of CD44.  The region surrounding CD44 was mapped to 

ensure the identified highly conserved regions did not overlap with known genes in that 

region of the chromosome (Fig. 4.1A).  CR3 located in the first intron, contained 604 bp 

with 79% conservation (Fig. 4.1B).  The CR3 region was amplified from mouse genomic 

DNA (See Table 2.1 for primers) and inserted into the minimally expressed beta-globin 

promoter (βGP) construct containing the green fluorescent protein reporter gene (GFP) 

(Fig. 4.1C).  CR1 had been shown previously to direct reporter gene expression in a cell 

specific manner and hypothesized to do so through AP-1 and NFκB binding in the region 

[106].  

. 

4.4.2 CD44CR3 has the ability to direct reporter GFP expression in SUM159 cells 

CR3 was tested for its ability to direct reporter gene expression by transfecting CR3-

GFP and controls into breast cancer cell lines.  We chose to test CR3-GFP using 

previously characterized breast cancer cell lines MDA-MB-231, SUM159 and MCF7 

[106,115,116,117].  Each of these cell lines have different CD44/CD24 expression 

profiles thus providing different lines of validation.  

Transfection of the positive control construct, CAG-GFP, resulted in reporter GFP 

expression in all three cell lines (Fig. 4.2A-C).  As a negative control, a highly conserved 



!

!

88!

region in Neurod1 locus with βGP resulted in no visible GFP expression (Fig. 4.2D-F). 

Transfection of CR3-GFP resulted in GFP expression only in SUM159 cells (Fig. 4.2H).  

Transfection of CR3-GFP in MDA-MB-231 (Fig. 4.2G) and MCF7 (Fig. 4.2I) resulted in 

no GFP expression. 

 

4.4.3 Analysis of trans-acting factor binding sites on the conserved regions of CD44 

Next we wanted to determine if the ability of CR3 to direct reporter gene expression 

in a cell specific manner can be attributed to trans-acting factors binding to the region.  

To identify which trans-acting factor binding sites (TFBSs) bind to CR3, both mouse and 

human genomic DNA were analyzed with MatInspector [92].  Both the mouse and 

human sequence revealed over 150 putative TFBSs.  The putative TFBSs for human and 

mouse were analyzed further for conservation as well as their known activities in breast 

cancer, development and stem cells.  We identified 4 highly conserved putative TFBSs 

between the human and mouse genome (Table 4.1).  The conserved TFBSs are involved 

in breast cancer, stem cells and embryonic development (STAT, MEF2, GATA and 

HOXB).   

To assure differences in CR3-GFP expression was not do to mutations, the DNA of 

each cell line was sequenced.  The aligned sequences revealed two mutations (Fig. 4.3).  

TFBS surrounding the mutations were analyzed and found to have no effect on the highly 

conserved transcription factors (data not shown).  These results suggest differences in 

expression of the conserved region are due to the transcription factors binding to the 

conserved region.   
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4.4.4 Sequence specific trans-acting factor binding with CR1  

Electrophoretic mobility shift assays (EMSAs) were performed to identify 

differences in GFP expression resulted from variation in trans-acting factor binding in the 

cells.  Double-stranded, biotin labeled oligonucleotides (Table 4.2) corresponding to sub 

regions of CR3 were assayed for trans-acting factor binding (Fig. 4.4A).   Nuclear 

extracts from all three cell lines were assayed to identify a region that identified binding 

only in SUM159 cells.  Probe 1 showed binding in all three cell lines, however only 

binding in MDA-MB-231 and MCF7 was competed away with the competition probe 

(Fig. 4.4B).  Strong binding was seen in Probes 2 with no changes in strength of the shift 

between the cell lines (Fig. 4.4C).  These shifts were successfully competed away.  Probe 

3 showed no true binding in MDA-MB-231 or SUM159 cells as the band was not 

competed away, however the band was successfully competed away in MCF7 cells (Fig. 

4.4D). Multiple band shifts were seen in Probes 4 and 5 (Fig. 4.4E and F, respectively).  

Interestingly, in Probe 5 the strength of the binding differed between these three cell 

lines.  One band (identified by arrow) was successfully competed away in SUM159 cells 

making transcription factors binding in this region the strongest candidate.  These results 

suggest transcription factors have the ability to bind to the region in all three cell lines. 

