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ABSTRACT 

During the course of tumor metastasis, individual cells detach from the primary 

tumor and relocate to distant tissues.  Factors within distant tissues promote 

metastatic colonization whereby the migratory cells revert back to a more 

epithelial phenotype, re-establishing cell-cell and cell-matrix attachment.  The 

regulation of the epithelial adhesion molecule, E-cadherin, and subsequent cell-

cell adhesion appear to be critical in determination of the malignant cell 

phenotype.  In many metastatic neoplasias, E-cadherin expression is under 

epigenetic control through promoter methylation of CpG islands, which is 

maintained by DNA methyltransferase 1 (DNMT1).  The tissue microenvironment 

is thought to be instrumental in driving this process; however the molecular 

mechanisms for decreasing promoter methylation and increasing E-cadherin 

expression remain largely uncharacterized.  Changes in cell morphology and the 

formation of cell-cell adhesions in vitro suggests that extracellular matrix proteins 

may be important in modulating tumorigenesis giving extracellular matrix proteins 



 

 

 

 

 

 

iv 

a role in this process, and the basement membrane protein, laminin-1, appears 

to mediate these activities.  Here, we utilize a three-dimensional culture model to 

demonstrate that laminin-1 can regulate DNMT1 expression and subsequent 

methylation of the E-cadherin promoter; commensurate with E-cadherin 

expression is the formation of cell-cell adhesions and down-regulation of the 

mesenchymal protein, cadherin 11.  These effects are reversed when the 

malignant cells are cultured in the presence of the interstitial matrix protein, 

collagen I, resulting in a scattered, mesenchymal phenotype.  Thus, we propose 

that laminin-1 modulates changes in cadherin composition by regulating DNA 

methyltransferase 1 expression and E-cadherin promoter methylation. 
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1.0 INTRODUCTION 

Breast cancer afflicts many women in our society, often resulting in loss of life.  

Traditionally, the disease was thought to be simply the product of multiple 

genetic mutations accumulated over the lifetime of an individual; however, we 

have come to realize that cellular transformation and disease progression may 

also be attributed to alterations in the cellular microenvironment.  Given the 

complexity of living organisms, the extracellular microenvironment was 

recapitulated in an in vitro model to better identify specific interactions between 

cells and the extracellular matrix proteins.  The following introduction provides 

the background necessary to describe the pathology of breast cancer, the 

process of cancer progression, the genetic etiology, the role of cell adhesion, 

and the function of the extracellular environment; in short, all elements 

necessary to understand the relevance of this study to the field of breast 

cancer research as a whole.  
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1.1 Breast cancer 

Breast cancer is a complex disease state, exhibiting a heterogeneous etiology.  

It is one of the most frequently diagnosed diseases for women of the western 

world, and there are a number of known risk factors.  Breast cancer is 

diagnosed through changes in breast anatomy, and it is staged by tumor size 

and the extent of spread.   

1.1.1 Breast cancer epidemiology 

The National Cancer Institute (NCI) collects and analyzes data for breast 

cancer incidence in the United States in a report called the Surveillance 

Epidemiology and End Results [1].  There are six primary statistics used to 

evaluate breast cancer; they are: incidence, mortality, prevalence, survival, 

lifetime risk, and statistics by race/ethnicity.  The data presented in this 

section represent a summary of this report. 

Incidence refers to the number of new cases present each year.  It is usually 

reported as either a percentage or a cancer incidence rate where it is 

evaluated as the number of new cases per 100,000 persons at risk.  This is 

calculated: 
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Incidence rate = (New cancers / Population) × 100,000 

The number of new cancers includes multiple primary tumors in one 

individual, and it excludes any secondary tumors at sites of metastasis and 

any recurrences.  The population may be specified base on susceptibility, as 

is the case with breast cancer where 99% of those afflicted are women. 

For 2009, current estimates indicate that 192,370 women will be diagnosed 

with breast cancer.   The median age for diagnosis was 61 years of age, and 

women that are 55 to 64 years of age are in the highest risk group, at 23.7%, 

with values declining with either increase or decrease of age (Figure 1A).  

White women are also more likely to be diagnosed that other races (Figure 

1B). 

There has also been a notable change in the incidence of breast cancer over 

time.  From 1980 to 1987, breast cancer incidence went up nearly 4%, and 

there was a second surge from 1992 to 1999 with an increase in incidence of 

approximately 1.6% (Figure 3A).  The increase in incidence has been 

attributed, in part, to improvements in diagnosis associated with the 

implementation of mammography screening.  Alternatively, the decrease in 

incidence from 1999-2006 of 2.2% is thought to be associated with a 

decrease in mammography screening.  The mammogram allows for the 

detection of tumors that are too small to be felt during a physical exam.  By 

increasing the sensitivity of detection, more tumors were being found, and 



 

 

 

 

 

 

4 

overall, breast cancers were being detected at earlier stages of disease.  

Early detection provides a better prognosis, and overt outcome, for the 

patient. 



 

 

 

 

 

 

5 

 

Figure 1  Breast cancer incidence for women in the United 
States.  Data Sources: SEER Cancer Statistics Review, 1975-
2006[1]. 
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Mortality is based on the number of deaths occurring each year for those 

afflicted with the disease.  It is usually reported as a cancer mortality rate 

where it is determined by the number of deaths per 100,000 persons at risk.  

The mortality rate is calculated: 

Mortality Rate = (Breast Cancer Deaths/Population) x 100,000 

Again the type of cancer present is based on the location of the primary 

tumor, and the population may be limited by susceptibility. 

For 2009, current estimates indicate that 40,170 women will die from breast 

cancer.  The median age of death is 68 years old.  The highest risk group is 

women between 75 and 84 years of age (Figure 2A), and black women have 

the highest mortality rate with 33 deaths per 100,000 women (Figure 2B). 

There has been a steady decrease in breast cancer morbidity over the years, 

and it too has been associated with the implementation of the 

mammography.  As illustrated in Figure 3B, breast cancer mortality dropped 

1.8% between 1990 and 1995, 3.3% between 1995 and 1998, and 1.9% 

between 1998 and 2006.  By diagnosing breast cancer earlier, treatment is 

more effective in providing an increased chance of survival and decreased 

mortality rate. 
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Figure 2  Breast cancer mortality for women in the United 
States.  Data Sources: SEER Cancer Statistics Review, 1975-
2006[1]. 
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Prevalence is the number of people diagnosed out of a population.  It is an 

important statistic because it identifies the impact or burden that a particular 

disease places on the society as a whole.  The most recent evaluation of 

prevalence was taken on January 1, 2006, and at this time, 2,533,193 

women alive had been diagnosed with breast cancer.  This includes women 

with active disease, and women that had been cured.  The importance of 

studying breast cancer cannot be overstated as these statistics indicate that 

nearly 1 out of every 60 women alive today have been diagnosed with breast 

cancer. 

Survival is based on the number of people living from total diagnosed in a 

population.  Survival rates are calculated for a given period of time; the most 

common is the five-year relative survival rate.  The five-year relative survival 

rate for all women in the United States between 1999 and 2005 was 89.1%, 

with 90.3% for white women and 77.9% for black women.  Survival rates 

based on diagnostic stage are listed in Table 4 and discussed later in section 

1.1.4. 

Lifetime risk is the probability of developing or dying from cancer over a 

person’s lifetime.  Rates from 2004 to 2006 indicate that 12.08% of women 

will be diagnosed with breast cancer in their lifetime.  This is most commonly 

expressed as 1 out of 8 women will be diagnosed with breast cancer during 

the course of their lifetime. 
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Figure 3  Annual percentage change for breast cancer 
incidence and mortality for women in the United States.  Data 
Sources: SEER Cancer Statistics Review, 1975-2006[1]. 
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1.1.2 Breast cancer etiology 

While the epidemiology identifies what segment of the population affected by 

breast cancer and its impact on society, the etiology attempts to identify what 

causes breast cancer.  Over the years, it has become apparent that breast 

cancer etiology cannot be narrowed down to any single agent or event, and it 

is impossible to predict disease occurrence based on any one parameter.  

Instead, the probability of developing breast cancer appears to be dependent 

on the accumulation of risk factors.  The risk associated with cancer 

epidemiology due to sex, age, and race is evaluated alongside etiological risk 

factors in determining susceptibility.  The two primary categories for 

etiological risk factors are lifestyle and genetics. 

Risk factors associated with lifestyle are predicated on personal choices and 

are usually easy to modify.  The simplest and most common lifestyle factor is 

diet, and dietary issues are related to approximately one third of all cancer 

deaths each year in the United States.  Caloric intake and obesity have a 

profound effect on breast cancer risk for women after menopause [2].  Prior 

to menopause, most of the estrogen in the female body is produced by the 

ovaries; however, fat tissues produce estrogen as well.  During menopause, 

estrogen production by the ovaries is halted, and as a result, fat tissues 

become the primary source of estrogen.  Higher levels of fat tissues result in 
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more estrogen production and a greater risk of developing breast cancer.  

Similarly, the use of oral contraceptives and post menopausal hormone 

therapy increase breast cancer risk.  High fat diets have also been 

associated with increase incidence of obesity, and it has been speculated 

that an increase level of free radicals from these diets may increase cancer 

risk.  There are certain food additives and preservatives that have been 

implicated with increase cancer risk.  Lack of physical activity has also been 

identified as a lifestyle factor, where as little as 2.5 hours of walking per week 

may decrease risk by up to 18% [3].  Alcohol consumption may also 

contribute to lifestyle risk where women drinking 2 to 5 drinks a day increase 

their risk by 1.5 times over women who do not consume alcohol [4].  

Currently, it is unclear whether or not tobacco use increases risk for breast 

cancer in women.  While chemicals from tobacco smoke do pass into the 

breast tissue and can be detected in breast milk, there has not been a 

definitive correlation between smoking and breast cancer.   

There are many risk factors that may be related to genetic predisposition.  

The most common inherited mutations are in the Breast Cancer (BRCA) 

tumor suppressor genes, BRCA1 and BRCA2.  Women born with a mutation 

in either of these genes have up to an 80% chance of developing breast 

cancer in their lifetime.  Other genetic mutations that have been associated 

with breast cancer but are not necessarily inherited include ATM, CHEK2, 
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and the phosphatase and tensin homolog gene (PTEN). Additional 

genetically-linked factors that may be exacerbated by environmental factors 

include family history, early menarche, late menopause, height, and breast 

tissue density.   

To consider some of these known risk factors in the context of the 

extracellular environment, we should look at the potential impact on 

mammography breast density.  As mentioned earlier, mammograms have 

become an important tool for earlier detection and treatment of breast cancer.  

These studies have also shown that there is an increased risk of breast 

cancer associated with increased density of the stromal tissues [5-7].  

Increases in stromal density may be linked to changes in the composition of 

the extracellular proteins present [8], and this remodeling is likely due to 

genetic changes in the stromal cells that is exacerbated by risk factors, such 

as dietary intake and alcohol consumption [9]. 

1.1.3 Staging breast cancer 

Cancer staging provides a system for categorizing the extent of disease 

within the body, including both the size of the tumor and its spread.  At the 

clinical stage, cancer evaluation is based on the results of a physical exam, 

biopsy, and imaging tests; in addition to the clinical stage, the cancer may 
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also be evaluated based on the results of surgery at what is known as 

the pathologic stage.  The findings from these tests are evaluated using the 

TNM system which was formulated by the American Joint Committee on 

Cancer ref (Tables 1, 2, and 3). In this system, T signifies the size of the 

tumor, N corresponds to lymph node involvement, and M refers to the extent 

of metastases beyond lymph nodes. Tumor size is determined by the 

measuring the tumor’s largest diameter, and this may be performed after the 

tumor is removed or prior to removal using radiographic imaging.  Lymph 

node status may be assessed by surgical removal and histological 

assessment for the presence of disease or aspiration and examination of fluid 

from the lymph node in question.  Finally, the presence of distant metastases 

may be assessed by multiple methods, including chest x-rays and bone 

scans.  The most common sites for breast cancer metastasis are the lungs, 

liver, brain, bones, and skin. 

Once the stage of a patient is determined, it may be used clinically as a 

guideline for making treatment decisions.  It may also be used to assess the 

severity of the disease, and thus, the chances for successful treatment and 

survival of the patient.  
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Table 1  T Values describes tumor size and spread. 

T Value Description 
Tx Primary tumor cannot be assessed. 
T0 No evidence of primary tumor. 

Tis 
Carcinoma In Situ (an early cancer that has 
not spread to neighboring tissue). 

T1 Primary tumor is ≤ 2 cm. 
T2 Primary tumor is > 2 cm but ≤ 5 cm. 
T3 Primary tumor is > 5 cm. 

T4 
Primary tumor of any size that has spread to 
the chest wall or skin; any inflammatory tumor. 
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Table 2  N Values describe to what extent the lymph nodes 
are affected. 

N Value Description 
Nx Nearby lymph nodes cannot be assessed. 

N0 
Tumor cells are absent from regional lymph 
nodes. 

N1 

Tumor cells have spread to 1 – 3 auxiliary 
lymph nodes and/or tiny amounts of cancer 
are found in the internal mammary lymph 
nodes. 

N2 

Tumor cells have spread to 4 - 9 auxiliary 
lymph nodes and/or cancer has enlarged the 
internal mammary lymph nodes. 
Tumor cells have spread to ≥ 10 auxiliary 
lymph nodes. 
Tumor cells have spread to the lymph nodes 
under the clavicle. 
Tumor cells have spread to the lymph nodes 
above the clavicle. 
Cancer involves the auxiliary lymph nodes and 
has enlarged the internal mammary lymph 
nodes. 

N3 

Cancer involves ≥ 4 auxiliary lymph nodes and 
has enlarged the internal mammary lymph 
nodes, and tiny amounts of cancer are found 
in the internal mammary lymph nodes. 
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Table 3  M Values describe whether or not a cancer has 
metastasized. 

M Value Description 
Mx Presence of metastasis cannot be assessed. 
M0 No distant metastasis present. 

M1 
Metastasis to distant organs beyond regional 
lymph nodes. 

1.1.4 Survival rates 

Evaluating breast cancer survival provides a rationale for what approaches are 

most successful for clinical intervention.  Breast cancer survival is most 

commonly evaluated using the five-year relative survival rate, and this refers to 

the percentage of patients who live at least five years after being diagnosed.  

Currently, the five-year relative survival rate suggests that diagnosis and 

treatment during the earlier stages of disease provide the best outcome for 

breast cancer patients (Table 4).  It is also noteworthy that the disease may be 

cured for stages I through III.  Patients diagnosed with distant metastases have 

only a 20% chance of living five years, and most treatment strategies focus on 

slowing disease progression to provide the most time and comfort possible.  If 

we could develop a better understanding of the processes involved with the 

formation of distant metastases, a more favorable prognosis may be made for 

patients with this stage IV designation. 
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Table 4  The stage of carcinogenesis and 5-
year survival rate can be derived from T, N, 
and M values. 

Stage 
T 

Value 
N 

Value 
M 

Value 

5-year 
survival 

rate 
0 Tis N0 M0 
I T1 N0 M0 

100% 

T0-1 N1 M0 
IIA 

T2 N0 M0 
T2 N1 M0 

IIB 
T3 N0 M0 

86% 

T0-2 N2 M0 
IIIA 

T3 N1-2 M0 
IIIB T4 N0-2 M0 
IIIC T0-4 N3 M0 

57% 

IV T0-4 N0-3 M1 20% 
 

1.1.5 Breast anatomy 

Breast tissue development is a dynamic process that occurs in females over 

several stages.  Breasts begin to form during fetal development with the 

growth of lobular buds and immature ducts connected to the nipple.  During 

puberty, the ovaries begin to produce hormones that promote breast 

development.  Estrogen production promotes the formation of the periductal 

stroma and expansion of the mammary ducts, and progesterone production 

accelerates the formation of terminal ductal lobular units (Figure 4A).  These 
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lobular units are specialized cutaneous glands similar to the sweat gland.  

During pregnancy, progesterone levels become elevated, resulting in rapid 

growth of terminal ducts and lobules, and additional hormones, such as 

follicle stimulating hormone (FSH), luteinizing hormone (LH), prolactin, 

oxytocin, and human placental lactogen (HPL) play a role in stimulating the 

mammary glands.  The glands become active as the lobular epithelial cells 

develop vacuoles that deposit milk into the lumen of the mammary gland.  

Contraction of the myoepithelial cells surrounding the alveoli and ducts 

(Figure 4B) delivers the milk to the nipple.  Once milk production is no longer 

necessary, the breasts begin involution.  Here, breast tissues regress to a 

resting state through rapid disintegration of alveoli and ductal structures until 

the breast resembles its state prior to pregnancy.  The mammary epithelium 

is very dynamic in that it retains the ability to cycle between milk production 

and involution until menopause.  At this time, the ovaries cease to produce 

estrogen and progesterone, and the result is further disintegration of the 

ductal networks and lobules with remodeling of the periductal stroma.  These 

changes in tissue organization associated with menopause are correlated 

with a substantial increase in breast cancer incidence (Table 1A). 
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Figure 4  Anatomy of the breast. A) The human breast contains lobular units 
connected to the nipple through a ductal system, surrounded by adipose (fat) 
tissues.  B) Within the mammary gland, there is a hollow lumen encased by 
epithelial cells that are surrounded by a myoepithelial cell layer. 
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1.2 The process of neoplastic progression 

Cancer develops through a multistep process whereby normal, healthy cells 

accumulate changes that cause them to transform into malignant cells that 

grow out of control and spread throughout the entire organism.  Normal cells 

possess several separate control mechanisms responsible for regulating 

proper growth and differentiation, and neoplastic progression requires 

sequential changes in many of these mechanisms.  While many of these 

changes are acquired over several years in the form of genetic mutations, the 

extracellular environment has more recently been linked to this process 

through both soluble and insoluble factors that drive epigenetic change, 

promoting oncogene activation and inhibition of tumor suppressor genes in 

the neoplastic cells. 

The process of epithelial cancer initiation and progression may be 

summarized in four distinct stages, as illustrated in Figure 5.  First, the 

normal cells lose growth control but retain a normal morphology, remaining 

confined locally within the emanating tissue; this is referred to as hyperplasia 

[10]. As the cells accumulate, the cells and the tissue become increasingly 

disorganized; this is known as dysplasia [11].  Further uncontrolled 

proliferation and genetic alterations result in carcinoma in situ where the cells 

begin to dedifferentiate but remain localized within the basal lamina [12].  
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Next, the cells undergo an epithelial to mesenchymal transition and become 

migratory. At this stage, the cells gain the ability to detach from neighboring 

cells and from the underlying basement membrane, secrete proteases that 

degrade the basement membrane and the underlying stroma, and undergo 

alterations in the cytoskeleton to move through the stroma to the vasculature 

[13].  At this point, metastatic cells undergo intravasation where they enter 

the vasculature (lymph or blood) and begin to migrate [14].  Specific 

interactions between vascular cells of the target organ and the migrating cells 

prompt them to bind and to exit the circulation through a process known as 

extravasation [15].  Within these target organs, the cells undergo a 

mesenchymal to epithelial reverting transition (MErT) where they attach and 

proliferate, forming secondary tumors [16].   
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Figure 5  The stages of breast cancer progression.  Normal mammary 
epithelial cells first lose growth control during hyperplasia, and 
progression to dysplasia is characterized by abnormal morphology.  
Localized tumor growth is indicative of carcinoma in situ, and tumor 
cells spread to distant tissues during metastasis. 
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1.3 Regulation of gene expression in cancer 

Cancer develops through a multistep process whereby normal, healthy cells 

accumulate changes that cause them to transform into malignant cells that 

grow out of control and spread throughout the entire organism [17].  Normal 

cells possess several separate control mechanisms responsible for regulating 

proper growth and differentiation, and neoplastic progression requires both 

simultaneous and sequential changes in many of these mechanisms [18].  This 

process involves genetic and epigenetic alterations that promote oncogenic 

transformation and inhibit cellular control mechanisms.   

1.3.1 Genetic regulation 

Cancer is a disease of cellular dysregulation where the control mechanisms 

that maintain normal cell growth and function are disabled, resulting in 

oncogenic transformation.  This transformation is accomplished through 

alterations in the cell’s genetic program and through alterations in gene 

products [19].  This requires changes in specific regulatory mechanisms that 

promote cellular proliferation, inhibit cell death, or affect the normal cellular 

program [20].  Based on these criteria, two types of cancer-associated genes 

have been identified.  They are genes that promote cancer, also known as 
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oncogenes, and genes that inhibit cancer, also known as tumor suppressor 

genes. 

1.3.1.1 Oncogenes in breast cancer 

Oncogenes are genes whose products drive cancer progression [21].  Prior 

to activation, oncogenes exist as precursors, known as proto-oncogenes, 

which have normal cellular functions and are usually regulated by internal 

and/or external cell signaling.  Oncogenes become activated by DNA 

mutations or epigenetic events that change expression levels and/or activities 

of the gene product, and once oncogenes are activated, the cell loses 

sensitivity to cellular control mechanisms [22].  The cells become 

unresponsive to signals that inhibit growth, and they continue to divide in the 

absence of signals that drive cell proliferation [23].  Oncogenes usually 

promote cell division and/or inhibit apoptosis, and they may exert their effect 

through many different mechanisms, including growth factor receptors, signal 

transducers, transcription factors, protein tyrosine kinases, enzymes, and 

apoptosis repressors (Table 5).  Since oncogenic activation represents an 

increase in expression levels and/or activity, conversion of proto-oncogenes 

to oncogenes is considered a gain of function. 

Due to the multistep nature of cancer, there is evidence for both 

simultaneous and sequential oncogene activation.  For example, in 

evaluating simultaneous activation, a study of 100 human breast carcinomas 
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indicated activation of c-Myc in 70% of the cases, Ras in 55% of the cases, 

and Her-2/neu in 35% of the cases [21].  Another study indicated 

overexpression of c-Myc (17/19) and Bcl-2 (17/21) in the reoccurrence of 

estrogen receptor (ER)-positive breast cancer [24].  Src may be sequentially 

activated and stabilized by Her-2/neu during metastatic progression [25], and 

Src activation is critical for AKT-mediated cell survival in latent bone 

metastasis of breast cancer cells [26].  Furthermore, Src-activated signal 

transduction and activation of transcription 3 (STAT3) results in elevated p21 

expression and increased resistance to chemotherapy [27].  It has also been 

shown that c-Myc complexes with the Ets2 transcription factor to activate the 

human telomerase reverse transcriptase (hTERT) [28] which is the catalytic 

subunit of the telomerase complex that maintains telomere length, resulting in 

cellular immortalization [29].  Coordinate activation of oncogenes perpetuates 

cellular proliferation, survival, and malignancy which are critical for breast 

cancer progression. 
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Table 5  Different types of Oncogenes involved in breast cancer progression. 

Oncogene Function Effect References 

HER-2/neu 
Growth factor 
receptor 

Increase proliferation  [23, 30] 

Ras Signal transduction 
Increase proliferation; 
decrease differentiation 

 [31, 32] 

Myc Transcription factor 

Increase proliferation 
and self-renewal; 
decrease differentiation 
and apoptosis 

[33, 34] 

Src 
Protein tyrosine 
kinase 

Increase proliferation; 
decrease differentiation 

 [35, 36] 

hTERT 
Enzyme in DNA 
replication 

Increase self-renewal  [37, 38] 

Bcl-2 
Membrane 
associated protein 

Prevent apoptosis  [39, 40] 

 

1.3.1.2 Tumor suppressor genes in breast cancer 

The products of tumor suppressor genes regulate normal cellular activities 

and prevent malignant transformation.  This is accomplished by numerous 

checkpoints associated with cell cycle and cell function [41, 42].  When some 

genetic abnormality is detected, the cell will stop dividing, and the cell will 

perform a self-diagnostic.  If the problem may be corrected or repaired, then 
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the DNA repair mechanisms will become activated [43].  If the problem 

cannot be repaired, then the cell activates a self-destruct program, known as 

apoptosis [44].  This mechanism is very important for maintaining proper 

function for each tissue within the organism.  Like oncogenes, the products of 

tumor suppressor genes can manifest as many different cellular functions, 

such as transcription factors, enzymes, signal transducers, and proteasomes 

(Table 6).  Oncogenic activation by tumor suppressor genes results from a 

loss of function.  

There is also evidence for both simultaneous and sequential activation of 

tumor suppressors.  For simultaneous activation, BRCA1 interacts with the 

53 kDa protein (p53) to induce DNA-binding, transcriptional activation, and 

apoptosis in breast cancer cells [45].  It has also been shown that PTEN 

protects p53 by inhibiting AKT-induced translocation of Mdm2 to the nucleus, 

where it inhibits and degrades p53 [46], and in response to oxidative stress, 

PTEN translocates to the nucleus to activate p53, which results in growth 

arrest or apoptosis [47].  Sequential activation of tumor suppressor genes is 

clearly demonstrated by Retinoblastoma protein (RB) activation of BRCA1 

through the E2F transcription factor [48] and adenomatosis polyposis coli 

gene (APC) activation of the RB pathway in colon cancer [49].  

There is also evidence for interactions between tumor suppressors and 

oncogenes.  In evaluating factors related to apoptosis, p53 inhibits Bcl-2 
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expression [50].  Furthermore, mutations in p53 were correlated with poor 

prognosis in early breast cancer, and expression of bcl-2 was strongly 

associated with hormone-dependent tumors [51].  In basal-like breast cancer, 

elevated levels of AKT signaling are the result of little or no expression of 

PTEN [52].  It has also been shown that telomerase activity may be regulated 

by RB through the E2F transcription factor [53] and BRCA1 through inhibition 

of c-Myc [54].  This suggests that specific oncogene activation and tumor 

suppressor gene repression are required for cancer progression. 
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Table 6  Different types of tumor suppressor genes involved in cancer 
progression. 

Tumor 
Suppressor 

Function Effect References 

p53 Transcription factor 
Regulates cell 
division 

 [55, 56] 

PTEN Lipid phosphatase 
Regulates cell 
survival 

 [57, 58] 

RB 
Alters transcription 
factor activity 

Regulates cell 
division 

[59] [42] 

DPC4 (SMAD4) Signal transduction 
Signaling from 
growth factor 
receptors 

  [60, 61] 

APC 
Stimulates 
degradation 
transcription factors 

Regulates cell 
division 

 [62, 63] 

BRCA1,2 Nuclear protein 
Repairs DNA 
damage 

 [64, 65] 

 

1.3.2 Epigenetic regulation 

Whereas the genetic sequence is important to the function and stability of the 

gene product, epigenetic regulation dictates the expression level of the gene 

product; as a result, these control mechanisms regulate gene expression 

without alteration of the nucleotide sequence.  While much is still not known 

about epigenetic regulation, the concept is over 50 years old [66].  Epigenetic 

control is regulated through the packaging of DNA with proteins into 

complexes known as chromatin, and there are many layers of complexity 
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required to provide optimal organization and compactness (Figure 6).  To 

facilitate this, 146 or 147 base pairs of double-helical DNA are tightly 

wrapped around a nucleosome core over 1.67 turns to form a superhelix [67].  

The nucleosome core consists of an octamer composed of two molecules 

each H2A, H2B, H3, and H4 histones [68].  The chromatin is further 

condensed by winding into a polynucleosome fiber, which is stabilized by H1 

histone binding to each nucleosome and to the linker DNA [69].  The 

polynucleosome fibers are then organized to form the chromosome.  In turn, 

epigenetic regulatory elements target the different levels of organization.  

Chromatin remodeling refers to the complexes that regulate higher order 

chromatin structures and determine the availability of the nucleosomes.  The 

next level of regulation is histone modification; whereby modifications to the 

histone proteins act to regulate access to DNA and to recruit transcription 

regulators.  The final level of regulation is DNA methylation; whereby the 

addition of a methyl group to the CpG dinucleotide within the DNA sequence 

dictates which regulatory proteins can bind to DNA [70].  Since essentially all 

cells within an organism share the same genetic code, coordination between 

these three mechanisms is thought to be functional for regulating gene 

expression during development and homeostasis, and deviations in these 

mechanisms appear to be very important in the deregulation of oncogenes 

and tumor suppressor genes necessary for cancer progression [71].  Given 
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the reversible nature of these epigenetic mechanisms and their importance in 

gene regulation, they have become a strategic target for therapeutic 

intervention. 
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Figure 6  Epigenetic regulation of gene expression.  At the DNA level, CpG 
island methylation within promoter regions represses gene expression.  At the 
level of histone modification, methylation may activate or repress gene 
expression, while acetylation promotes gene expression.  Chromatin 
remodeling by SWI/SNF complexes organizes higher order chromatin. 
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1.3.2.1 Chromatin remodeling 

Chromatin remodeling regulates the organization of the higher order 

chromatin structure.  This is an ATP-dependent process whereby chromatin 

remodeling complexes, referred to as the SWItch/Sucrose NonFermentable 

(SWI/SNF) family, restructure, mobilize, or eject nucleosomes to allow 

regulated exposure of DNA [72].  There are four subfamilies of chromatin 

remodeling complexes, grouped by their associated ATPase; they are 

SWI2/SNF2 [73], ISWI [74], Mi-2 [75], and INO80 [76].  The variety of 

remodeling complexes provides specificity and regulatory control during 

chromatin remodeling, allowing for the ability to discriminate at the level of 

DNA sequence and gene structure [77]. 

Given its regulatory role in gene expression, chromatin remodeling has 

become an area of interest for cancer research.  Down regulation of 

SWI/SNF proteins has been observed in several breast cancer cell lines [78].  

The BRG1 ATPase of the SWI/SNF complex is postulated to act as a tumor 

suppressor.  It has been shown to regulate proliferation and growth arrest 

through selective targets of RB [79], and mutations in BRG1 have been 

identified in several breast cancer cell lines [80].  BRG1 interacts directly with 

BRCA1, and dominant-negative BRG1 was shown to abrogate BRCA1-

mediated p53 activation [81].  While chromatin remodeling appears to play a 

very important role in gene regulation and cancer progression, very little is 
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known about the mechanisms of regulation; further research is needed to 

determine how these mechanisms might be manipulated to provide a 

therapeutic benefit. 

1.3.2.2 Histone modification 

Since DNA is organized directly by the histone proteins, histone modifications 

serve to regulate access to the DNA strand and recruit regulators of 

transcription.  Various mechanisms contribute to regulation of gene 

expression through histone modification.  While replacement of histones with 

modified or variant histones is the most common mechanism of histone 

modification, proteolytic cleavage of histone tails has also been shown to 

function in reversing or changing these modifications [82].  Although 

phosphorylation [83], sumoylation [84], and ubiquitination [85] have all been 

identified as modes of modification, the best characterized modifications that 

are most commonly associated with cancer are histone methylation and 

histone acetylation. 

1.3.2.2.1 Histone methylation 

Histones may be covalently modified by the addition of a methyl group to 

lysine and/or arginine amino acids.  Histone modification by mono-, di-, and 

trimethylation of lysine residues occurs in both the histone tail and the core 

nucleosomes on histone H1 (K26), H3 (K4, K9, K27, K36, K79), and H4 (K20, 

K59).  Protein lysine methylases are grouped into seven families based on a 
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highly-conserved catalytic domain, known as the SET domain; they are 

SUV39, SET1, SET2, RIZ, SMYD, EZ, and SUV4-20[86], and they target 

some proteins in addition to histones.  The SET-domain proteins function by 

transferring a methyl group from S-adenosyl-L-methionine (SAM) to the 

amino group of the lysine residues of histones or other proteins, resulting in a 

methylated lysine and S-adenosyl-L-homocysteine (SAH) [87].  To reverse 

protein lysine methylation, there are six families of protein lysine 

demethylases: KDM1, KDM2, KDM3, KDM4, KDM5, and KDM6 [88].  

Arginines may be mono- or di-methylated, and this occurs within the histone 

tails of H3 (R2, R17, R26) and H4 (R3).  Histone modification by mono- or 

dimethylation of arginine can occur at any of five positions on the three 

nitrogen atoms of the guanidinium side chain.  The enzymes responsible for 

arginine methylation are known as protein arginine methyltransferases 

(PRMT), and there are currently nine enzymes known to have this activity.  

They are designated PRMT1, PRMT2, PRMT3, PRMT4, PRMT5, PRMT6, 

PRMT7, PRMT8, and PRMT9 [89].  Like protein lysine methylases, PRMTs 

utilize SAM as a methyl donor, resulting in a methylated arginine and SAH 

[90].  There is only one known arginine demethylase; it is JMJD6 [91]. 

Histone methylation is proposed to impart some regulation during development 

and to provide a type of epigenetic memory.  It has been shown that 

methylation of different lysines within the histone complex, called “bivalent 
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domains”, can be used to regulate stem cell development; where methylated 

histone 3 K4 (H3K4) is an activator and methylated histone 3 K27 (H3K27) is a 

repressor for developmental genes [92].  These activators and repressors 

provide an additional level of regulation during development where H3K4 is 

methylated and H3K27 is demethylated during cellular differentiation [93].  

Chromatin methylation also provides a potential mechanism for the 

transmission of epigenetic information from mother to daughter cells.  It has 

been shown that transient recruitment of the Polycomb Repressive Complex 2 

(PCR2) to chromatin that is upstream of the transcription start site is sufficient 

to maintain repression for subsequent generations [94]. 

Histone methylases have been implicated as both oncogenes and tumor 

suppressors.  The histone methyltransferase SMYD3 is frequently 

overexpressed in cancer cells [95] and acts as a coactivator of ER during 

cancer progression, promoting methylation of H3K4 and subsequent 

expression of ER target genes [96].  Likewise, expression of the EZH2 

methyltransferase is amplified during neoplastic progression [97, 98], and its 

expression has been associated with increased proliferation rates.  EZH2 may 

be activated by RB through E2F [99, 100] and has been shown to inhibit the 

cyclin-dependent kinase (CDK) inhibitor, p57KIP2 [101].  Expression levels of 

the SETD2 histone methyltransferase were repressed in breast tumors and 

decreased with tumor stage [102], and it interacts with p53 to selectively 
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regulate its transcriptional activity [103].  Likewise, the histone demethylase, 

RBP2, represses expression of the oncogenic telomerase reverse 

transcriptase (hTERT) [104].  Histone methyltransferase inhibitors are currently 

being evaluated for breast cancer treatment [105, 106]; however, there are 

currently no compounds approved for this therapy. 

1.3.2.2.2 Histone acetylation 

Histones may also be covalently modified by the addition of an acetyl group to 

the lysine amino acids within the N-terminal tails of histones.  Histone 

modification by acetylation is accomplished through the transfer of an acetyl 

group from the acetyl-CoA molecule to the amino group of lysine molecules 

[107].  Acetylation of lysines neutralizes the charge of the histones, resulting in 

a more relaxed configuration that increases chromatin accessibility; likewise, 

deacetylation of lysines restores the charge to histones, resulting in a more 

condensed configuration that decreases accessibility [108, 109].  In addition to 

neutralizing charge, acetylated histones also serve as identifiers for transacting 

factors for gene expression; many of these factors contain a region known as 

the “bromodomain” that specifically interacts with acetylated histones [110].  

Histone acetylation is regulated very stringently through the activity of histone 

acetyltransferases (HATs) and histone deacetyltransferases (HDACs) [111].  

HATs are separated into five families based on their sequence and function; 

they are GNAT, MYST, p300/CBP, TAFII250, and nuclear receptor 
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coactivators [112].  In addition, there are four classes of HDAC based on 

homology with yeast HDAC molecules; they are designated Class I, Class II, 

Class III, and Class IV [113]. 

In terms of histone modification, histone deacetylation has been most closely 

correlated with cancer progression.  The premise is that tumor suppressor 

genes are targeted for deacetylation, compacting the chromatin complex, 

limiting access for transcription, and silencing gene expression.  To support 

this theory, it has been shown that increasing HDAC expression levels are 

associated with increasing malignancy [114].  Furthermore, degradation of 

HDAC1 has been shown to promote a substantial increase in histone 

methylation for breast cancer cell lines [115, 116].  This activity appears to be 

dependent on ERα in some instances [117], and HDAC inhibitors have been 

shown to restore estrogen sensitivity to ER negative breast cancer cells  [118, 

119]. 

Histone modification is an important modulator in chromatin remodeling.  

Histone deactylases have been identified in repressor complexes containing 

SWI/SNF [120].  Histone acetylation has also been reported to be associated 

with polycomb repressor complexes, which contain histone methyltransferases 

[121], and this has lead to the realization that HDACs can associate with these 

complexes [122].  Furthermore, specific histone methylation and acetylation 

patterns have been identified for predicting reoccurrence in prostate cancer 
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[123], and studies combining histone methyltransferase and histone 

deacetylase inhibitors have reported some success for treating acute myeloid 

leukemia in cell culture and in animal models [124].   

Histone acetylation appears to be important for regulating the expression of 

cell cycle regulators and tumor suppressor genes, and histone deacetylase 

inhibitors are currently being evaluated therapeutically in conjunction with 

traditional treatments against breast cancer.  When breast cancer cells 

undergo doxorubicin-induced growth arrest, members of the RB family have 

been  found associated with deactylated promoters of cell cycle regulators 

[125], and RB and HDAC1 have been shown to participate in a transcription 

repressor complex that inhibits oncogenic activators [126].  Likewise, exposure 

of breast cancer cells to the HDAC inhibitors, trichostatin A (TSA) and 

Vorinostat, enhances sensitivity to treatment with ionizing radiation by altering 

expression levels of cell cycle regulators and tumor suppressor genes, 

resulting in growth arrest [127-130].  Currently, Vorinostat was the first HDAC 

inhibitor approved by the FDA for the treatment of T cell lymphoma, and there 

are several other HDAC inhibitors in phase I and phase II clinical trials for both 

hematologic and solid tumors, including breast cancer [131].     

1.3.2.3 DNA methylation 

Direct methylation of the DNA sequence regulates gene expression by 

determining what regulatory elements can bind to the DNA.  Within the 
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promoter regions of 50-70% of all genes are found areas rich in the cytosine 

phosphate guanine (CpG) dinucleotide known as CpG islands [132, 133].  

DNA methyltransferases catalyze the transfer of a methyl group from SAM to 

the 5’ position of the cytidine of the CpG dinucleotide, producing 5-methyl-

cytidine and SAH [134, 135] (Figure 8).  The resulting DNA modification 

changes the structure of the CpG dinucleotide, altering binding affinity for 

proteins to the original DNA sequence [136].  In addition, methyl binding 

proteins specifically bind these adducts, restricting access to these regions 

for transcription factors and/or the transcription machinery [137].  As a result, 

DNA methylation acts as a transcription repressor (Figure 7). 