 

4.4.5 Mutation of MEF2 and GATA1 binding sites results in a complete loss of CR3 

expression 

Despite EMSA identification of CR3 regions with the ability to bind nuclear factors, 

in vitro assays are not sufficient to determine if these factors have the ability to direct 

gene expression.  To determine if the specific TFBSs are involved in the regulation of 
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reporter GFP expression, site directed mutagenesis (SDM) was performed.  The core 

binding sites for the highly conserved TFs STAT6, HOXB5, MEF2 and GATA1 were 

mutated in CR3-GFP (Table 4.3) and the mutant constructs were transfected into 

SUM159 cells.  Wild-type CR3 and a random mutation were used as control 

transfections.  Results show that with the control transfections, there was no significant 

difference in GFP-expressing cells (Fig. 4.5A-B).  Mutation of the STAT6 and HOXB5 

binding sites also showed no change in GFP expression (Fig. 4.5C-D).  When MEF2 and 

GATA1 binding sites were mutated a complete loss of GFP expression was seen (Fig. 

4.5E-F).  These results suggest MEF2 and GATA1 are involved in regulating CR3-GFP.  

 

4.5 Discussion 

The involvement of CD44 in cancer has been the focus of intense research.  CD44 

is a cell surface glycoprotein with involvement in cell-cell, cell-extracellular matrix 

adhesion.  In cancer, up-regulated CD44 in a subset of cells is characteristic of TICs and 

thought to be responsible for increased proliferation, invasion and metastasis.  However, 

the mechanism responsible for CD44 up-regulation is not understood.  In this study we 

identified a novel cis-element of CD44, CR3 (Fig. 4.1), with the ability to direct reporter 

gene expression in a cell specific manner (Fig. 4.2).  Moreover, we show the trans-acting 

factors MEF2 and GATA1 are required to direct reporter gene expression.  

While reporter gene expression was cell specific, genomic sequencing of the CR3 

region revealed no mutations that disrupted key TF binding in MDA-MB-231 or MCF7 

cells.  These results suggest differences in CR3-GFP expression were due to differences 

in TF binding and expression in the cells.  Interestingly, EMSA analysis revealed 
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numerous sites of TF binding that were consistent between cell lines.  Because these 

EMSA use artificial probes and does not take into account DNA folding, histone 

modifications and cofactor binding, further analysis will be needed to identify the nature 

of the changes that resulted in cell specific expression.   

Site directed mutagenesis of 4 highly conserved TF binding sites revealed MEF2 

and GATA1 TFs were able to direct reporter gene expression in SUM159 cells.  MEF2, a 

TF involved in organogenesis, has previously been shown to play a role in cell 

reprogramming, a process that involves the reversal of tissue specification during 

embryogenesis [143].  Further analysis has shown MEF2 expression is altered in models 

of epithelial mesenchymal transition (EMT) in breast cancer [143,148].  While previous 

studies have not shown a direct correlation between MEF2 and CD44 expression in 

breast cancer, MEF2’s role in embryogenesis and EMT make it a prime candidate in the 

up-regulation of CD44 in TICs.   

While MEF2 TFs are involved primarily in organogenesis, GATA1 TF is found 

primarily in hematopoietic stem cells and plays a critical role in mast cell, eosinophil and 

megakaryocyte formation [149,150].    Studies have shown the loss of GATA-1 results in 

apoptosis and that it is essential for erythroid precursors. While GATA1 has been 

implicated in leukemia, particularly down syndrome associated megakaryoblastic 

leukemia, there has been no direct link of GATA1 to breast cancer [150].   

Together our results suggest CR3 has the potential to regulate CD44 expression in 

breast cancer cells and potentially, TICs.  Furthermore, these results suggest MEF2 and 

GATA1 may be involved in regulating the expression of CD44 in breast cancer cells.  

Further analysis including chromatin immunoprecipitation (ChIP) and knock-down 
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studies are needed in order to confirm binding of these factors to CR3 as well as 

implicate them in the role of regulating CD44 expression.  Identification of two 

transcription factors not previously implicated in breast cancer could have a great impact 

in identifying novel therapeutics that target all cells of the tumor, including TICs.  
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Table 4.1 Conserved transcription factors of CD44CR3 