DNA methylation is regulated through the activities of the DNA 

methyltransferase (DNMT) family of enzymes, and these enzymes are 

divided into two classes.  The first class is responsible for de novo 

methylation which constitutes the methylation of CpG sites that were 

previously unmethylated, and it is made up of DNMT3a, DNMT3b, and 

DNMT3L.  DNMT3a and DNMT3b exhibit DNA methyltransferase activity 

[138].  While DNMT3L does not exhibit DNA methyltransferase activity, it 

does associate with DNMT3a and DNMT3b to modulate their catalytic activity 

[139].  The other class is the maintenance methyltransferase, and it is 

currently made up of one member, DNMT1.  It is responsible for copying pre-

existing methylation patterns onto the new DNA strand during replication 
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[140].  There is a fourth family member that does not appear to play an 

integral part in DNA methylation.  DNMT2 exhibits a weak methyltransferase 

activity [141]; however, deletion of this gene in embryonic stem cells does not 

affect global DNA methylation [142].  Recent studies suggest that it may be 

involved in RNA methylation [143, 144].  The DNMT family of enzymes is 

important for regulating DNA methylation. 

While there are two distinct groups of DNA methyltransferases based on their 

functions, there does appear to be some cooperativity.  The maintenance 

DNA methyltransferase, DNMT1, and the de novo DNA methyltransferases, 

DNMT3a and DNMT3b, are all expressed in normal tissues, and all are 

elevated during cancer progression [145].  DNMT3a does not appear to 

influence maintenance of CpG island methylation [138], and while genetic 

disruption of DNMT3b has little effect on CpG island methylation by itself, 

there does appear to be a synergistic effect when it is down regulated in 

combination with DNMT1 [146, 147].  Although the effect is minor, this 

suggests that there may be some level of cooperativity between the two 

enzymes. 

DNA methylation plays a role in normal cellular processes and cellular 

development, and dysregulation of DNA methylation is functional in cancer 

progression [148].  In mammals, DNA methylation is critical for controlling 

cellular processes, such as gene expression [149], replication [150], cell 
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differentiation [151], embryonic development [152], silencing of transposable 

elements [153], imprinting [154], chromosome X inactivation [147], and 

neoplastic transformation [148].  Global hypomethylation of CpG 

dinucleotides outside of CpG islands is associated with early carcinoma, and 

hypermethylation of specific CpG islands increases with cancer progression 

[155].  Furthermore, the extent of CpG island methylation correlates with the 

chromosomal rearrangement in breast cancer cell lines [156].  Most of the 

CpG islands that are methylated during cancer progression correspond to 

genes that are mutated in familial cancers [157].  One example is the BRCA1 

tumor suppressor gene which functions in DNA damage detection during 

mitotic progression [158].  Mutations in BRCA1 have been linked to 50% of 

the hereditary breast cancer cases [159], and hypermethylation of the 

BRCA1 promoter results in loss of activity [160] and loss of expression [161, 

162].  The attenuation of BRCA1 expression increases cellular proliferation 

[163], and hypermethylation of the BRCA1 promoter is associated with 

increased mortality [164].   There are several other genes that are commonly 

methylation during neoplastic progression.  These genes function in many 

different cellular processes, such as cell cycle regulation, tumor suppression, 

DNA repair, apoptosis, and metastatic potential, and some common targets 

include APC [165], E-cadherin gene (CDH1) [166], RASSF1A [167], GSTP1 

[168], hMLH1 [169], MGMT [170], p16INK4a [171], p15INK4b [172], p14ARF 
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[173], SMAD4 [174], PTEN [175], and TIMP3 [176].  Thus, DNA methylation 

has multiple targets associated with breast cancer progression. 

 

Figure 7  DNA methylation regulates gene expression during cancer 
progression.  Methylation of CpG islands within the promoter regions of tumor 
suppressor genes represses mRNA expression during neoplastic 
progression. 

1.3.2.3.1 Coordination of DNA methylation and histone modification 

Histone methylation can either promote or inhibit gene expression, and as a 

result, the specific histone methylation event may elevate or repress DNA 

methylation.  Methylated histone, H3K9, recruits DNMT1 through 

heterochromatin protein 1 (HP1) to promote DNA methylation and repress 
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gene expression [177].  Likewise, the CXXC finger protein 1 (CFP1) 

component of the Setd1A and Setd1B histone methyltransferases interacts 

directly with DNMT1 [178], and deletion of CFP1 results in reduction of 

DNMT1 protein and activity [179].  Alternatively, inhibition of DNMT1 

promotes methylation of histones H3 and H4 and dimethylation of H3K4 in 

murine epithelial cancer [180], and dimethylation of H3K79 and trimethylation 

of H3K4 are associated with active transcription present within unmethylated 

promoters [181].  Furthermore, depletion of the EZH2 histone 

methyltransferase can induce expression of epigenetically silenced genes 

with minimal cytosine methylation; however, the absence of this histone 

methyltransferase cannot induce expression of genes exhibiting densely 

methylated promoters [182].  Here, it is apparent that histone methylation 

events that inhibit gene expression can enhance DNA methylation and that 

histone methylation events that activate gene expression may be inhibited by 

DNA methylation.  

Histone deacetylation is most commonly associated with DNA methylation 

and histone methylation events that inhibit gene expression.  DNMT1 recruits 

histone deacetylase 1 (HDAC1) through either methyl-CpG-binding protein 

(MeCP2) [183] or direct interaction [184], and HDAC inhibitors have been 

shown to decrease CpG methylation by targeting DNMT1 for proteosomal 

degradation [185].  Likewise, elevated levels of DNMT1, MeCP2, MBD2, and 
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histone methyltransferases (Suv39h1 and Suv20h2) are associated with 

decreased trimethylation of histone H4K20 in breast cancer cell lines with 

increasing malignancy [186], and decreased levels of acetylation at H4K16 

and trimethylation at H4K20 are associated with increasing malignancy in 

human lymphocytes and in mouse skin models [187].  While the specificity of 

these interactions provides a complex system, DNA methylation and histone 

modification act coordinately to regulate gene expression. 

1.3.2.3.2 DNA methyltransferase 1 

DNMT1 plays a central role in maintaining DNA methylation patterns during 

cell division and ensuring cell viability.  Proliferating Cell Nuclear Antigen 

(PCNA) associates with DNMT1 and recruits it to the replication foci during S 

phase where the complex functions to transfer cytosine methylation patterns 

to newly synthesized DNA [188, 189].  This process is necessary to maintain 

the tissue-specific gene expression patterns that are unique to each cell type, 

and it is essential for cell survival.  Mice with homozygous mutations in 

DNMT1 exhibit abnormal development and embryonic lethality [152].  

Similarly, inactivation of DNMT1 in human cancer cells results in growth 

arrest at the G2 phase and induction of cell death [190].  This provides 

evidence that DNMT1 is necessary for the preservation of the epigenetic 

code during cell division and for cell viability. 
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Given its important function in epigenetic regulation, it has become apparent 

that elevated DNMT1 expression and activity are involved in neoplastic 

progression.  Increased expression of DNMT1 is associated with increased 

CpG island methylation and decreased tumor differentiation [191].  DNMT1 

expression and the extent of CpG methylation have also been linked to the 

stage of cancer progression [192].  Knocking down DNMT1 in breast cancer 

cells results in promoter demethylation and the re-expression of methylation-

repressed tumor suppressor genes [193, 194], and inhibition of DNMT1 

activity has been shown to prevent tumor formation and metastasis in a 

mouse model [195].  Cellular regulation of DNMT1 is mediated through 

control of both transcription and protein stability through pathways that are 

linked to carcinogenesis.  The DNMT1 gene exhibits transcriptional 

regulatory elements for activation through the oncogenic Ras pathway and 

transcriptional repression through the RB tumor suppressor pathway [196], 

suggesting that alteration in either of these pathways can effect DNMT1 

expression.  Alternatively, constitutively activated protein kinase B (PKB) 

through the phosphatidylinositol 3-kinase (PI3K) pathway is present in many 

human cancers, and elevated expression of PKB inhibits proteosomal 

degradation of DNMT1, thus, increasing DNA methylation [197].  Since 

elevated DNMT1 expression levels promote neoplastic progression and 
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inhibition of DNMT1 restores cellular regulation to cancer cells, DNMT1 has 

become a therapeutic target for many different carcinogenesis. 

DNMT-inhibiting cytosine nucleoside analogues effectively inhibit DNA 

methylation, and there are currently two drugs that have been approved by 

the FDA.   They are Vidanza®, 5-azacitidine (5-aza-C) [198], and its deoxy 

derivative decitabine, 5-aza-2’-deoxycitidine (5-aza-dC) [199].  Both drugs 

are efficient at inhibiting DNA methylation and in promoting re-expression of 

tumor suppressor genes in breast cancer cells [200, 201].  They have both 

been approved by the FDA to treat myelodysplastic syndromes (MDS) which 

is a disease where the bone marrow does not produce enough healthy blood 

cells [202], and both of these drugs are currently being evaluated in clinical 

trials for solid tumors, including breast cancer.  5-aza-C is effective against 

methylation of both RNA and DNA [203], while 5-aza-dC has a higher 

specificity for DNA methylation [204].  5-aza-dC is incorporated into the newly 

synthesized DNA during replication and binds irreversibly to DNA 

methyltransferases, and when the DNMT cannot dissociate from the DNA 

strand, it is targeted for proteosomal degradation [205].  Since DNMT1 is the 

principal methyltransferase involved in CpG maintenance during replication, it 

is the primary target for 5-aza-dC-mediated gene reactivation [206].  The net 

effect is that DNMT1 is degraded, and there is a decrease in both protein and 

activity.   
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Figure 8  Deoxycytidine methylation by DNMT1 entails the transfer of a 
methyl group from S-adenosyl-L-methionine to deoxycytidine. 
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1.4 Cadherins 

For multicellular organisms, the management of adhesion between cells is 

critical for all aspects of tissue morphogenesis, and while there are a variety 

of molecules that are involved in cell-cell attachment, the classic cadherins 

have become the most extensively studied family as a result of their 

regulatory role in cell-cell adhesion over the lifetime of the organism.  

Changes in cadherin composition during embryonic development are critical 

for tissue layer organization [207], tissue boundary formation [208], cellular 

rearrangement [209], histological states [210], cell migration [211], and 

synapses formation [212].  Cadherins also regulate several important 

functions in adult tissues, such as cell turnover [213], neuronal synapse 

plasticity [214], epithelial and endothelial cell junction permeability [215], and 

tissue homeostasis [216].  Family members are named based on their initial 

tissue of origin; a few of the more popular cadherins include Placental (P-

cadherin), epithelial (E-cadherin), neuronal (N-cadherin), vascular endothelial 

(VE-cadherin), retinal (R-cadherin), and osteoblast (OB-cadherin, also known 

as cadherin 11).   

Cadherins are single-membrane-spanning proteins that have a conserved 

cytoplasmic domain [217], a transmembrane domain, and a calcium-

dependent, divergent extracellular domain containing five repeating regions 
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[218, 219].  The intracellular domain binds directly to β-catenin [220], which in 

turn binds to the actin cytoskeleton through α-catenin [221, 222] (Figure 9).  

The extracellular domains form cis-dimers and specifically bind to 

neighboring cells that possess the same extracellular domains.  For example, 

cells presenting E-cadherin bind to other cells presenting E-cadherin.  In this 

manner, cells expressing the same cadherins organize into tissues, tubules, 

and/or glands.  Initially, binding between the extracellular domains is weak 

[223]; however, it becomes strong with the lateral clustering of many E-

cadherin dimers [224] forming a zipper-like structure that ensures cell-cell 

adhesion (Figure 9).  This suggests that cadherin expression levels 

determine the possibility and extent of cell-cell adhesion.   

For the investigation of breast cancer progression, E-cadherin is most 

commonly associated with the normal breast epithelium, and cadherin 11 is 

most commonly associated with metastatic breast cancer. 

1.4.1 E-cadherin 

E-cadherin is responsible for the formation of adherens junctions that are 

necessary for the assembly of many tissues, tubules, and glands, and it is 

essential for many physiological functions.  E-cadherin expression is present 

early in embryogenesis [225], and homozygous deletions for E-cadherin are 
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embryonic lethal [226].  E-cadherin is endocytosed and recycled to facilitate 

alterations in cell adhesion that are necessary for tissue remodeling, 

epithelial permeability, and turnover of rapidly growing tissue such as the 

lining of the gut and skin [227].  Intracellular truncation of E-cadherin induces 

apoptosis during mammary involution [228], and loss of cell-cell adhesion 

during ischemia is facilitated through E-cadherin degradation [229], 

suggesting that E-cadherin attenuation may be involve in initiating both 

apoptosis and necrosis in normal epithelia.     

Most tumors are characterized by dedifferentiated morphology, poor cell-cell 

adhesion, increased proliferation, and increased cellular motility, and these 

characteristics have been correlated with altered levels of E-cadherin 

expression.  There is evidence that E-cadherin expression is related to the 

level of differentiation and histological type for breast cancer patients [12].  

Immunohistochemical studies indicate that E-cadherin is decreased or lost 

during breast cancer progression in tumor biopsies [230, 231], and similar 

results were found in breast cancer cell lines [232].  Alternatively, re-

expression of E-cadherin inhibits cell proliferation [233] and cell invasion in 

breast cancer cells [234], and cancer cells expressing E-cadherin exhibited a 

more differentiated and less malignant phenotype [235], suggesting that cell-

cell adhesion plays an important role in regulating cellular homeostasis in 

tissues.   
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Several mechanisms have been identified for regulating E-cadherin 

expression during breast cancer progression.  Chromosomal alterations and 

specific mutations have been identified in relationship to CDH1 [236, 237], 

and at the epigenetic level, E-cadherin may be regulated through histone 

methylation [238], histone acetylation [239], and DNA methylation [240].  

Transcription factors, such as Snail, have been reported to control E-cadherin 

expression [210], and the stability of the transcript itself may be influenced by 

the presence of specific microRNAs (miRNAs) [241].  In terms of protein 

stability, the matrix metalloproteases (MMPs), the calpain protease, and γ 

secretase have been shown to cleave the E-cadherin protein at different 

sites, disrupting E-cadherin complex formation and cell-cell adhesion [242-

245].  The cytosolic E-cadherin fragment translocates to the nucleus where it 

is thought to have transcriptional activity [246], and the extracellular domain 

is shed from the surface where it binds and activates specific receptors, such 

as Her-2/neu [247].  E-cadherin may also be targeted for lysosomal 

degradation by ubiquitination [248], and it has also been shown that 

upregulation of mesenchymal cadherins, such as cadherin 11, can have a 

deleterious effect on E-cadherin expression [249].  Given its critical function 

in both tissue development and maintenance, it is not surprising there are 

multiple mechanisms responsible for regulation of E-cadherin. 
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While all of these mechanisms are important for regulating E-cadherin, gene 

silencing through DNA methylation appears to be a crucial mechanism during 

cancer progression.  A study of 71 primary ductal breast cancers revealed 

CDH1 promoter hypermethylation in 73% of invasive breast carcinoma [250]; 

indicating CpG methylation is involved in a majority of cases.  Likewise, an 

analysis of 111 ductal carcinoma of the breast revealed hypermethylation of 

the E-cadherin CpG islands in 30% of the tumors prior to cell invasion, 52% 

of the invasive ductal cell carcinoma, and 60% of the metastatic carcinoma 

[166], suggesting an increase in E-cadherin CpG methylation during 

malignant progression.  Likewise, promoter methylation of CDH1 

corresponds to loss of E-cadherin expression [251] and induction of a 

mesenchymal phenotype for breast cancer cell lines [252], and treatment with 

the DNMT1 inhibitor, 5-aza-dC, induces re-expression of E-cadherin which 

promotes the reformation of cell-cell adhesion (in some cases) [253] and 

suppresses metastasis [254].  It has been demonstrated that reduced 

expression of DNMT1 results in demethylation of CpG islands and 

subsequent CDH1 gene expression [255], implicating DNMT1 as the enzyme 

responsible for maintaining CpG methylation for CDH1. 

Loss of E-cadherin expression results in an epithelial to mesenchymal 

transition (EMT) which promotes subsequent detachment and metastasis.  

Since the function of E-cadherin is to maintain cell-cell adhesion, its 
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expression and activity result in a distinct “epithelial” phenotype characterized 

by a cuboidal shape and the formation of cell-cell bonds which resembles a 

cobblestone appearance in traditional cell culture.  In contrast, the loss of E-

cadherin results in a “mesenchymal” phenotype characterized by a spindle 

shape and the loss of cell-cell adhesion [256, 257].  This is due to the fact 

that individual E-cadherin dimers bind neighboring E-cadherin molecules with 

a low affinity, and as a result, high expression levels of E-cadherin are 

necessary for the formation of cell-cell adhesions [223].  Down regulation of 

E-cadherin by protein kinase C (PKC) δ results in cell-cell detachment and 

cell scattering in vitro [258], and lobular breast cancers devoid of E-cadherin 

expression exhibit scattered tumor growth in vivo [236].  Decreased 

expression of E-cadherin also promotes cell migration and invasion [259], 

suggesting a role as a metastasis suppressor as well.   

E-cadherin interacts with tumor suppressors and oncogenes to regulate 

malignant transformation.  Repressed levels of E-cadherin via RB depletion 

induces transformation from a epithelial to a mesenchymal phenotype [260], 

and E-cadherin induces expression of PTEN and directs its localization to 

cell–cell junctions where it has a role in regulating cellular polarity and growth 

arrest in normal mammary epithelia [261].  Conversely, E-cadherin may be 

targeted for proteosomal degradation by Cdc42 through the oncogenic Src 
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pathway [248], and depletion of E-cadherin and mesenchymal transformation 

can be attributed to overexpression of c-Myc [262] or Her-2/neu [263].   

E-cadherin is re-expressed in distant metastases through mesenchymal to 

epithelial reverting transition (MErT).  Here, the migrating cells home, re-

establish cell-cell adhesions, and grow into secondary tumors [16].  

Immunohistochemical analysis of metastatic lesions from 34 breast cancer 

patients indicated that E-cadherin is re-expressed during secondary tumor 

formation [264].  Another study of 30 breast cancer patients indicated re-

expression of E-cadherin in the distant metastases was greater than or equal 

to that of the primary tumors [265].  In vitro, E-cadherin expression has been 

shown to promote cell aggregation for breast cancer cells to activate RB-

mediated G1 arrest and cell survival in response to PKC-induced apoptosis 

[266]; thus, it is evident that E-cadherin expression results in phenotypic 

alterations with the formation of cell-cell adhesion, as well as reinstitution of 

growth regulation.  Similarly, E-cadherin expression regulates Bcl-2 

expression and subsequent staurosporine resistance [267], providing 

evidence that the formation of cell-cell bonds may be involved in promoting 

drug-resistance.  Taken together, these studies suggest that the formation of 

cell-cell adhesions during metastatic homing results in a tumorigenic 

phenotype which promotes cancer cell survival.  This provides a dynamic 

regulation for E-cadherin where the breast cancer cells can assume a 
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mesenchymal phenotype to facilitate migration to distant tissues, and they 

can then revert back to an epithelial-like phenotype to promote survival. 

 

Figure 9  The structure and function of E-cadherin in the formation of cell-cell 
adhesions.  Numerous E-cadherin dimers assemble in a zipper-like formation 
between neighboring cells.  Within the cell, β-catenin and α-catenin connect 
E-cadherin to the actin cytoskeleton.  

1.4.2 Cadherin 11 

Another mechanism that appears to be involved in cadherin regulation is a 

phenomenon known as “cadherin switching”; whereby alterations in the 

expression of members of the cadherin family may change a cell’s phenotype 

and function.  This process is important for development [268, 269], 

differentiation [270-272], and wound healing [273], and it is also functional in 

some pathological states, such as cancer [274-276].  The concept is that 

expression of E-cadherin favors epithelial assembly which is modulated by 

the epithelial environment and that transition to expressing mesenchymal 

cadherins, such as cadherin 11, allows the cell to adapt to the mesenchymal 
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environment and become motile.  This process appears to require regulation 

of both cadherins; there is evidence to suggest that E-cadherin expression by 

itself may not be sufficient to suppress invasiveness and that expression 

levels of other cadherin family members may influence cell activity.  In one 

study, the absence of E-cadherin expression did not confer motility, and while 

treatment with E-cadherin blocking antibodies did decrease cell-cell 

adhesion, it did not promote invasion [277].  In another study, when 

expression of cadherin 11 was induced in E-cadherin-positive mammary 

epithelial cells, the cells retained their cell-cell bonds; however, they became 

more invasive [278].  This suggests that E-cadherin and cadherin 11 affect 

the cell phenotype and that the relative expression levels of each protein 

dictate cell behavior.  As such, the current understanding is that both the 

repression of E-cadherin and the expression of mesenchymal cadherins are 

necessary for the migratory phenotype, and the opposite is true for the 

epithelial phenotype [279].  This has been demonstrated in several different 

metastatic cancer cell lines of mammary epithelial origin.  These cells exhibit 

a wild type and a variant form of cadherin 11 expression without expression 

of E-cadherin [280], and the variant is an alternate splice form that appears to 

enhance invasiveness [281], suggesting that a cadherin switch has taken 

place.  Cadherin 11 expression is associated with the mesenchymal 

phenotype [282], and it is the major mesenchymal cadherin associated with 
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the MDA-MB-231 breast cancer cell line used in our model [280, 283].  While 

much is still not known about cadherin 11, there is evidence suggesting that it 

could be facilitating EMT and the migratory phenotype during breast cancer 

progression. 
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1.5 Extracellular microenvironment 

Cells within the human body are organized into tissues with specific 

architecture, and while nearly every cell shares the same genetic information, 

each cell has a specific three-dimensional location within the tissue and a 

specific cell program.  Tissue organization is facilitated through many 

different factors, including cell-extracellular matrix (ECM) and cell-cell 

interactions, soluble ligands, and mechanical force.  These factors 

coordinately regulate critical cell functions, such as cell adhesion, 

proliferation, differentiation, polarity, and survival [284].  There are two 

different tissue classifications, epithelial and mesenchymal, and each type 

has a very distinct morphology and associated extracellular matrix.  Epithelial 

cells reside on a basement membrane [285, 286], and mesenchymal cells 

reside within an interstitial matrix [287].  Tissue organization and 

maintenance are orchestrated through interactions between the various cells 

of both tissues, as indicated in Figure 10.  Epithelial attachment to the 

basement membrane through integrin receptors is necessary for epithelial 

survival, and cancer cells must bypass this process during metastasis.  

Normal epithelial cells that detach from their corresponding ECM undergo 

programmed cell death; this is referred to as “anoikis” which means 

“homelessness” in Greek [288].  Anoikis is a necessary process for 
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developing and maintaining tissue architecture where cells that are not in 

contact with the basement membrane die.  This process is functional during 

vertebrate embryogenesis when the solid embryonic ectoderm is transformed 

into a columnar epithelium surrounding a cavity, where the inner ectodermal 

cells that are not in contact with the basement membrane undergo 

programmed cell death [289].  This process is also functional for hollowing of 

the lumen during mammary gland development [290], as well as mammary 

gland involution where ECM degradation precedes apoptosis [291].  

Malignant cells must overcome anoikis to become metastatic.  To facilitate 

this transition, these cells must activate oncogenes, such as Ras and Src 

[288, 292], and repress tumor suppressor genes, such as p53 [293] and 

PTEN [41].  Dissolution of cell-cell bonds by silencing E-cadherin is also a 

necessary step for cell detachment, and this has become a defining 

characteristic for the EMT that is necessary for metastasis.  Likewise, E-

cadherin is often re-expressed in distant metastases resulting in the cell-cell 

adhesion in the secondary tumors [16].  Integrins can regulate cadherin 

expression and cell adhesion in a similar manner during development in a 

Xenopus model [294].  Also, silencing of E-cadherin during EMT is commonly 

achieved through a reversible mechanism, CpG island methylation [240].  

Metastatic breast and prostate cancer cells whose E-cadherin was silenced 

through DNA methylation have exhibited reformation of cell-cell adhesion and 
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E-cadherin expression in co-culture with hepatocytes [295, 296].  Since 

laminin-1 is a component of the liver basement membrane [297], it seems 

likely that demethylation of the CpG island may be modulated through 

laminin-1-mediated interactions.  Furthermore, associations between DNMT1 

expression levels, CpG island methylation, and cancer progression, suggest 

that DNMT1 may be functional in E-cadherin regulation.  Cells adhere to the 

ECM through the integrin family of cell surface receptors, and understanding 

this interaction provides some insight into potential mechanisms whereby the 

ECM proteins, laminin-1 and collagen I, may modulate different epigenetic 

programs. 
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Figure 10  The complexity of mammary tissue organization.  The various cell 
types of both interstitial matrix (light blue) and the basement membrane (red 
and purple) coordinately regulate mammary development and maintenance. 
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1.5.1 Integrins 

The integrin family of transmembrane proteins facilitates adhesion to the 

ECM and modulates many cellular activities.  In humans, the integrins include 

18 α- and 8 β- subunits, and one α subunit binds to one β subunit to form a 

heterodimeric receptor.  On the cell surface, the integrin complex binds to 

glycoproteins of the ECM, from either the basement membrane or the 

interstitial matrix, to establish a physical link and sensor to the extracellular 

environment, and in some cases, they can bind to members of the Ig 

superfamily expressed on other cells to play some part in cell-cell adhesion 

[298].  Within the cytosol, integrins engage a variety of kinases, small 

GTPases, and scaffolding proteins which modulate a vast network of 

signaling pathways to regulate many critical cellular functions, such as 

proliferation, differentiation, adhesion, apical-basal polarity, motility, and 

survival [299, 300].  Integrins α1, α2, α3, α6, β1, and β4 are expressed in 

normal mammary epithelial, and alterations in expression of these integrins 

have been found with increasing malignancy for breast cancer cell lines and 

mammary tumors [301-304].  Since the integrin complex requires α and β 

subunits, β integrin subunits have become targets for down-regulating the 

activity of their integrin complexes.   
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Overexpression of β4 integrin modulates tumor progression, and β4 integrin 

appears to be both a modulator and effecter of epigenetic regulation.  β4 

integrin is expressed primarily in epithelial cells, and it dimerizes with the α6 

integrin to form the α6β4 heterodimer.  In mammary epithelia, β4 expression 

is limited to the basal layer [305, 306] where is participates in the formation of 

hemidesmosomes [307].  While deletion of β4 integrin in skin results in a 

blistering phenotype [308], inhibition of β4 appears to have little effect on the 

development of mammary epithelium [309], suggesting that inhibition of β4 

integrin does not have a deleterious effect.  β4 integrin can regulate 

numerous cancer-associated genes by modulating their activity or 

expression.  Oncogenic Her-2/neu forms a complex with β4 integrin which 

enhances mammary tumor initiation and invasive growth, and inhibition of β4 

integrin augments the efficacy of Her-2/neu-targeted therapy [310].  

Expression of α6β4 integrin was shown to promote Her-2/neu stability and 

Ras activation [311] and modulate apoptosis-resistance through NF-κβ 

activation [312].  Likewise, α6β4 integrin regulates expression of the 

metastasis promoting factor, S100A4, through activation of Src and Akt, and 

inhibition of S100A4 represses migration, invasion, and anchorage-

independent growth [313].  Recently, it was determined that 36 DNA 

methylation-dependent genes associated with cell motility and metastasis, 

both enhancers and repressors, are modulated by α6β4 expression, and 
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similar expression patterns were induced in α6β4 deficient cells using the 

DNMT inhibitor, 5-aza-dC [314], suggesting that α6β4 integrin may have a 

regulatory role in CpG island methylation.  There is also evidence that β4 

integrin may be regulated by tumor suppressor genes or by epigenetic 

mechanisms.  The tumor suppressor, p53, inhibits α6β4 integrin expression, 

repressing mitogen-activated protein kinase (MAPK) and Akt phosphorylation 

and inhibiting proliferation and invasion [315].  A recent study demonstrated 

that β4 integrin has a large CpG island in its promoter region, and this CpG 

island is unmethylated in basal cells and methylated in luminal cells in 

mammary epithelia.  It was found that expression of β4 integrin is lost during 

EMT, which coincides with methylation of CpG islands within its promoter 

region, a decrease in active histone modifications (H3K9Ac and H3K4me3) 

and an increase in repressive histone modification H3K27me3 [316], as well 

as HDAC1 activity [315], suggesting that β4 integrin expression is 

epigenetically regulated.  This provides some indication of the complexity of 

β4 integrin regulation and its role in cancer progression. 

Unlike β4 integrin, β1 integrin has many α integrin partners and is essential 

for development and differentiation.  β1 integrin associates with at least 12 of 

the 18 α subunits [317], and it is critical for embryonic development [318].  β1 

integrin-containing heterodimers can adhere basally to the basement 

membrane or laterally to function in cell-cell adhesion [319].  Overexpression 
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of a dominant-negative [320] or conditional deletion [321, 322] of β1 integrin 

disrupts both the ductal and glandular architecture of the mammary epithelia.  

Furthermore, β1 integrin is important for mitotic spindle formation during stem 

cell replication [323], and down regulation of β1 integrin gives rise to more 

differentiated progeny [324], suggesting that it plays a role in maintaining the 

stem cell phenotype.   

Similar to β4 integrin, overexpression of β1 integrin is associated with 

neoplastic progression.  In a study of 249 breast cancer patients, high 

expression levels of β1 integrin were associated with decreased 10 year and 

disease-free survival [325].  Likewise, adhesion of α3β1 integrin to laminin-5, 

which is associated with breast cancer invasion, results in dissociation of cell-

cell adhesion [326], and overexpression of β1 integrin in epithelial cells 

induces EMT and cell scattering [327].  Similar to β4 integrin, β1 integrin has 

been shown to associate with Her-2/neu in certain breast cancer cell lines 

[328].  Tumor suppressors are also involved in β1 signaling, where β1 

integrin-mediated activation of PI3K signaling by PKC is regulated by PTEN 

[329].  Furthermore, repression of β1 integrin inhibits cancer progression.  In 

one study, ablation of β1 integrin using a transgenic mouse model 

dramatically impaired tumor initiation [330].  Another study indicated that 

inhibition of β1 integrin was sufficient to reduce malignancy in breast cancer 

cells and to direct organization of the α6β4 integrins [331], indicating that β1 
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integrin may be a potential therapeutic target and that α6β4 assembly may be 

regulated, in part, through β1 integrin.  Likewise, treatment of mammary cell 

lines with β1 integrin- inhibiting antibody represses proliferation and induces 

apoptosis for malignant cell lines but not non-malignant cell lines [332], 

suggesting that the elevated β1 integrin levels in malignant cells are 

necessary for cell survival and that this is not required for the normal 

epithelium.  Furthermore, combination of a β1 integrin-blocking antibody with 

ionizing radiation synergistically inhibits breast cancer growth in vitro and in 

tumor xenographs [333].  Given the success in these recent studies, β1 

integrin represents a promising target for therapeutic intervention. 

1.5.2 Laminin-1 

Laminins are structural ECM proteins that play a role in providing anchorage 

for cells to the basement membrane, and the laminin composition appears to 

be important for development, tissue-specificity, and disease state.  Laminins 

are heterotrimeric glycoproteins that are composed of α, β, and γ subunits.  

There are at least five α, four β, and three γ chains that compose the 18 

different laminin proteins [334, 335].  The α chain expression determines the 

laminin isoform(s) that are found in a tissue.  During embryogenesis, the α1 

chain is heavily expressed in epithelial cells, and as development progresses, 
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α1 chain expression becomes restricted as the expression of other α chains 

direct tissue-specific development [336, 337].  Deletion of α1 chain 

expression is embryonic lethal, and the basement membrane fails to 

assemble in the absence of laminin expression [338, 339].  Alterations in 

laminin expression and isotype have been reported during tumor progression 

[340], and since the basement membrane is lost or penetrated during 

invasion, the laminins are usually degraded, revealing cryptic sites and 

releasing soluble peptides that contribute to tumor dissemination [341, 342].  

The cell surface receptors primarily associated with laminin signaling are the 

integrins; however, a group of non-integrin receptors (including the 67 kDa 

laminin receptor, Dystroglycan, and Heparin sulphate) have been shown to 

modulate biological activity through laminin binding [343].  Laminin-1 is a 

major constituent of the mammary basement membrane [344] and, as such, 

was used to investigate the basement membrane-mediated tumorigenesis for 

breast cancer cell lines. 

Laminin-1 (also known as laminin-111) is a multifunctional, heterotrimeric 

glycoprotein that is composed of α1, β1, and γ1 subunits(also known as A1, 

B1, and B2) that are covalently linked together by disulfide bonds; the 

molecular weights for the subunits are 400 kDa, 210 kDa, and 200 kDa, 

respectively, resulting in an impressive 810 kDa for the assembled protein 

[345].  Laminin-1 has binding sites for other laminin-1 molecules, collagen IV, 
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glycosylaminoglycans (GAGs), and integrin/non-integrin cell surface receptors 

[341].  Laminin-1 forms large polymer networks that function in the assembly 

and organization of the basement membrane [340].   

There is evidence to suggest that laminin-1 may modulate MErT and the 

tumorigenic phenotype by upregulating E-cadherin expression.  Laminin-1 

induces apical-basal polarity for breast [346] and kidney [347] epithelial cells 

and induces mammary epithelial tissue-specific organization [348, 349].  

Expression levels of both laminin-1 and E-cadherin sequentially deteriorate 

with increasing malignancy [11], suggesting some relationship regarding 

regulation.  Laminin-1 modulates resistance to ionizing radiation for breast 

cancer cell lines [350], similar to what has been reported previously for the 

basement membrane. Laminin-1 functions in embryonic development for 

epithelial differentiation and mesenchymal to epithelial transitions (MET) [347], 

providing an existing mechanism for laminin-1-mediated E-cadherin 

expression.  Since metastatic breast cancers have been shown to re-express 

E-cadherin in secondary tumors [16, 264, 265] and since the majority of 

metastatic breast cancers have been shown to silence E-cadherin through 

DNA methylation [166, 240, 253], the re-expression of E-cadherin appears to 

be facilitated by changing CpG methylation and inducing expression.  Taken 

together, these data provide justification for evaluating the epigenetic 
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regulation of E-cadherin expression through CpG island methylation for 

laminin-1.   

1.5.3 Collagen I 

Collagens are structural ECM proteins that play a role in providing anchorage 

for cells to the interstitial matrix, and like laminins, the distribution of collagen 

isotypes appears to confer structural and tissue-specific function.  All of the 

collagens have a right-handed triple helix composed of three α chains.  Some 

collagens have the same α chains (homotrimeric), and some have at least 

one different α chain (heterotrimeric).  There are more than 40 different α 

chains that make up 28 different collagen molecules [351].  The collagens 

can be divided into seven different classes based on structure and 

supramolecular organization; they are fibril-forming, fibril-associated 

collagens (FACIT), anchoring fibrils, network-forming collagens, basement 

membrane collagens, transmembrane collagens, and collagens with unique 

functions [352].  Collagen I is a fibril-forming collagen, and it is the most 

abundant isotype in the human body. 

Collagen I is the major constituent of tendons, skin, ligaments, cornea, and 

most interstitial matrices, and it forms more than 90% of the organic mass of 

the bone.  Collagen I is composed of two α1(I) chains and one α2(I) chain. In 
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vivo, collagen I triple helices usually partner with other isotypes, to elicit 

specific structural characteristics; for example, collagen I/collagen III 

complexes are found in skin and reticular fibers[353], and collagen I/collagen 

V complexes are found in tendon, bone, and cornea[354].  For most tissues, 

collagen I provides tensile and torsional stiffness, and interactions with other 

collagens confer tissue-specificity. 

Collagen I composes the mesenchymal environment, and as a result, it 

imposes rigidity to epithelial tissues and represses epithelial characteristics 

conferred by the basement membrane.  The deposition of collagen I in the 

tumor microenvironment promotes fibrosis and increases tissue rigidity [8].  

This mechanism appears to be modulated through α2β1 integrin; whereby, 

mammary epithelial cells attach to collagen fibrils and undergo altered 

morphogenesis [355].  Similarly, pancreatic cancer cells cultured on collagen 

I undergo EMT, decreasing E-cadherin expression, disrupting cell-cell 

adhesion, and increasing proliferation in a β1 integrin-dependent manner 

[356].  Collagen I was also shown to downregulate the PTEN tumor 

suppressor [13] and to upregulate the mesenchymal N-cadherin [287], 

suggesting that it may be involved with cadherin switching.  Hepatocytes 

cultured on collagen I lose their ability to express liver-specific proteins, such 

as albumin, transferrin, haptoglobin, hemopexin, cytochrome P-450b, and 

cytochrome P-450e; these cells retain expression when cultured on 



 

 

 

 

 

 

72 

reconstituted basement membrane [357].  Similarly, mammary epithelial cells 

cultured on collagen I exhibit a reversal in polarity and lose the ability to 

express the milk protein, β-casein; whereas, the same cells cultured on a 

reconstituted basement membrane exhibit proper apical-basal polarity and β-

casein expression [306, 346].  Collagen I represses basement membrane-

mediated differentiation and confers mesenchymal characteristics, providing 

an excellent interstitial matrix to evaluate alterations in the tumor 

microenvironment.  
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1.6 Hypothesis 

Alterations in cell morphology and cell-cell adhesion during breast cancer 

progression are related to the epigenetic regulation of E-cadherin and coincide 

with changes in the extracellular environment.  While these two events have 

been evaluated independently in the scientific literature, there has been no 

direct correlation between the two.  Given the common outcome, is it possible 

that the extracellular matrix proteins regulate cell-cell adhesion during tumor 

formation by metastatic breast cancer cells, and if so, by what mechanism?  

My hypothesis is that laminin-1 induces E-cadherin expression in breast 

cancer cells by inhibiting DNA Methyltransferase 1 and reversing promoter 

methylation status. 