Family  Matrix  From-To  Strand  Sequence  
V$STAT  V$STAT6.01  95-113  (-)  cataTTCTttggaatgctc  
V$STAT  V$STAT6.01  96-114  (+)  agcaTTCCaaagaatatgg  
V$HOXF  V$HOXB5.01  295-313  (-)  taggaTAATaatccctctg  
V$HOXF  V$HOXB5.01  298-316  (+)  agggaTTATtatcctaggt  
V$MEF2  V$SL1.01  423-445  (+)  ccaggggCTATttctagtagact  
V$MEF2  V$MEF2.06  424-446  (-)  gagtctactagAAATagcccctg  
V$GATA  V$GATA1.06  473-485  (-)  ataaGATAgagct  
V$GATA  V$GATA1.05  478-490  (-)  gcaaGATAagata  
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Table 4.2 Probes used for EMSA analysis of CD44CR3 

EMSA Probe Forward Sequence 

CR3-Probe 1  tggtgagcattccaaagaatatggtttcaa 

CR3-Probe 2 cacagataaaggtgaaagttagctcaggtaataatagcaccttg 

CR3-Probe 3 gaggcagagggattattatcctaggtggtt 

CR3-Probe 4 cattagatagataaagccaatagcccaaggtcacacaattaggctttcactggttgggaattagagcagaa 

CR3-Probe 5 tacccaggggctatttctagtagactctcca 
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Table 4.3 Primers used for site directed mutagenesis 

Name Primer Sequence 

CD44CR3∆Control Forward GCCTGACCAGGGAAGGGGGGGTGACAAAAC 
Reverse GTTTTGTCACCCCCCCTTCCCTGGTCAGGC 

CD44CR3∆STAT 6 Forward GAAGATTGGTGAGCAAAAGAATATGGTTTC 
Reverse GAAACCATATTCTTTTGCTCACCAATCTTC 

CD44CR3∆HOXB5 Forward GAGGAGGCAGAGGGATATCCTAGGTGGTTC 
Reverse GAACCACCTAGGATATCCCTCTGCCTCCTC 

CD44CR3∆MEF2 Forward CTAATCTTACCCAGGGGTTCTAGTAGACTCTC 
Reverse GAGAGTCTACTAGAACCCCTGGGTAAGATTAG 

CD44CR3∆GATA 1 Forward CTAGGAAGGCAAGATAAGAGCTGAAGTATAAAC 
Reverse GTTTATACTTCAGCTCTTATCTTGCCTTCCTAG 
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Figure 4.1  Prediction of cis-regulatory elements for CD44 expression using sequence 

alignment analysis.  

(A) A genomic map of human CD44 and surrounding genes located on chromosome 11p13.  (B) 

Multiple sequence alignment of homologous CD44 sequences using human sequence as baseline.  

14 evolutionarily conserved regions were identified and predicted as potential cis-regulatory 

elements for CD44 expression. Conserved regions 1-3 (CR1-3) have the highest levels of 

conservation. Blue regions represent CD44 coding sequence.  Pink regions represent non-coding 

sequence.  Peaks surrounded by red bars are highly conserved regions that have at least 70% 

conservation among species.  (C) Plasmid reporter construct containing  conserved region 3 

(CR3) of CD44, a minimal beta-globin-promoter (βGP), and green fluorescent protein (GFP). 



!

!

97!

 

 

Figure 4.2. CR3 directs reporter GFP expression in a cell specific manner.   

Conserved region 3 was tested for the ability to direct reporter gene expression by transfecting 

breast cancer cell lines with CD44CR3-βGP-GFP construct (CD44CR3-GFP).  Nuclei were 

stained with Hoechst 33342. (A-C) GFP expression in all three cell lines resulted from 

transfection of a positive control construct (CAG-GFP). (D-F) No GFP expression was detected 

from transfection of a negative control construct with a conserved region from NeuroD1gene. No 

expression is seen in MDA-MB-231 cells (G) or MCF7 cells (I). GFP expression from CR3 can 

be seen only in SUM159 cells (H).   
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Figure 4.3.  Genomic sequence alignment of conserved regions reveals no mutations in 

TFBSs.   

Genomic DNA was obtained from the cell lines MDA-MB-231, SUM159 and MCF7.  Genomic 

DNA was sequenced at CD44CR3 conserved region and aligned using Clustal Omega.  

Alignment of CD44CR3 sequences identified two single base pair mutations in the cell lines 

(indicated by the highlights). Neither mutation had an effect on transcription factor binding sites.  
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Figure 4.4.  Specific protein factors bind with CR3. 