This hypothesis will be tested using a three-dimensional culture system.  The 

model will be optimized to provide tumor aggregates using a reconstituted 

basement membrane or laminin-1, and it will be evaluated for relative effects of 

cell seeding densities, cell health, and time of culture,  Cells will also be 

evaluated for invasive potential and the effect of inhibitors to β1 integrin, ERK, 

and PI3K on cell morphology.  Using the optimized model, cells will be 

analyzed by microscopy for changes in morphology, cell-cell adhesion, and 

multicellular structure assembly in response to ECM proteins, and they will be 

evaluated for E-cadherin expression and localization by immunocytochemistry.  
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Whole cell lysates will be subjected to western blot analysis to determine 

relative protein expression for E-cadherin, cadherin-11, and DNMT1 as a 

consequence of time and ECM composition.  Purified RNA will be evaluated 

for E-cadherin expression in response to ECM proteins, and purified DNA will 

be examined to determine the promoter methylation status for the E-cadherin 

gene (CDH1).   
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2.0   CHAPTER I: OPTIMIZING MAMMARY EPITHELIAL 3D 

CULTURE 
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2.1 Introduction 

Over the past two decades the significance of extracellular microenvironment 

regulation over epithelial development has become better understood.  The 

composition of the extracellular proteins appears to have a distinct role in 

coordinating cellular morphogenesis which is necessary for tissue 

organization and function.  While cell culture on tissue culture-treated (TCT) 

plastic has become a valuable tool, there is a discontinuity between the 

structure and function seen in living tissues and cell behavior on TCT plastic.  

More recently, a cell culture methodology has been employed to fill the gap; 

there has been a shift towards examining cells in three-dimensional (3D) 

culture models which provides a more physiological predictive model.  In 3D 

culture, a thick hydrogel scaffold is applied to the standard TCT plastic 

labware, and cells are suspended in the hydrogel to prevent contact with the 

underlying plastic labware.  The hydrogel provides ligands for cell surface 

receptors, such as integrins, to initiate specific cell programs and a malleable 

surface allowing the cells to form distinct structures.  While there are some 

synthetic hydrogels that provide the structural scaffold, they generally lack 

the signaling components necessary for biological activity.  As a result, the 

most reliable and biologically active 3D culture matrices are extracted from 

living tissues.  The basement membrane extract (BME), also known as 
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Matrigel, which is isolated from the Engelbreth-Holm-Swarm (EHS) murine 

tumor has proved to be an indispensable tool for evaluating the impact of the 

basement membrane on epithelial development [286].  Similarly, the isolation 

of collagen I from rat tail tendons has also been valuable for studying cell 

interactions with the interstitial matrix [358].  It was first reported that Sertoli 

cells from 10 day old rats formed polarized monolayers when cultured on top 

of the BME and cords when cultured within the matrix, and these cells 

exhibited elevated levels of androgen binding protein and transferrin [359], 

assuming similar structure and function as seen in vivo.  Soon after, 

mammary epithelial cells (MECs) cultured on BME were reported to produce 

the milk protein, β-casein, which is indicative of differentiation [360].  Later 

studies showed that MECs can assemble into glandular structures similar to 

what is seen in vivo, and these spheroids undergo growth arrest, lumen 

formation, apical-basal polarity, basal lamina organization, and vectorial 

secretion [285], resulting in an alveolar-like morphogenesis.  Similar results 

were also reported for hepatocytes cultured on BME.  Here, they exhibited 

significantly higher expression levels of liver-specific proteins, such as 

albumin, transferrin, haptoglobin, and hemopexin, and the cells could be 

induced to produce several different cytochrome P-450 proteins [357, 361].  

The differentiated phenotypes that are induced by BME mimic the in vivo 

tissue architecture for epithelial cells, and this process has not been 
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observed with the interstitial matrix protein, collagen I, providing evidence 

that the basement membrane modulates epithelial organization and function.  

Alternatively, collagen I interacts with mesenchymal cells that reside within 

the interstitial matrix.  Collagen I promotes fibroblast cell-ECM adhesion and 

migration [362].  Collagen I is also functional in both osteoblast [363] and 

adipocyte [364] differentiation, and collagen I has been used to model IL-1-

induced osteoarthritis for therapeutic evaluation [365].  3D culture models 

using BME and collagen I recapitulate the ECM environments and modulate 

the tissue architecture and function for epithelial and mesenchymal cells, 

respectively.  

Once it was established that the 3D culture models could support the 

development of the proper tissue architecture and the induction of tissue 

function, they were quickly incorporated in the study of breast cancer 

progression.  Epithelial cells cultured on plastic substrata or on collagen I 

exhibit differences in morphology.  3D BME culture can differentiate normal 

from malignant cells, and it can discern differences in the extent of 

malignancy.  While normal cells will grow into polarized acini exhibiting 

growth arrest and lumenal hollowing [366], adenocarcinoma that exhibit the 

same morphology on plastic substrata will grow into large aggregates, devoid 

of growth arrest, luminal hollowing, or polarization.  In fact, breast cancer 

cells exhibit four different morphologies in 3D BME culture:  round, mass, 
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grape-like, and stellate, and these morphologies appear to exhibit distinct 

invasive properties, as well as gene and protein expression profiles [367].  In 

general, the specific 3D morphology can be associated with tumor 

progression.  The round cells represent hyperplasia where there is a loss of 

growth control, and the mass cells signify dysplasia where the cells have an 

altered cellular morphology.  The grape-like cells correspond to carcinoma in 

situ with further cellular disorganization and loose cell-cell adhesion, and the 

stellate cells resemble invasive carcinoma with an elongate cell body, similar 

to fibroblasts, and the formation of invasive processes.  The 3D culture model 

provides a physiological predictive model for studying breast cancer 

progression. 

The purpose of this study is to identify the variables related to 3D culture and 

optimize conditions to provide the most relevant and reproducible results. 
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2.2 Materials and methods 

2.2.1 Cell culture 

Mammary epithelial cell lines MCF-10A, MCF-7, and MDA-MB-231 were 

obtained from the American Type Cell Culture Collection, Manassas, VA, 

USA.  MCF-10A were maintained in DMEM, containing 5% horse serum 

(HS), 20 ng/ml hEGF, 0.5 mg/ml Hydrocortisone, 100 ng/ml Cholera Toxin, 

10 µg/ml Insulin, and 1X Pen/Strep.  MCF-7 and MDA-MB-231 were 

maintained in DMEM, 5% fetal bovine serum (FBS).  All cells were 

maintained at 37°C, 5% CO2. 
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Table 7  Cancer cell lines used for these studies. 

Cell 
Line 

Tissue Patient Morphology Karyotype Tumorigenicity 

MCF-
10A 

Fibroadenoma 
of the breast 
from a woman 
with fibrocystic 
disease; breast 
reduction 
mammoplasty. 

36 year 
old white 
female 

adherent; 
epithelial 

Normal 
diploid; 
except for a 
stable 
t(3:9)(3p12:
9p22) 

Non-tumorigenic 

MCF-7 

Breast adeno-
carcinoma 
metastasis; 
pleural effusion 

69 year 
old white 
female 

adherent; 
epithelial 

hyper-
triploid/ 
hypo-
tetraploid 

Estrogen-
dependent for 
growth; low 
metastatic 
potential 

MDA-
MB-231 

Breast adeno-
carcinoma 
metastasis; 
pleural effusion 

51 year 
old white 
female 

adherent; 
fibroblastic 

hypo-
tripliod 

Highly metastatic; 
lung nude mice 

 

2.2.2 Cell invasion assay 

Mammary epithelial cells were culture as indicated, and the normal culture 

medium was replaced with serum-free medium 16 hours prior to starting the 

assay.  Boyden inserts (96 well) containing 8 micron polyester (PET) 

membranes were coated with 90 µg/cm2 basement membrane extract.  Cells 
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were then harvested using trypsin-EDTA and diluted to 250,000 cells/ml in 

serum-free medium.  The top chamber was filled with 100 µl of cells in serum-

free medium (25,000 cells), and the bottom chamber was filled with 150 µl of 

cell culture medium containing 10% FBS.  Chambers were incubated at 37°C, 

5% CO2 for 24 hours to allow for cell invasion.  The cells were then washed 

with PBS, and simultaneously labeled with calcein am and dissociated from the 

top chamber into the bottom chamber.  Cellular fluorescence was then 

quantitated using a BMG FluoStar Optima plate reader.  Samples were run in 

quadruplicate. 

2.2.3 3D culture 

Mammary epithelial cell lines were grown in 3D culture using the “top assay”.  

Unless otherwise noted, tissue-coated plates were coated at 220 µl/cm2 with 

either rat collagen I (2 mg/ml) or BME (14 mg/mL), and cells were seeded in 

assay media containing either 2% collagen I or BME, respectively.  For 

optimal morphology, MCF-10A cells were seeded at 5,000 cells/cm2; MCF-7 

and MDA-MB-231 were seeded at 25,000 cells/cm2.  The assay medium for 

MCF-10A was DMEM containing 2% HS, 20 ng/ml hEGF, 0.5 mg/ml 

hydrocortisone, 100 ng/ml cholera toxin, 10 µg/ml insulin, and 1X Pen/Strep.  

The assay medium for MCF-7 and MDA-MB-231 was DMEM containing 5% 
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FBS.  3D cultures were maintained at 37°C, 5% CO2, and medium was 

changed every three days as indicated in Figure 11. 

 

 

Figure 11  Progression of the 3D culture BME assay for the invasive MDA-
MB-231 cell line.  Cells continue to proliferate until day 6; cells begin to 
migrate and assemble after day 1; and cell-cell adhesions begin to form by 
day 4. 

2.2.4 3D proliferation assay 

3D cultures were established and maintained as indicated above in 96 

stripwell plates (Corning, Corning, NY, USA), and stripwells were separated 

and assayed at 0, 24, 48, 72, 96, 120, 144, 168, 192, 240, 288, and 332 
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hours.  For determination of cell number, 15 µl of 7.5 mM water soluble 

tetrazoluem were added per well, and samples were incubated for 2 hours.  

Cells metabolize substrate to form a soluble yellow product that absorbs at 

450 nm.  After subtracting the background for each condition, absorbance 

values were compared to a standard curve to determine cell number.   

2.2.5 Laminin-1 induced morphogenesis 

Laminin-1 was diluted in sterile water to 2000, 1000, 500, 125, and 50 µg/ml, 

and 500 µl of solution was placed in each well and allowed to dry.  The 

proteins were rehydrated using serum-free DMEM.  MDA-MB-231 cells were 

seeded at 50,000 cells per well and incubated for 48 hours at 37°C, 5% CO2, 

and then each well was photographed. 

2.2.6 Laminin-1 induced morphogenesis 

Media were prepared with inhibitors for β1 integrin, extracellular signal-

regulated kinase (ERK) (PD98059), and PI3K (LY294002) in DMEM with 5% 

FBS.  The working concentrations for inhibitors are as follows: β1 integrin- 

blocking antibody clone 1D1 (Beckman Coulter) (1:400), PD98059 (10 µM), 

and LY294002 (5 µM).  Preparations were made for β1 integrin ab, PD98059, 

LY294002, PD98059/LY294002, β1 integrin ab/PD98059, β1 integrin 



 

 

 

 

 

 

85 

antibody/LY294002, and β1 integrin ab/PD98059/LY294002.  Cells were pre-

incubated with inhibitors for 15 minutes and 50,000 cells were seeded in a 48 

well plate, and incubated for 48 hours at 37°C, 5% CO2. 



 

 

 

 

 

 

86 

2.3 Results 

2.3.1 Characterization of mammary cells based on morphology 

The composition of the ECM environment is very important in determining 

structural morphology.  In Figure 12, plastic and collagen I confer similar 

morphologies to all three cell lines using the top assay.  Both MCF-7 and 

MCF-10A maintain cobblestone morphologies.  The MDA-MB-231 cells retain 

a fibroblast-like morphology; however, the cells cultured in collagen I appear 

thinner and more spindle-shaped.  It is most likely that the non-specific 

interactions that occur between these cell lines and plastic are similar to the 

specific interactions present between the cell lines and the collagen I 

hydrogel.  All three cell lines assume distinctive morphologies when cultured 

on the BME.  The normal MCF-10A cells form small acini, exhibiting luminal 

hollowing and growth arrest, as seen in vivo.  The malignant MCF-7 cells 

grow as spheroids, and the MDA-MB-231 cells grow as disorganized 

branching aggregates.  Neither cancer cell line, MCF-7 or MDA-MB-231, 

exhibited luminal hollowing or growth arrest.  The different levels of 

malignancy reveal very different morphologies in the 3D BME culture, going 

from a normal glandular to a highly metastatic form.  As demonstrated later, 

eliciting these morphologies does require optimization of cell seeding and 

culture conditions. 



 

 

 

 

 

 

87 

 

 

 

Figure 12  Morphology on plastic versus 3D collagen I and 3D BME for 
normal, malignant, and invasive breast cells. Horizontally, cells in the top 
panels are normal (MCF-10A); cells in the middle panel are malignant (MCF-
7); and cells in bottom panel are malignant (MDA-MB-231).  Vertically, the 
panel on the left represents cells cultured on plastic; the middle panel is 3D 
collagen I, and the right panel is 3D BME.  
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2.3.2 Characterization of mammary cells based on invasiveness 

The invasiveness of breast cancer cell lines can be evaluated in vitro and 

provides a direct correlation to their cell morphology and metastatic potential.  

As depicted in Figure 12, the MCF-10A and the MCF-7 cell lines exhibit similar 

morphologies in all three culture models.  However, the MCF-7 cell line forms 

larger aggregates without lumenal hollowing, and this may be attributed to loss 

of growth control and tissue organization associated with adenocarcinoma.  

The MDA-MB-231 cell line exhibited distinct morphologies in all three cultures, 

assuming a more fibroblast-like morphology on plastic and collagen I, and a 

scattered, branching morphology that invades into the BME, suggestive of 

EMT and invasive carcinoma [368, 369].  To assess the invasiveness of the 

different mammary epithelial cells, these cells were evaluated for their ability to 

invade through a reconstituted basement membrane in a modified Boyden 

chamber assay.  A Boyden chamber is composed of two compartments that 

are separated by a porous membrane, an upper chamber and a lower 

chamber.  The membrane is coated with BME to recapitulate the barrier 

function of cell containment for the basement membrane [370].  The cells are 

usually serum-starved, and placed in the top chamber.  Concurrently, serum-

containing medium is placed in the bottom chamber.  The serum-containing 

medium slowly diffuses through the basement membrane creating a 
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concentration gradient, and various growth factors and other cytokines within 

the serum can stimulate a chemotactic response from invasive cells.  While 

non-invasive cells will attach to the basement membrane without disturbing it, 

the invasive cells degrade the basement membrane proteins and undergo 

cytoskeletal rearrangements to traverse the matrix and porous membrane to 

the bottom chamber [371].  The cells that traverse the membrane can be 

counted manually or they can be quantitated via reagents that quantitate cell 

number.  Here, the MCF-10A and the MCF-7 do not invade through the BME; 

alternatively, the MDA-MB-231 cells do invade through the BME (Figure 13).  

These results support the morphologies that are seen in the 3D BME culture. 
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Figure 13  Evaluating the metastatic potential of the breast cancer cell lines 
using a Boyden chamber containing a PET membrane with 8 micron pores 
that are occluded with 90 µg/cm2 BME in response to 10% FBS.  The normal 
(MCF-10A) and malignant (MCF-7) cell lines were virtually non-invasive in 
this assay; alternatively, nearly 80% of the invasive (MDA-MB-231) cells 
invaded through the reconstituted basement membrane. 

2.3.3 Mammary epithelial cells must be healthy for 3D culture 

The transition from 2D culture to 3D culture may be very stressful for most 

cell lines, and as a result good cell “health” is critical for a successful 3D 

culture.  In most instances, cell lines are still cultivated and expanded on 

tissue culture-treated plastic prior to placing them into the 3D environment.  

During the 2D culture, the cells must adapt to the new environment, and once 

adapted, most adherent cell lines exhibit accelerated proliferation rates on 

tissue culture-treated plastic making it ideal for expansion.  While the 3D 
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BME culture may present a more physiological environment for these cells, 

the cells still must re-adapt to this environment.  These changes in adhesion 

ligands and surface density require a healthy cell population to make this 

transition.  When all or part of this cell population is suboptimal, the resulting 

3D culture will be suboptimal.  One good example is examining cells that are 

being reintroduced into cell culture after cryostorage.  Cryopreservation is 

generally a harsh process, and there are many variables that can affect cell 

viability [372].  In culture, the healthy cell population must be given time to 

overtake the sluggish and dead populations and adapt to the cell culture 

conditions.  It is also important not to allow cells to become too confluent 

because their cell cycle will slow, diminishing their ability to respond to the 

new environment.  In Figure 14, MCF-10A cells have been taken from 

cryostorage and placed into 3D culture after a different number of passages 

in 2D culture.  After the first passage, there are several single cells and small 

cell aggregates.  After the second passage, there are a few large cell 

aggregates, but still many of the smaller aggregates remain.  After the third 

passage, we see a population of multicellular acini of homogenous size.  

Results may vary based on cell types and cell lines; in general, non-

malignant cells are more sensitive to insult, harder to culture, and may 

require more passages.  Alternatively, more aggressive tumor cells are more 
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resilient, can adapt to new environments quickly, and may require fewer 

passages. 

 

Figure 14  Cell passage number after cryopreservation is important for 3D 
culture.  The cells are A) monolayer prior to starting the assay; cells seeded 
after the B) first passage, C) second passage, and D) third passage.  (Figure 
3 from Advancing science and technology via 3D culture on basement 
membrane matrix, Benton, G., et al., Journal of Cellular Physiology, 221(1), 
Copyright@2009 Wiley-Liss, Inc., A Wiley Company) [373]. 
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2.3.4 Gel thickness impacts cell morphology 

Another variable that has shown some potential for altering cell morphology 

is the thickness of the ECM hydrogel utilized for the 3D culture.  Given that 

the matrix must keep the cells suspended to allow for three dimensional 

growth, it is only logical that there are minimal requirements for gel thickness.  

To illustrate this point, the malignant, MDA-MB-231, cells were added to wells 

containing various thicknesses of BME hydrogel, see Figure 15.  At 0.83 mm 

gel thickness, we see that the cells have invaded through the matrix and 

begun growing as a monolayer on the underlying plastic.  It appears that 1.0 

mm is the minimal thickness to support cell differentiation and prevent 

monolayer formation.  Next, we looked at variations in cell assembly in the 

wells that support 3D culture.  There appears to be a progression from long 

branching structures at 1.0 mm to discrete aggregates at 1.5 mm gel 

thickness.  These effects are most likely the result of mechanotransduction, 

where changes in gel thickness are inducing changes in gel stiffness, and the 

cells react to this mechanical stimulus by altering their morphology. 
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Figure 15  Thickness of BME hydrogel influences cell morphology in MDA-
MB-231 metastatic breast cancer cells. Wells were coated with 0, 15, 20, 25, 
30, 35, 40, or 45 µl, respectively, of BME prior to assay.  (Figure 2 from 
Advancing science and technology via 3D culture on basement membrane 
matrix, Benton, G., et al., Journal of Cellular Physiology, 221(1), 
Copyright@2009 Wiley-Liss, Inc., A Wiley Company) [373]. 

2.3.5 Seeding density impacts cell morphology 

For a given cell line, cell seeding densities may be one of the most important 

factors in setting up a 3D culture model.  Paracrine interactions between cells 

appear to influence cell aggregation, motility, and even viability.  Whether 

structures resulting from one density are any more significant than those 

resulting from another is debatable, but the end result is important depending 
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on the type of analysis that is used.  Here, we assess structure formation 

after 96 hours of 3D culture for all three cell lines. 

The normal, MCF-10A, cells form larger cell aggregates at higher seeding 

concentrations.  At the lowest cell density (3515 cells/cm2), the cells remain 

viable, and the structure size is more homogeneous, as seen in Figure 16.  

As the seeding density increases, we see the accumulation of larger cell 

aggregates.  When density reaches 112,480 cells/cm2, the cells amass into a 

large single aggregate, and the morphologies of these large aggregates are 

most likely due to assembly and then contraction.  For assays evaluating 

acinar formation, cell densities around 3,515 cells/cm2 are optimal because 

this minimizes the formation of large cell aggregates and maximizes 

heterogeneity of structure size.   
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Figure 16  MCF-10A cell morphologies on BME.  Horizontally, cells were 
seeded at 3,515; 7,030; 28,120; and 112,480 cells/well, and vertically, photos 
were taken after 24, 48, and 96 hours.  (Figure 4A from Advancing science 
and technology via 3D culture on basement membrane matrix, Benton, G., et 
al., Journal of Cellular Physiology, 221(1), Copyright@2009 Wiley-Liss, Inc., 
A Wiley Company) [373]. 
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The malignant, MCF-7, cells assemble into larger aggregates with increasing 

cell densities.  There is a subtle increase in aggregate size from 3,515 to 

28,125 cells/cm2 and a notable increase in the quantity of aggregates within 

this range, as seen in Figure 17.  From 7,030 to 28,120 cells/cm2, aggregate 

quantity remains similar while the aggregate size appears to increase.  At 

112,480 cells/cm2, the aggregates begin to coalesce into a network-like 

morphology.  Since this cell line represents a malignant carcinoma with a low 

invasive capacity, most 3D culture models will assess factors that limit cell 

proliferation, promote cell death, or revert cells to a normal phenotype.  For 

the first two scenarios, a cell density of 28,120 cells/cm2 would promote 

viability and allow for further expansion. 
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Figure 17  MCF-7 cell morphologies on BME.  Horizontally, cells were 
seeded at 3,515; 7,030; 28,120; and 112,480 cells/well, and vertically, photos 
were taken after 24, 48, and 96 hours.  (Figure 4B from Advancing science 
and technology via 3D culture on basement membrane matrix, Benton, G., et 
al., Journal of Cellular Physiology, 221(1), Copyright@2009 Wiley-Liss, Inc., 
A Wiley Company) [373]. 
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Structure formation is seeding density-dependent for the metastatic, MDA-

MB-231, cells in 3D culture.  These cells have a low viability at 3,515 

cells/cm2, and structure assembly at 7,030 cells/cm2 appears to be subtle, as 

seen in Figure 18.  At 28,120 cells/cm2, we see the formation of cell 

aggregates with branching processes, and at 112,480 cells/cm2, we see the 

formation of networks with branching processes.  These networks continue to 

thicken in density until the well is completely saturated with cells at 450,000 

cells/cm2 (data not shown).  The structures formed at 28,125 cells/cm2 are 

most commonly utilized for assessing tumorigenicity in vitro and ex vivo.  The 

networks formed at 112,480 cells/cm2 have also been used to assess 

malignancy, where preventing network formation was correlated with 

inhibiting progression.  Given the dramatic effect on structural morphology, 

this model provides an excellent example of how critical proper seeding 

densities are. 
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Figure 18  MDA-MB-231 cell morphologies on BME.  Horizontally, cells were 
seeded at 3,515; 7,030; 28,120; and 112,480 cells/well, and vertically, photos 
were taken after 24, 48, and 96 hours.  (Figure 4C from Advancing science 
and technology via 3D culture on basement membrane matrix, Benton, G., et 
al., Journal of Cellular Physiology, 221(1), Copyright@2009 Wiley-Liss, Inc., 
A Wiley Company) [373]. 
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2.3.6 Optimization of assay period 

Time of cell culture will also have a dramatic effect on the outcome of a 3D 

culture.  This will be largely dependent on the aim of the experiment.  As we 

see in Figure 19, the normal mammary epithelial cells will proliferate and 

assemble into acini until about day 10.  The cells begin to exhibit apical basal 

polarity as early as day 4, and between days 8 and 12 cells within the lumen 

will undergo apoptosis to allow for luminal hollowing.  Molecular interactions 

affecting any of these specific functions must be captured within the given 

time frame, or they will be missed. In contrast, the optimal culture time for 

MCF-7 and MDA-MB-231 is around 6 days.  Given a sufficient seeding 

density to ensure propagation, most cancer cells will continue to grow until 

they have exhausted the resources of the culture, and then the culture will 

begin to die.  If these cell aggregates were being evaluated in a 

tumorigenicity assay, it would be important to know the time required to reach 

maximum culture capacity so that the collapse of the culture does not 

adversely affect the results.  
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Figure 19  Cellular proliferation in 3D culture for laminin-1 and collagen I.  
Cells were seeded at 5,000 cells/well and cell number was measured daily 
for 14 days for A) MCF-10A, B) MCF-7, and C) MDA-MB-231. 



 

 

 

 

 

 

103 

2.3.7 Laminin-1 induces BME morphology 

Laminin-1 is a primary component of the basement membrane, and it 

supports morphogenesis of the MDA-MB-231 cells in a dose-dependent 

manner.  Below the threshold of 125 µg/cm2, cells do not undergo any 

noticeable morphogenesis (Figure 20).   At 125 µg/cm2, the cells start to align 

and form cell-cell adhesions.  By 500 µg/cm2, the cells form two-dimensional 

networks, and at 1000 µg/cm2, the cells form three-dimensional networks.  

Around 2000 µg/cm2, the cells begin to form aggregates with invadopodia, 

similar to what is seen with 3D BME culture.   
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Figure 20  Laminin-1 induces a similar morphology to BME in a dose-
dependent manner.  Laminin-1 was coated onto 48 well plates at 0, 50, 
125, 500, 1000, and 2000 µg/cm2 prior to assay, and assays were 
conducted over a 4 day period. 

2.3.8 Inhibition of ERK, PI3K, and β1 integrin modulate a more 

differentiated phenotype 

There are numerous signal transduction pathways that are regulated by the 

ECM.  Many of these pathways are modulated through the integrin family of 
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cell surface receptors.  The β1 integrin is elevated in many breast cancer cell 

lines, and inhibition of β1 integrin signaling inhibits malignancy and even 

promotes a normal phenotype.  This signaling was proposed to involve ERK 

and PI3K, and these pathways may also be activated by integrin-independent 

pathways [420].  To evaluate whether these mechanisms may be modulating 

the differentiated phenotypes that are induced by BME and laminin-1 in 3D 

culture, inhibitors were evaluated alone and in concert to determine if these 

pathways may be involved.  While there appeared to be slight alterations in 

phenotype, none of the inhibitors by themselves inhibited cell scattering.  

However, the ERK inhibitor (PD98059) and the PI3K inhibitor (LY294002) did 

appear to inhibit cell scattering and promote a less mesenchymal phenotype 

when used in the presence of the β1 integrin-blocking antibody (Figure 21).  

This suggests that the β1 integrin is signaling though pathways other than 

PI3K and ERK, and PI3K and ERK are being modulated through an 

additional mechanism besides β1 integrin. 
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Figure 21  Inhibition of ERK and/or PI3K in the presence of β1 integrin-
blocking antibody promotes a more differentiated phenotype.  Cells were pre-
incubated with inhibitors for 15 minutes, seeded at 50,000 cells/well, and 
incubated at 37°C, 5% CO2 for 48 hours.  
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2.4 Discussion 

Embedding mammary epithelial cells in a 3D BME culture hydrogel induces 

mammary-specific structure and function in response to the basement 

membrane.  Previous studies indicate that normal epithelial cells undergo 

differentiation to form alveolar-like acini that are capable of producing milk 

proteins.  Breast cancer cells assume specific morphologies with similarities in 

gene and protein expression levels, and these structures exhibit increasing 

disorganization that is associated with increasing malignancy.  Similarly, the 

MCF-10A, normal mammary epithelia, exhibits a glandular morphology with 

apical-basal polarity and a hollow lumen, and these structures have been 

reported to undergo growth arrest and produce milk proteins [360, 366].  The 

MCF-7, adenocarcinoma, undergoes unregulated replication and grows as 

solid aggregates, devoid of mammary-specific function, and while these cells 

have been shown to be estrogen-responsive, this was not evaluated in our 

model.  The MDA-MB-231, invasive carcinoma, exhibits a disorganized 

morphology with invasive lamellipodia extending into the surrounding matrix 

(Figure 12).  The MCF-10A and MCF-7 cell lines did not exhibit invasive 

capacity in a modified Boyden chamber assay, while the MDA-MB-231 cells 

did (Figure 13), and this activity corresponds to their associated morphologies.    
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To properly implement a 3D culture system, the variables associated with 

these models must be identified and controlled to provide the most 

physiologically relevant and predictive model.  The health of the cells prior to 

starting the assay is very important.  Unhealthy cells may not survive the 

adaption to the 3D culture system.  For most established cell lines, new 

cultures are started from cryopreserved stocks.  During the cryopreservation 

process, the cells enter an arrested state where their metabolism slows and 

eventually stops [374].  This process is especially harsh, and the cells can 

easily become damaged.  As a result, there are generally populations of 

unhealthy cells that exhibit diminished growth capacity or cell death.  By 

subsequent passaging of these cells, the unhealthy, dead, or dying cell 

populations are diluted out, resulting in a healthy and actively-dividing cell 

culture (Figure 14).  These cells provide the optimal population for starting the 

3D culture.   

In preparation for the 3D culture, the hydrogel thickness may also affect the 

resulting morphology of the structures that are formed, and this appears to be 

a result of matrix rigidity.  The thinner hydrogels promote more tubular and 

branching morphogenesis which has been associated with increase in surface 

stiffness [8].  While the thicker hydrogels still elicit invadopodia formation, they 

are devoid of tubular assembly (Figure 15).  This suggests that the matrix 

thickness/stiffness plays a critical role in modulating cell morphology, and as a 
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result, it is important to use the same thickness BME matrix in all experiments.  

This may also explain some variation in cell behavior between different 

laboratories for certain applications. 

When starting the assay, the cell seeding densities are critical for the resulting 

morphology.  For the MCF-10A cells, sparse seeding is needed so that single 

structures may grow into individual acinar structures.  When the seeding 

density is too high, the cells coalesce, resulting in heterogeneous size and 

distribution, and this also contributes to abnormal structure formation, as seen 

in Figure 16.  The MCF-7 cells also appear to coalesce at higher seeding 

densities; however, they do not appear to grow as well at lower concentrations 

(Figure 17), suggesting the need for paracrine interactions.  The MDA-MB-231 

cells also do not appear to grow as well when sparsely seeded.  They form 

structures with invadopodia at 28,120 cells/cm2, and they form networks at 

higher cell concentrations (Figure 18).  Given the distinctions in structural 

development, it is important to maintain seeding densities throughout a 3D 

culture study. 

The assay period is also very important for 3D culture.  Here, it is apparent that 

structural development is well underway within the first 96 hours of the assay 

(Figure 16, Figure 17, and Figure 18).  Cell proliferation assays indicate that all 

three cell lines show a steady increase in cell number over a six day period.  At 

this point, the MCF-10A cells undergo growth arrest in the 3D BME culture, 
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and the plastic culture begins to decline, suggesting that it has reached 

capacity.  Similarly, both MCF-7 and MDA-MB-231, neither of which 

undergoes growth arrest, also begin to decline after day 6, which also appears 

to be a limitation of how many cells the culture can support.  This provides a 

finite period of time in which to observe structural changes and collected 

samples for biochemical analysis. 

It was also determined that purified laminin-1 protein in a dose-dependent 

manner can modulate a similar differentiated phenotype as BME for 3D 

culture.  There appears to be a threshold related to the modulation of structural 

assembly (Figure 20), not unlike what was seen with the BME in evaluating gel 

thickness (Figure 15).  Above this threshold, the MDA-MB-231 cells first 

formed branching structure, and at higher concentrations, they formed cell 

aggregates. 

To evaluate potential mechanisms involve in this morphogenesis.  Cells were 

treated alone on in concert with β1 integrin-blocking antibody, ERK inhibitor 

(PD98059), and PI3K inhibitor (LY294002).  While none of these potentiated 

the differentiated phenotype alone, inhibition of ERK or PI3K in the presence of 

the β1 integrin-blocking antibody did result in partial differentiation, 

characterized by a less fibroblastic morphology and diminished cell scattering 

(Figure 21).  While these inhibitors did elicit some effect, it appears that there 

are likely additional mechanisms required to modulate a full reversion. 
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These results provide insight into the potential variables that can affect the 

resulting physiology and cellular program.  They also suggest that the BME-

mediated morphogenesis is modulated by laminin-1, and this effect involves β1 

integrin.  These parameters need to be strictly regulated throughout the course 

of the 3D BME culture to ensure physiological relevance and reproducibility.  
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3.0 CHAPTER II: LAMININ-1 INDUCES E-CADHERIN EXPRESSION 
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3.1 Abstract 

This study determines the role of laminin-1 in promoting metastatic 

colonization during breast cancer.  For this purpose, human mammary 

epithelial cell lines representing normal (MCF-10A), adenocarcinoma (MCF-

7), and malignant carcinoma (MDA-MB-231) were propagated in 3D cultures 

composed of laminin-1, collagen I, or mixtures of the two and analyzed by 

Western blot, immunocytochemistry, semi-quantitative Reverse Transcription 

Polymerase Chain Reaction, and Methylation Specific PCR.  Here, we 

demonstrate that laminin-1 decreases methylation of the E-cadherin 

promoter, resulting in increased mRNA and protein expression for malignant 

mammary epithelial cells.  This decreased methylation is associated with 

dramatic changes in the cellular and structural morphology as well as a 70-

fold decrease in DNA methyltransferase 1 (DNMT1) and a six-fold decrease 

in cadherin 11 protein expression.  To control for specificity of laminin-1 

interactions, cells were also cultured on 2 dimensional (2D) plastic substrata, 

and collagen I hydrogels for analysis, and the MCF-10A and MCF-7 were 

used as non-malignant controls. Using a 3D model, we present evidence that 

laminin-1 is capable of inducing epigenetic change by inhibiting expression of 

DNMT1 and preventing methylation of the E-cadherin promoter, resulting in 
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E-cadherin expression and the formation of cell-cell bonds in malignant 

carcinoma. 

 

 

 

3.2 Introduction 

Tumor metastasis occurs when individual cells from the primary tumor 

develop the ability to detach and colonize distant tissues.  Early in 

metastasis, cancer cells undergo an EMT, abolishing cell-cell adhesion, 

detaching from the basement membrane, and migrating until they identify a 

new location conducive to cell growth [376].  During metastatic colonization, 

the neoplastic cells undergo what has recently been termed a Mesenchymal 

Epithelial reverting Transition (MErT), re-establishing cell-cell adhesions and 

growing into secondary tumors [16].  Throughout the metastatic process, 

malignant carcinoma exhibit the ability to transition between two distinct 

phenotypes based on the ability to form cell-cell adhesions, and as a result, 

expression levels of E-cadherin, the molecule responsible for the formation of 

epithelial adherens junctions, has become an important indicator for these 

transitions. 



 

 

 

 

 

 

115 

For malignant neoplasia, E-cadherin expression coincides with cell 

phenotype.  During epithelial adhesion, cell surface E-cadherin molecules 

from one cell interact with those of neighboring cells to form adherens 

junctions between cells; while within the cell, the intracellular portion of E-

cadherin interacts with cantenins that bind the actin cytoskeleton [377-379].  

As a result, E-cadherin provides a structural link between adjacent cellular 

cytoskeletons, which is important for tissue architecture.  For neoplastic cells 

to become metastatic, they must decrease E-cadherin expression and break 

these cell-cell adhesions, providing a transition from tumorigenic (epithelial) 

to migratory (mesenchymal) phenotype [216, 380], and then they must 

increase E-cadherin expression and re-establish these adhesions, reverting 

back to the tumorigenic phenotype for the formation of metastases [381, 

382].  This has been modeled for E-cadherin-negative human carcinoma in 

vivo for prostate cancer cell lines; however, in vitro models have been limited 

to co-culture models due to the numerous unidentified factors involved [295]. 

In many cases, epigenetic silencing is responsible for regulating E-cadherin 

expression during neoplastic progression.  The most common epigenetic 

DNA modification is the methylation of the 5-position of the cytosine of the 

CpG dinucleotide [383].  These CpG dinucleotides exist in clusters, known as 

CpG islands, within promoter regions and methylation of these CpG islands 

results in recruitment of methyl CpG binding proteins which block 
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transcriptional activation and subsequent gene expression [133].  CpG 

islands have been identified in the promoter regions of E-cadherin [240, 253], 

as well as in many other tumor suppressor genes [384], acting as a 

regulatory mechanism during cancer progression.  There are at least three 

methyltransferases known to mediate CpG methylation; they are DNA 

methyltransferase 1 (DNMT1), DNA methyltransferase 3a (DNMT3a), and 

DNA methyltransferase 3b (DNMT3b).  DNMT1 is the most prevalent DNMT, 

and DNMT3a and DNMT3b have much lower expression levels [138, 145].  

While the mechanism for the specificity of CpG methylation is largely 

uncharacterized, there does appear to be cooperativity between the different 

DNMT isoforms [146, 385].  Of these three, DNMT1 over-expression is 

prevalent in many tumor types [191, 195] and is instrumental in maintaining 

methylation of CpG islands in human cancer cell lines [206].  DNMT1 

depletion using siRNA or the DNMT inhibitor, 5-aza-dC, is sufficient to 

reverse promoter methylation of many tumor suppressor genes, including E-

cadherin [193, 240, 255, 386], and constitutive expression of DNMT1 is 

adequate to induce tumorigenic transformation [387].  Given that E-cadherin 

may be epigenetically regulated via promoter methylation, it is possible that 

DNMT1 is instrumental in its regulation during both EMT and MErT. 

Changes in the cellular microenvironment are also important for regulation of 

E-cadherin during metastasis.  Normal mammary epithelial growth and 
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development are directed by a basement membrane extracellular matrix 

composed primarily of laminin-1, collagen IV, and nidogen [388, 389].  During 

neoplastic progression, the tumor microenvironment is remodeled [390, 391], 

resulting in the deposition of collagen I which promotes fibrosis and increases 

rigidity [8], and this has been shown to contribute to E-cadherin shedding, 

resulting in the migratory phenotype [13, 356].  Conversely, the establishment 

of distant metastases requires an environment conducive to the re-

establishment of cell-cell adhesion and tumor growth, resulting in the 

tumorigenic phenotype.  The basement membrane matrix increases seeding 

efficiencies for metastatic cells [392], implicating its involvement in 

tumorigenesis.  Much of the biological activity of the basement membrane 

may be attributed to one of its major constituents, laminin-1, which is 

composed of α1, β1, and γ1 chains, [393], and increase expression levels are 

associated with tumor growth [369].  As a result, laminin-1 may be 

instrumental in inducing the re-expression of E-cadherin during secondary 

tumor formation; however, its role in oncogenic change during this process 

remains unknown. 

Changes in the epigenetic program in response to the cellular 

microenvironment resulting in alterations in E-cadherin expression may 

implicate a cadherin switch.  Cadherin switching is the process whereby the 

epithelial cadherin (E-cadherin) is down-regulated, and a mesenchymal 
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cadherin, such as cadherin 11, is upregulated, or vise versa [369].  As a 

result, there is a transition in both cell-cell adhesion and cell phenotype [394].  