EMSAs were performed to determine the in vitro binding activities of nuclear protein factors with 

CD44CR3.  (A)  DNA probe design using conserved mouse sequence and TFBSs within each 

probe. Probe 1 identified binding (indicated by arrow head) in two cell lines (MDA-MB-231 and 

MCF7), but not observed in SUM159.  (B) Probe 2 showed strong binding present in all three cell 
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lines (arrowheads).  (C) Probe 3 showed multiple band shifts that were successfully competed 

away in all three cell lines using unlabeled probes.  One band (arrow) was competed away in 

SUM159 cells only.  (E) Probe 4 showed no band shift in any of the three cell lines.  (H) Probe 5 

resulted in a band shift in all three cell lines.  All band shifts were competed away with an 

unlabeled probe.  
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Figure 4.5.  Mutation of MEF2 and GATA1 binding sites in CR3 blocks reporter GFP 

expression.   

Assays using site directed mutagenesis of STAT6, HOXB5, MEF2 and GATA1 binding sites.  

(A-F) Schematic of each mutation of CR3 construct. Mutated sites are identified by a red X.  (A’-

F’) Transfection of each the constructs into SUM159 cells. Control mutation at a non-conserved 

site (B’) showed no difference in GFP expression when compared to CR1 (A’).  Single site 

mutations of STAT6 (C’) and HOXB5 (D’) showed no changes in GFP expression compared to 

CR3. GFP expression was entirely eliminated by mutation of MEF2 (E’) and GATA1 (F’) 

binding sites.  Scale bar = 50µM 

 

 

  



!

!

102!

Chapter 5: Conclusion and Future Direction 

  

The National Cancer Institute alone spends over $5 billion in cancer research each 

year.  Over $630 million of that gets allocated to breast cancer yet breast cancer remains 

a leading cause of cancer related deaths in women.  As researchers, we need to identify 

new therapeutic targets to eliminate not just the bulk tumor but also cells that are able to 

metastasize and form new tumors, cancer stem-like cells. One such target is CD44.  This 

cell surface glycoprotein is found on all cells however it is up-regulated on cancer 

initiating cells.  CD44 is involved in cell migration, adhesion, invasion and metastasis of 

cancer cells.  By targeting CD44 we can prevent cancer cell invasion and metastasis. 

 In this thesis, I have identified a putative cis-element of CD44, CR1.  Analysis 

of this highly conserved, non-coding DNA revealed its ability to direct gene expression in 

a cell-specific manner.  Analysis of trans-acting factor binding sites revealed that both 

AP-1 and NFκB are able to bind CR1. Elimination of these binding sites affects reporter 

gene expression.  Knockdown of AP-1-JUNB and NFκB-p50 using RNAi approach 

resulted in diminished CD44 expression in breast cancer cells. Furthermore, NFκB 

inhibition induced CD44 repression affected cancer cell properties including decreased 

cell proliferation and invasiveness of breast cancer cells.   

 Finally, I examined another conserved noncoding region of CD44, CR3.  Located 

intronic to the CD44 promoter, CR3 showed even higher cell specificity.  Comparative 

sequence analysis revealed four highly conserved TFBS in CR3. We further showed that 

mutation of MEF2 and GATA1 binding sites resulted in the complete loss of reporter 

gene expression.  
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 While these analyses implicate NFκB and AP-1 (potentially MEF2 and GATA1 

pending on further confirmation) in the regulation of CD44, the focus of my research was 

aimed at identifying NFκB as a regulator of CD44. Use of Bay-11-7082 ignores the fact 

that NFκB binds to DNA as a dimer.  shRNA analysis implicates NFκBp50 in the 

regulation of CD44 however, further studies should be performed to identify other NFκB 

members binding to CR1.  Similarly, further analysis needs to be done to identify the role 

AP-1 plays in regulating CD44 expression.  Both AP-1 and NFκB transcription factors 

are known to work together and their over-expression has been implicated in the 

metastatic breast cancer [55].  As there are no good chemical inhibitors of AP-1 

available, retroviral knockdown of both factors may have to be performed to determine if 

they are working together to regulate CD44 expression.   

 Interestingly, while NFκB and AP-1 up-regulation are implicated in breast cancer 

metastasis, their binding in metastatic breast cancers is attributed to increased chromatin 

accessibility [55].  In our model, we do not examine chromatin remodeling as a mode of 

gene regulation.  Our method of identifying cis-regulatory elements relies on TFs binding 

to the conserved regions and directing reporter gene expression.  While we are aware 

chromatin configuration is important for enhancer and repressor activity we did not 

examine this area.  There are multiple methods to test for open configuration of 

chromatin.  First, DNase hypersensitivity assays can be performed to determine if regions 

are open.  There have been a number of genome wide studies looking for DNase 

hypersensitivity sites and the results of these assays are available on ENSEMBLE.   

[151,152].  CR1 and CR3 regions have been examined and found to have areas of DNase 

hypersensitivity.  However, the studies published online were not performed using the 
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cell lines tested in this study.  Further analysis should be done to see if differences exist 

between cell types, which may lead to differences binding and expression of CD44. 

 A second method to test for openness of chromatin is to examine specific chromatin 

modifications.  Studies have show hyperacetylation of histones H3 and H4 as well as di-

and tri-methylation of histone H3 (at lysine 4) are some of the modifications seen in 

regions of open chromatin configuration [153,154].  Chromatin configuration of CD44 

putative enhancer sites in both normal and cancer cells should be examined to identify if 

changes in the configuration are resulting in altered expression of CD44.  Finally, 

methylation of the CD44 promoter region should also be examined.  We hypothesize the 

CR1 cis-regulator loops over and transcription factors bound to CR1 interact with 

transcription start site machinery [153].  If the promoter of CD44 is hypermethylated, 

polymerase will not be bound and transcription will not initiate even if CR1 has an open 

chromatin configuration.  Therefore it is important to identify the state of “readiness” for 

both the cis-regulator and the promoter.  Together a complete analysis of the chromatin 

and DNA state in both cancer and normal cells, will allow us to gain a better 

understanding as to why different cells have increased expression of CD44. 

While a more complete understanding of both CR1 and CR3 are needed to 

determine their roles in normal and cancer cell regulation of CD44, it is important to 

remember that this study initially identified 14 highly conserved regions with the 

potential to regulate CD44 expression.  While the top three candidates were tested and 

shown to regulate reporter gene expression, a thorough study of all conserved regions 

needs to be done.  We briefly examined TFBS on CR3 and found MEF2 and GATA1 

binding sites had the ability to eliminate reporter gene expression. This result needs 
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further confirmation with ChIP and gene knock-down studies to determine if they TFs 

affect CD44 expression.   

If CR3 has an effect on CD44 expression it would be interesting to determine how 

these two regulators of CD44, CR1 and CR3, work together in the cells.  Are the two 

regulators acting at different times?   Do they work only in specific cells?  It may be 

necessary to isolate the population of cells each regulator is active in, to determine if 

there is a difference in the gene expression profile.  Similar studies can be performed for 

the other known conserved region that showed the ability to direct reporter gene 

expression, CR2.  

While this study specifically examined conserved regions with the ability to 

enhance reporter gene expression, it is possible that conserved regions can act as 

repressors of gene expression.  If that is the case, our detection method using a minimally 

expressed βGP, will overlook these regions.  An alternative method would be to clone the 

conserved region into the ubiquitously expressed reporter construct CAG-GFP.  If the 

conserved region had a site that acted as a repressor of gene expression, we would be able 

to see a decrease in CAG-GFP expression.  Similar studies have been performed using 

the pGL3-Basic Luciferase construct [155]. When TFBS of interest were mutated, 

luciferase activity was restored.   

The ultimate goal of this study was to identify novel therapeutic targets for the 

treatment of breast cancer and specifically CICs.  Interestingly, the two transcription 

factors we have identified are already being examined as therapeutic targets to treat 

cancer.  NFκB is already a therapeutic target of cancers including multiple myeloma.  It 

has been found that 1 in 5 patients with multiple myeloma had aberrant NFκB 
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expression.  Treatment with the drug Bortezomib, while not a direct target of NFκB, was 

able to inhibit downstream NFκB signaling and resulted in increased survival rates [156].  

Unfortunately, prolonged use of NFκB inhibitors can lead to long-term 

immunosuppression as well as inhibition of NFκB target genes including IL-1β, a 

mediator of the inflammatory response [156]. 

Identification of the highly conserved regions, CR1 and CR3, and the trans-acting 

factors that bind, has contributed to the regulatory mechanism of CD44 in breast cancer.  

This information can be used to identify therapeutic targets directed at cells thought to be 

responsible for increased tumorigenic properties. As we identify more regulatory 

elements of proteins thought to be involved in the progression of cancers, we may one 

day identify therapies that can cure cancer.   
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