This process is important during development, and cancer cells must adopt 

this capability during metastasis [395].  Invasive breast cancer cells express 

cadherin 11 while non-invasive breast cancer cells do not, and alterations in 

the extracellular environment may drive this mechanism [280].  Treatment of 

invasive breast cancer cells with the DNMT inhibitor, 5-aza-dC, reduces 

cadherin 11 expression [396], suggesting an epigenetic component to its 

regulation. 

Here, a 3D culture model has been utilized to determine the role of laminin-1 

in the regulation of expression for DNMT1, E-cadherin, and cadherin 11 

during breast cancer progression.  3D cultures recapitulate in vivo-like tissue 

microenvironments that direct cellular gene expression promoting tissue 

architecture [286, 360].  Using this model, we present evidence that laminin-1 

is capable of inducing epigenetic change by inhibiting expression of DNMT1 

and preventing methylation of the E-cadherin promoter, resulting in E-

cadherin expression and the formation of cell-cell bonds in the malignant 

carcinoma. 
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3.3 Materials and methods 

3.3.1 Reagents and antibodies 

For detection of human E-cadherin, polyclonal antibodies (Millipore, Billerica, 

MA, USA) were used for western blotting, and monoclonal antibodies (BD 

Biosciences, San Jose, CA, USA) were used for immunocytochemistry.  A 

monoclonal antibody was used for evaluation of human Cadherin 11 

expression (Invitrogen, Carlsbad, CA, USA).  The polyclonal antibody against 

human DNA methyltransferase 1 (DNMT1) was from Millipore, Billerica, MA, 

USA, and the polyclonal antibody against human glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was from Trevigen, Gaithersburg, MD, 

USA.  Secondary antibodies were goat anti-rabbit IgG-HRP (Jackson 

ImmunoResearch Laboratories, West Grove, PA, USA), goat anti-mouse 

IgG-HRP (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), 

and goat-anti-mouse IgG-Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA).  

Dulbecco’s Modified Eagle Medium (DMEM) without phenol red (MediaTech, 

Manassas, VA, USA) was used in all of the cell cultures.  Other supplements 

included FBS from Atlas Biologicals, Fort Collins, CO, USA; HS from 

Invitrogen, Carlsbad, CA, USA; human epidermal growth factor (hEGF) from 

R&D Systems, Minneapolis, MN, USA; and hydrocortisone, cholera toxin, 
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insulin, and 5-aza-dC from Sigma, St. Louis, MO, USA.  EHS laminin-1 and 

rat collagen I were from Trevigen, Gaithersburg, MD, USA. 

3.3.2 Cell culture 

Mammary epithelial cell lines MCF-10A, MCF-7, and MDA-MB-231 were 

obtained from the American Type Cell Culture Collection, Manassas, VA, 

USA.  MCF-10A were maintained in DMEM, containing 5% HS, 20 ng/ml 

hEGF, 0.5 mg/ml Hydrocortisone, 100 ng/ml Cholera Toxin, 10 µg/ml Insulin, 

and 1X Pen/Strep.  MCF-7 and MDA-MB-231 were maintained in DMEM, 5% 

FBS.  All cells were maintained at 37°C, 5% CO2. 

3.3.3 3D culture 

Mammary epithelial cell lines were propagated in 3D culture using the “top 

assay” [397].  Briefly, tissue-coated plates were coated at 220 µl/cm2 with 

either laminin-1 (6 mg/mL) or rat collagen I (2 mg/mL), and cells were seeded 

at 2,750 cells/ cm2 in assay media containing either 2% laminin-1 or collagen 

I, respectively.  The assay medium for MCF-10A was DMEM containing 2% 

HS, 20 ng/ml hEGF, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 

µg/ml insulin, and 1X Pen/Strep.  MCF-7 and MDA-MB-231 assay medium 
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was DMEM containing 5% FBS.  3D cultures were maintained at 37°C, 5% 

CO2, and assay medium was changed every 3 days. 

3.3.4 3D culture mix 

Laminin-1 and collagen I were suspended at 7 mM each (6 mg/mL and 2 

mg/mL, respectively).  These solutions were mixed to prepare hydrogels 

composed of 10/90, 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20, and 

90/10 molar ratios of collagen I to laminin-1, respectively. MDA-MB-231 cells 

were seeded at 2,750 cells/ cm2 and incubated for 4 days at 37°C, 5% CO2. 

3.3.5 Cell proliferation 

3D cultures were established and maintained as indicated above in 96 

stripwell plates (Corning, Corning, NY, USA), and stripwells were separated 

and assayed at 0, 24, 48, 72, 96, 120, 144, 168, 192, 240, 288, and 332 

hours.  For determination of cell number, 15 µl of 7.5 mM water soluble 

tetrazoluem were added per well, and samples were incubated for 2 hours.  

Cells metabolize substrate to form a soluble yellow product that absorbs at 

450 nm.  Samples were analyzed on a FLUOstar Optima (BMG Labtech, 

Durham, NC, USA), and after subtracting background for each condition, 
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absorbance values were compared to a standard curve to determine cell 

number.   

3.3.6 Western blot 

Cells were isolated from 3D culture grown in 6 well plates (Corning, Corning, 

NY, USA) using the 3D cell harvesting kit (Trevigen, Gaithersburg, MD, 

USA.), and cell lysates were prepared in Laemmli buffer (62.5 mM Tris, pH 

6.8, containing 2% SDS, 10% Glycerol, and 0.01% Bromophenol Blue) with 1 

mM sodium orthovanadate (phosphatase inhibitor) and protease inhibitor 

cocktail (Sigma, St. Louis, MO, USA).  Lysates were boiled at 95°C for 5 

minutes and any insoluble material was cleared by centrifugation at 10,000 x 

g for 5 minutes.  Proteins (30 µg) from each sample were subjected to SDS-

PAGE gel electrophoresis on an 8-16% Tris-glycine gel (Invitrogen, Carlsbad, 

CA, USA) and transferred to a PVDF membrane (Millipore Corporation, 

Billerica, MA, USA).  The membrane was blocked for one hour with TBST (50 

mM Tris, pH 7.6, containing 150 mM NaCl, 0.1% (v/v) Tween-20) containing 

5% (w/v) nonfat dried milk before the one hour incubation with primary 

antibodies diluted in blocking buffer.  The membrane was then washed with 

TBST before the one-hour incubation with secondary antibodies diluted in 

blocking buffer.  Again, the membrane was washed. It was then subjected to 
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ECL using a chemiluminescent substrate (KPL, Gaithersburg, MD, USA).  

For detection of E-cadherin expression as a result of 5-aza-dC treatment 

(Figure 26), an enhanced ECL substrate was required, SuperSignal® West 

Fempto (Thermo Scientific, Waltham, MA, USA).  After ECL treatment, the 

membrane was exposed to BioMax XAR film (Eastman Kodak, Rochester, 

NY, USA).  The film was developed using GBX reagents (Eastman Kodak, 

Rochester, NY, USA), and scanned as a jpeg for analysis. Antibody dilutions 

were as follows: human E-cadherin, polyclonal (1:500), human Cadherin 11, 

monoclonal (1:100), human DNMT1, polyclonal (1:1,000), human GAPDH, 

polyclonal (1:1,000), goat anti-rabbit IgG-HRP (1:5,000), and goat anti-mouse 

IgG-HRP (1:5,000).  

3.3.7 Densitometry 

All Densitometric measurements were conducted using ImageJ software 

(NIH, Bethesda, Maryland, USA).  Briefly, electronic images of gels or blots 

were imported into the ImageJ program to determine band densities.  

Relative band density was determined by normalizing densitometry values to 

one value in each sample. 
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3.3.8 Statistical analysis 

Statistical analysis was conducted using Data Desk XL (Ithaca, NY, USA).  

Statistical significance was assessed using a two tailed, two sample T test, 

and statistical significance is displayed as p<0.05 (*), p<0.01(**), or 

p<.001(***). 

3.3.9 Immunocytochemistry 

Cells were cultured in Lab-Tek II four well chamber slides (Nalge Nunc, 

Rochester, NY, USA).  Samples were processed as described previously 

[366].  Briefly, each well was fixed in 500 µl of 2% formalin (Sigma, St. Louis, 

MO, USA) for 20 minutes at room temperature, and then rinsed with 500 µl of 

PBS (Trevigen, Gaithersburg, MD, USA).  Cells were permeabilized with PBS 

containing 0.5% Triton-X-100 for 10 minutes at 4°C, and then rinsed 3 times 

with PBS containing 100 mM glycine.  Each well was blocked with 500 µl 

PBS containing 7.7 mM NaN3, 0.1% BSA, 0.2% Triton X-100, and 0.05% 

Tween-20 for one hour.  Each well was then incubated with 1:50 dilution of 

primary antibody in blocking buffer overnight (16 hours) at 4°C, and then 

rinsed 3 times with blocking buffer at room temperature.  Each well was then 

incubated with 200 µl of goat anti-mouse IgG Alexa Fluor 488 diluted 1:200 in 

blocking buffer with an additional 10% goat serum for 50 minutes, and then 
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washed once with blocking buffer.  After further washing  3 times with PBS, 

the nuclei were counterstained with 31.6 µM 7-aminoactinomycin D (7-AAD), 

washed once with PBS, mounted with Prolong Antifade Reagent (Invitrogen, 

Carlsbad, CA, USA), and allowed to dry overnight at room temperature in the 

dark.  Fluorescence was visualized and photographed using a Nikon Eclipse 

E400 Microscope (Nikon Instruments, Melville, NY, USA) fitted for 

epifluorescence with a B-2A filter. 

3.3.10 Reverse transcription polymerase chain reaction (RT-PCR) 

Total RNA was extracted from the cells using TRIzol reagent (Invitrogen, 

Carlsbad, CA, USA), and treated with Turbo-DNA-free (Ambion, Austin, TX, 

USA) to remove any contaminating DNA.  Complementary DNA (cDNA) was 

synthesized using 2 step PCR kit (USB, Cleveland, OH, USA) from 20 ng of 

RNA.  One µl of cDNA was used as a template for PCR amplification of 

GAPDH using RedTaq (Sigma, St. Louis, MO, USA) for normalization of 

sample loading.  The following primers were used for amplification of a 238 

bp fragment of GAPDH and a 438 bp fragment of E-cadherin cDNA 

(RealTimePrimers, Elkins Park, PA, USA):  forward primer for GAPDH - 

GAGTCAACGGATTTGGTCGT, reverse primer for GAPDH - 

TTGATTTTGGAGGGATCTCG, forward primer for E-cadherin - 
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TGCTCTTGCTGTTTCTTCGG, and reverse primer for E-cadherin -

TGCCCCATTCGTTCAAGTAG.  The following PCR amplification protocols 

were used:  denature at 95°C for 30 seconds, anneal at 55°C for 30 seconds, 

and extend at 72°C for 1 minute.  GAPDH underwent 23 cycles of 

amplification, and E-cadherin underwent 48 cycles of amplification.  PCR 

products were separated on a 1.5% TreviGel (Trevigen, Gaithersburg, MD, 

USA) and analyzed using EtBr staining. 

3.3.11 Methylation-specific polymerase chain reaction 

Detection of promoter methylation was performed as described previously 

[398].  Briefly, DNA was extracted from the cells using TRIzol reagent, and 

unmethylated cytosine bases were converted to uracil using EpiTect Bisulfite 

Kit (Qiagen, Valencia, CA, USA).  The following primers (The Midland 

Certified Reagent Company, Midland, TX, USA) were used for amplification 

of a 116 bp fragment corresponding to the E-cadherin methylated promoter 

region (-205):  forward primer - TTAGGTTAGAGGGTTATCGCGT, and 

reverse primer – TAACTAAAAATTCACCTACCGAC.  The following primers 

were used for amplification of a 97 bp fragment corresponding to the 

unmethylated promoter region (-210): forward primer – 

TAATTTTAGGTTAGAGGGTTATTGT, and reverse primer - 
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CACAACCAATCAACAACACA.  These fragments were PCR amplified from 

50 ng of DNA using RedTaq using the following protocols:  denature at 95°C 

for 30 seconds, anneal at 60°C (unmethylated) and 62°C (methylated) for 30 

seconds, and extend at 72°C for 1 minute for 38 cycles.  PCR products were 

separated on a 1.5% TreviGel and analyzed using EtBr staining. 

3.4 Results 

3.4.1 The extracellular proteins determine cell morphology 

The composition of the ECM appears to be instrumental in driving cellular 

morphology.  Cells cultured on plastic substrata are restricted to a solid, 

immaleable support and bind via non-specific charge-based interactions, 

resulting in discrete monolayer morphologies.  It is well known that both 

MCF-10A (normal) cells and MCF-7 (adenocarcinoma) cells form similar 

cobblestone morphologies, maintaining cell adhesions during proliferation; 

whereas MDA-MB-231 (malignant carcinoma) cells grow in a mesenchymal, 

or fibroblastic, morphology forming spindle-shaped single cells in the 

absence of cell adhesions (Figure 22A-C, respectively).  Here, we observe 

similar cell phenotypes when these cells are cultured on 3D collagen I 

hydrogels (Figure 22D-F).  Collagen I is the most prevalent protein of 

connective tissues and, as a result, mimics mesenchymal cell environments.  

Conversely, laminin-1, a major component of the basement membrane, is 
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instrumental in driving epithelial tissue-specific organization in the mammary 

model [348, 349].  There are specific morphological and growth 

characteristics that are exhibited by the three mammary cell line used here.  

The non- malignant MCF-10A cells grow as acini, undergoing growth arrest, 

luminal apoptosis, and polarization [290, 332, 399], forming a homologous 

population of structures similar to mammary glands (Figure 22G).  The 

tumorigenic MCF-7 cells grow as solid aggregates, and the highly malignant 

MDA-MB-231 cells grow as disorganized, branching aggregates, gaining the 

ability to form cell adhesions (Figure 22I).  The normal and adenocarcinoma 

cells, MCF-10A and MCF-7, retain the ability to maintain cell-cell adhesion 

regardless of ECM, suggesting additional factors are necessary to transition 

to a migratory phenotype.  The morphology of the malignant MDA-MB-231 

cells in these 3D cultures suggest that the epithelial environment, rich in 

laminin-1, promotes tumor formation while the mesenchymal environment 

promotes a fibroblastic, single cell phenotype poised for metastasis.  Given 

the dramatic changes in cell shape and cell-cell adhesion, the 

microenvironment appears to play an important role in regulating metastatic 

cell morphology. 
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Figure 22  Extracellular proteins determine morphology of normal (MCF-10A), 
adenocarcinoma (MCF-7), and invasive carcinoma (MDA-MB-231) mammary 
epithelial cells. Both MCF-10A and MCF-7 cells exhibit cobblestone 
morphologies, and MDA-MB-231 cells exhibit a more fibroblastic morphology 
when cultured on plastic (A–C) and collagen I hydrogels (D–F).  When 
cultured on laminin-1 hydrogels, MCF-10A cells form spherical acini that 
mimic glandular structures (G); MCF-7 cells form spherical aggregates (H); 
and MDA-MB-231 cells form disorganized branching aggregates (I). 

 

3.4.2 The extracellular proteins determine cell phenotype 

Collagen I and laminin-1 regulate the malignant cell phenotype.  MDA-MB-

231 cells cultured on collagen I assume a mesenchymal phenotype, 
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exhibiting a fibroblastic morphology.  Increasing concentrations of laminin-1 

promote cell alignment, migration, and the formation of cell-cell adhesions, as 

indicated in Figure 23.  Below the threshold concentration of 50% laminin-1, 

cells maintain the mesenchymal, single cell phenotype, Figure 23A2-A7.  At 

60% laminin-1, the cells begin to align, and at 70% laminin-1, the cells are 

starting to migrate, Figure 23A8 and A9.  By 80% laminin-1, the cells have 

formed networks, Figure 23A10.  At 100% laminin-1, the cells begin to form 

aggregates with extending processes, Figure 23A12.  E-cadherin expression 

coincides with cell alignment and the formation of cell-cell adhesion, as seen 

in Figure 24A.  E-cadherin protein is detectable at 10% laminin-1, and there 

are a 5, 10, 15, and 20-fold increase at 70%, 80%, 90%, and 100% laminin-1, 

respectively, as depicted in Figure 24B.  We conclude that increasing 

concentrations of laminin-1 result in more cell-cell adhesion and E-cadherin 

expression, suggesting its potential to promote progression of tumorigenesis. 
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Figure 23  Laminin-1 promotes an epithelial phenotype for MDA-MB-231 
cells, and collagen I promotes a mesenchymal phenotype, commensurate 
with E-cadherin expression. A) Collagen I and laminin-1 were mixed at the 
following percentages, respectively: A1) 0/0, A2) 100/0, A3) 90/10, A4) 80/20, 
A5) 70/30, A6) 60/40, A7) 50/50, A8) 40/60, A9) 30/70, A10) 20/80, A11) 
10/90, A12) 0/100. Cells were seeded at 22,500 cells/well for 96-well plates, 
and photos were taken 24 h after seeding.  
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Figure 24 Collagen I inhibits laminin-1-induced E-cadherin expression.  
Lysates were prepared from samples in Figure 23 and analyzed for 
protein expression.  Collagen I and laminin-1 were mixed at the 
following percentages, respectively: A1) 0/0, A2) 100/0, A3) 90/10, A4) 
80/20, A5) 70/30, A6) 60/40, A7) 50/50, A8) 40/60, A9) 30/70, A10) 
20/80, A11) 10/90, A12) 0/100.  Lysates were analyzed by Western 
blot for E-cadherin expression (A) and normalized to G3PDH 
expression to determine relative E-cadherin expression levels (B). 
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3.4.3 Laminin-1 induces E-cadherin expression and localization 

To determine the relative expression level of E-cadherin, MCF-10A cells were 

serially diluted at 1:10, 1:100, 1:1,000, and 1:10,000 and compared via 

western blot to the level of E-cadherin protein present in MDA-MB-231 cells 

cultured on laminin-1 (Figure 25).  In addition to the full length, 120 kDa 

protein, a truncated, 100 kDa protein was also observed in some samples 

(Figure 25, lane 3).  The full length protein is active in the formation of cell-

cell adhesions, and the truncated isoform is most likely involved with 

recycling of E-cadherin during the maintenance of cell-cell adhesions [227].  

The MDA-MB-231 cells cultured on laminin-1 exhibit approximately 100-fold 

less E-cadherin than the MCF-10A cells.   
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Figure 25  Laminin-1 induces E-cadherin expression in MDA-MB-
231 cells.  Laminin-1 induces expression of E-cadherin in MDA-
MB-231 breast cancer cells.  E-cadherin expression in MDA-MB-
231 induced by laminin-1 is 100-fold less than MCF-10A basal 
level.  

 

Next, E-cadherin levels were evaluated for MDA-MB-231 cells cultured on 

different substrata (Figure 26).  E-cadherin was undetectable for cells 

cultured on plastic and collagen I by western blot in contrast to the levels 

observed in MDA-MB-231 cells cultured on laminin-1, and the addition of the 

DNMT inhibitor, 5-aza-dC, was sufficient to promote expression of detectable 

levels of E-cadherin protein using an enhanced ECL substrate (Figure 26).  

Immunocytochemical analysis provides further support for the role of laminin-

1 in inducing expression of functional E-cadherin, since fluorescence 
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immunolabeling reveals both increased expression as well as localization of 

E-cadherin protein at the plasma membrane (Figure 27).  This labeling also 

reveals a transition in morphology in response to laminin-1.  The MDA-MB-

231 cells are no longer the single, elongated, spindles that are observed on 

the plastic and collagen I cultures; instead, they appear well-rounded and 

grow in clusters, not unlike the alterations in cell shape that have been 

associated with epithelial cells prior to EMT [400]. 
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Figure 26  Laminin-1 and 5-aza-dC induce E-cadherin expression.  A) E-
cadherin expression is induced by laminin-1 and 5-aza-dC, but not by either 
plastic or collagen I.  B) Expression of E-cadherin is significantly higher for 
laminin-1 and 5-aza-dC compared to plastic and collagen I, and expression 
on laminin-1 is nearly 5 times higher than culturing with 5-aza-dC. 
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Figure 27  Laminin-1 induces expression and localization to the plasma 
membrane for E-cadherin in MDA-MB-231 cells.  Immunocytochemical 
analysis of plastic versus 3D laminin-1 for normal, malignant, and 
invasive breast cells.  Vertically, cells in the left panel are normal (MCF-
10A); cells in the middle panel are malignant (MCF-7); and cells in the 
right panel are malignant (MDA-MB-231).  Horizontally, the panel on the 
left represents cells cultured on plastic, and the right panel is 3D laminin-
1. 

3.4.4 Laminin-1 inhibits DNMT1 and cadherin 11 expression 

Given the known effect of promoter methylation on E-cadherin expression 

and the necessity of DNMT1 to maintain promoter methylation, DNMT1 was 

assessed for MCF-10A and MCF-7 cells, as well as MDA-MB-231 cultured on 

plastic, collagen I, and laminin-1.  Full length DNMT1 is detected at 

approximately 200 kDa as the dominant immunoreactive product.  A larger 
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band becomes prominent under increased exposure; while this is commonly 

reported in the literature [401], it is unclear whether this represents alternative 

splicing [196], ubiquitinylation [205], or artifact.  Compared to the normal 

mammary cell line (MCF-10A), the adenocarcinoma (MCF-7) exhibits a 5-fold 

decrease in DNMT1 expression, correlating with the genomic 

hypomethylated state reported in early carcinoma, and the malignant 

carcinoma (MDA-MB-231) exhibits a 2.5-fold increase in DNMT1, correlating 

with CpG island methylation [402].  Culturing the malignant cells in collagen 

appears to decrease DNMT1 by approximately 5-fold compared to traditional 

2D plastic substrata, and culturing on laminin-1 diminishes DNMT1 

expression approximately 70-fold (Figure 28).  This suggests that the 

interactions between the malignant cell and the ECM modulates DNMT1 

expression and that the expression of E-cadherin and the formation of cell-

cell adhesions correlates with decreased DNMT1 expression, as seen in 

earlier carcinoma. 
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Figure 28  Laminin-1 inhibits DNMT1 expression.  DNMT1 expression is 
regulated by extracellular proteins in MDA-MB-231 cells. A) Western blot 
analysis indicates underexpression of DNMT1 in MCF-7 adenocarcinoma 
cells, and overexpression in MDA-MB-231 malignant carcinoma cells. B) 
Densitometric analysis of Western blot reveals a 5-fold decrease in DNMT1 
expression when grown on collagen I and a 70-fold decrease in expression 
when cultured on laminin-1 for MDA-MB-231 cells.  
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To verify the MErT and evaluate the possibility of cadherin switching, 

expression levels of cadherin 11 were evaluated.  Full length cadherin 11 is 

present at 106 kDa as the dominant immunoreactive product, and a slightly 

larger band of 115 kDa becomes evident under increasing exposure, as seen 

previously [279].  Cadherin 11 expression was absent in the normal MCF-

10A mammary epithelial cells, and the migratory MDA-MB-231 cells exhibited 

elevated levels, as previously reported [283].  There was no significant 

change in cadherin 11 expression for MDA-MB-231 cells cultured on plastic 

or collagen I, and the same cells grown on laminin-1 exhibited a 6-fold 

decrease in cadherin 11 expression (Figure 29).  This supports the 

phenotypic evidence for MErT, and it suggests that there is a switch from 

cadherin 11 to E-cadherin as a result of 3D laminin-1 culture. 
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Figure 29  Laminin-1 inhibits cadherin 11 expression.  A) Cadherin 11 
expression is high in MDA-MB-231 cells on plastic and on collagen I. B) 
Cadherin 11 expression is reduced 7-fold for MDA-MB-231 cultured on 
laminin-1 compared to plastic and to collagen I. 
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3.4.5 The effect of laminin-1 on E-cadherin and DNMT1 is time-dependent 

The formation of cell-cell adhesions during tumorigenesis of MDA-MB-231 

aggregates on laminin-1 coincides with the expression of E-cadherin.  E-

cadherin expression was evaluated in lysates from MCF-7, MCF-10A, and 

MDA-MB-231 cell lines.  E-cadherin was not detectable in cells cultured on 

plastic substrata prior to plating on a laminin-1 hydrogel (Figure 30, lane 1), 

and it was not detectable until day 4 of the laminin-1 3D culture (Figure 30, 

lane 3), corresponding to an increase in multicellular structure formation 

(Figure 31).  E-cadherin expression appears to peak around day 6, declining 

by day 8, and is undetectable on day 10, corresponding with a sharp decline 

in cell viability and with condensation in morphology, indicating that the 

environment is no longer sufficient to support cell culture expansion.  

Conversely, DNMT1 expression diminishes below detectable levels within 

two days on laminin-1, implicating a role for laminin-1 in regulating DNMT1 

expression as well. 
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Figure 30  The time-dependent effect of laminin-1 on expression of 
E-cadherin and DNMT1.  A)  Western blot analysis of DNMT1 and 
E-cadherin expression for days 0, 2, 4, 6, 8, and 10 in 3D culture.  
B) Densitometric analysis of E-cadherin expression from the 
western blot in A).  
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Figure 31  Time course of MDA-MB-231 morphology on laminin-1.  
Photos were taken prior to harvesting cells (0) and on days 2, 4, 6, 
8, and 10 corresponding to samples taken in Figure 30. 
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3.4.6 Laminin-1 decreases E-cadherin promoter methylation and increases 
mRNA expression 

To determine if alterations in DNMT1 expression may correspond to 

regulation of E-cadherin expression, the DNA promoter methylation status 

and subsequent mRNA transcript levels were evaluated.  Under traditional 

cell culture conditions, the DNA promoter region of E-cadherin undergoes 

extensive methylation in MDA-MB-231 cells [253], resulting in diminished 

levels of mRNA transcript (Figure 32) and detectable methylation of the 

promoter (Figure 33).  MCF-10A and MCF-7 cell lines exhibit demethylated 

promoters and elevated levels of mRNA transcription; whereas, MDA-MB-

231 cells on collagen I have a methylated promoter and diminished levels of 

mRNA transcription (Figure 32), similar to what has been reported for MDA-

MB-231 cells on plastic.  When these malignant cells are cultured on laminin-

1, the promoter region becomes demethylated, allowing transcription of E-

cadherin mRNA.  Here, inhibition of DNA methylation with 5-aza-dC results in 

demethylation of the promoter, and thus, mRNA expression.  E-cadherin 

mRNA transcription from MDA-MB-231 cultured on laminin-1 appears to be 

approximately three-fold less than in the MCF-10A cell line indicating that 

there may be additional factors affecting transcript levels. 
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Figure 32  Laminin-1 promotes expression of E-cadherin mRNA for MDA-MB-
231 cells.  A) RT-PCR indicates an increase in mRNA for cells cultured in 3-D 
laminin-1 or cells treated with 5-aza-dC. B) Densitometric analysis of mRNA 
expression levels for laminin-1 and 5-aza-dC compared to collagen I.  
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Figure 33  E-cadherin expression is regulated through promoter methylation 
in MDA-MB-231 cells.  Methylation-specific PCR indicates demethylation of 
the E-cadherin promoter for cells cultured in the presence of 5-aza-dC or on 
3-D laminin-1.  U, unmethylated primer; M, methylated primer. 
 

3.5 Discussion 

The use of 3D cultures to mimic tissue environments has been widely used to 

model in vivo cell behavior and elucidate underlying molecular mechanisms 

involved in both normal development and cancer progression.  Under specific 

conditions, epithelial cells organize to mimic the emanating tissues [285, 357, 

403]; endothelial cells arrange to form vascular networks [404]; and tumor 

cells assemble into disorganized masses [405]; throughout these processes, 

cell-matrix interactions reorganize cytoskeleton [406, 407] and chromatin 
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structure [408] establishing apicobasal polarity [399] and tissue architecture 

[409].  Commensurate with structural organization, these cells demonstrate 

increased physiological functions.  Mammary epithelial cells can produce 

casein (milk) protein [410], and hepatocytes can produce cytochrome P450 

[361].  Similar to what is observed in vivo, these cells also exhibit alterations 

in drug metabolism [411] and resistance against apoptosis-inducing 

compounds [312].  This model has been utilized to investigate molecular 

mechanisms associated with cancer progression, and some of the key 

players include phosphoinositide 3-kinase [412], mitogen-activated protein 

kinase [413], Vav1 [414], Bcl2 modifying factor [415], Src, and Rho [416].  

Recently, it has been proposed that there may be an epigenetic component 

to cell-ECM interactions based on global histone acetylation [417] and higher 

order chromatin organization [418].  Here, we have demonstrated down 

regulation of DNMT1 expression, inhibition of promoter methylation, and 

subsequent E-cadherin expression and localization for malignant carcinoma 

in response to laminin-1 using 3D culture.  This finding provides a potential 

model for studying secondary tumor formation.   

Re-expression and localization of E-cadherin during secondary tumor 

formation is a relatively new concept, and the development of metastatic 

models for malignant carcinoma, such as the MDA-MB-231 cell line, is 

important for discerning phenotypic differences.  For many invasive 
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carcinoma, re-expression of E-cadherin and inhibition of cadherin 11 have 

been demonstrated using DNMT1 inhibitors for the plastic substrata cell 

culture model, but this treatment has no impact on protein localization or cell 

morphology [240, 396].  Alternatively, laminin-rich BME change structural 

morphology with the formation of cell aggregates; however, the expression of 

E-cadherin has been undetectable, which is most likely the result of 

differences in matrix composition and also due to limitations in assay 

sensitivity [419].  Stable transfection of E-cadherin in MDA-MB-231 cells in 

combination with β1 integrin antibodies, PI3K inhibitors, and ERK inhibitors in 

3D BME culture has been effective in promoting an epithelial phenotype 

[420], similar to what is reported here, supporting a role for E-cadherin in this 

process and suggesting that there are additional pathways activated by the 

laminin-1 during cell morphogenesis.  More recently, both changes in 

morphology and E-cadherin re-expression were revealed when xenographs 

from E-cadherin-negative cell lines yielded E-cadherin-positive distant 

metastases in vivo for prostate cancer cell lines [295].   

The laminin-1 3D environment promotes E-cadherin expression and the 

tumorigenic phenotype, while the introduction of collagen I induces a 

transition to a migratory phenotype.   The tumorigenic phenotype is 

characterized by a more cuboidal, clustered morphology; and increasing 

concentrations of collagen I provide for a transition in cell morphology.  When 
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the collagen I concentration is increased to 10%, the cells retain the ability to 

form cell-cell adhesions; however, the cells become more elongated, 

restricting these adhesions to separate ends of the cell, resulting in a network 

morphology.  As the collagen I concentration increases further, the cells 

continue to become more mesenchymal in structure, with the subsequent 

loss of cell-cell adhesion and alignment, suggesting that the extracellular 

environment is also affecting paracrine interactions.   

By inhibiting DNMT1 and promoting demethylation of the E-cadherin 

promoter, the E-cadherin gene is available for transcription; however, 

additional mechanisms are likely responsible for the levels of protein present, 

including transcriptional regulation, RNA processing, and protein stability.  

Both the mRNA and protein levels reported for MDA-MB-231 in hepatocyte 

co-culture appear to be comparable to what was observed with laminin-1, 

and protein localization is similar to what has been seen in vivo (Figure 25, 

Figure 27, and Figure 32) [296].  However, the DNMT1 inhibitor, 5-aza-dC, 

does not confer these changes in morphology, and the E-cadherin protein 

expression is 4 to 5-fold less (Figure 26).  This suggests the involvement of 

additional pathways that are activated through integrin-ECM interactions 

independent of DNMT1. 

The dynamic transition between tumorigenic and migratory phenotypes 

represents a cycle promoting survival for the malignant carcinoma.  During 
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EMT, processes within the cell that are not fully characterized nor understood 

confer the capability for invasive migration.  These cells exhibit reduction in 

E-cadherin expression, shedding of cell-cell adhesions, and expression of 

mesenchymal cadherins, such as cadherin 11, resulting in a mesenchymal 

phenotype [256].  Alternatively, the tumorigenic phenotype is characterized 

by the formation of cell-cell adhesions and represents a cell program directed 

towards stability and growth.  An increase in E-cadherin expression and 

subsequent cell adhesion appears to stabilize the cells, prevent apoptosis, 

and allow for proliferation [266, 421].  These events are necessary for the 

cancer to spread and overcome the host, and they are associated with late 

stage and high risk carcinoma.  

Our data demonstrate that malignant cells have the capacity to assume a 

tumorigenic phenotype by epigenetically increasing E-cadherin expression 

and promoting the formation cell-cell adhesions in a laminin-1-dependent 

manner.  Further investigation is needed to identify the additional 

extracellular factors that influence processes such as metastatic outgrowth, 

tumor dormancy, and drug resistance, and this model provides the framework 

for identifying these factors. 
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4.0   CHAPTER III: CONCLUSIONS 

4.1 Description of findings 

3D culture models provide a physiologically relevant in vitro model for 

studying breast cancer progression and a controlled environment for 

dissecting specific cellular mechanisms.  Researchers can use specific 

cancer cell types to study genetic or epigenetic mechanisms related to tumor 

formation, cancer progression, and metastasis.  3D cultures may also be 

manipulated to identify factors within the extracellular environment that 

modulate these activities, and these assays may prove beneficial for drug 

screening since they are simple, inexpensive, and physiologically predictive.  

To better utilize these assays, it is important to understand all of the variables 

associated with them so that the experiments can be properly controlled to 

provide the most physiologically relevant information possible.  Here, we 

have identified these variables and optimized conditions to determine how 

specific ECM proteins modulate breast cancer cell phenotype during 

neoplastic progression. 

During the course of tumor metastasis, individual cells detach from the 

primary tumor and relocate to distant tissues to form secondary tumors.  

During the transition from carcinoma in situ to invasive breast cancer, the 
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tumor cells secrete proteases, such as the metalloproteases, to degrade the 

basement membrane, and there is extensive remodeling of the ECM resulting 

in collagen I deposition, which changes ECM ligands and increases tissue 

rigidity.  The cells then traverse the remaining basement membrane into the 

connective tissue, and the cells undergo an EMT, shedding their cell-cell 

adhesions and assuming a fibroblast-like morphology.  The cells enter the 

vasculature and migrate to distant tissues where they undergo a MErT, 

forming secondary tumors.  This process requires a transition from a 

migratory to a tumorigenic phenotype, where the increased expression of E-

cadherin and the subsequent formation of cell-cell adhesion appear to be 

determining factors.  While the extracellular microenvironment is thought to 

play an important role in this process, the function of the ECM proteins has 

not been characterized.  During the course of this investigation, we have 

demonstrated that basement membrane protein, laminin-1, has the ability to 

increase E-cadherin expression and decrease cadherin 11 expression, 

promoting the formation of cell-cell adherens junctions for malignant breast 

cancer cells using a 3D culture model, as depicted in Figure 34.  This 

process involves a dramatic decrease in DNA methyltransferase 1 (DNMT1) 

expression and a decrease in E-cadherin promoter methylation.  These 

epigenetic events correlated with changes in cellular morphology and the 

ability to form cell-cell adhesions for malignant breast cancer cells.  Using this 
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same model, we also demonstrate that the addition of the major 

mesenchymal ECM protein, collagen I, has the opposite effect where 

increasing the relative amount of collagen I results in a progressively more 

mesenchymal phenotype.  These cells transition from cell aggregates to cell 

networks, and then the cell networks transition to scattered single cells 

(Figure 23).  This transition is representative of the EMT and may be 

correlated to the degradation of the basement membrane and the deposition 

of collagen I.  The extent of cell-cell adhesion correlates directly with the 

decline in E-cadherin concentration (Figure 24).  As a result, the composition 

of the ECM correlates directly with the extent of cell-cell adhesion and the 

expression levels of E-cadherin, which are regulated at least in part by CpG 

island methylation. 
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Figure 34  The composition of the extracellular matrix determines cell 
phenotype.  Collagen I induces a migratory phenotype that exhibits elevated 
DNMT1 and Cadherin 11 expression with silencing of E-cadherin through 
CpG island methylation.  Laminin-1 promotes a tumorigenic phenotype where 
DNMT1 and Cadherin 11 expression is decreased, and there is an increase 
in E-cadherin expression associated with demethylation of the CpG islands. 

While this study focused on E-cadherin expression, epigenetic regulation of 

gene expression provides a rational mechanism whereby many gene 

products can be affected.  There are approximately 45,000 CpG islands in 
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the human genome [422], and they are associated with approximately 50% of 

all mammalian gene promoters [423].  CpG island methylation has been 

shown to be functional in silencing many different tumor suppressor genes, 

including APC [165], RASSF1A [167], GSTP1 [168], hMLH1 [169], MGMT 

[170], p16INK4a [171], p15INK4b [172], p14ARF [173], SMAD4 [174], PTEN 

[175], and TIMP3 [176], and DNMT1 is functional in maintenance of CpG 

island methylation [206].  DNMT1 is also overexpressed in many tumor types 

[191], and tumor biopsies show increased levels of DNMT1 protein and 

activity associated increasing malignancy [424].  Given its role in regulating 

tumor suppressor gene expression and its association with neoplastic 

progression, it is likely that aberrant expression of DNMT1 is responsible for 

altering global gene expression profiles which plays a critical role in 

determining the metastatic cell phenotype.   

There are several known mechanisms for regulating DNMT1 expression 

and/or activity that can be linked to interactions between laminin-1 and the 

integrin cell surface receptors.  Expression of the α6β4 integrin has been 

shown to activate oncogenic Ras [311], and Ras has been shown to promote 

DNMT1 gene expression through transcriptional regulatory elements [196].  

Integrin-linked kinase (ILK) may be activated directly by β1 integrin [425].  ILK 

can then activate PKB [426], and PKB can inhibit proteosomal degradation of 

DNMT1 [197].  β1 integrin activation inhibits poly (ADP-ribose) polymerase 
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(PARP) [427].  PARP has also been shown to associate with DNMT1 [428], 

and PARylated PARP inhibits CpG island methylation by DNMT1 [429]. 

Inhibition of DNMT1 appears to be necessary but not sufficient to induce cell-

cell adhesion and MErT for metastatic breast cancer cells when E-cadherin is 

silenced via CpG island methylation.  This is evident when 5-aza-dC is used 

to inhibit DNMT1 and promote demethylation of the E-cadherin CpG island.  

While the CpG island is unmethylated (Figure 33) and the mRNA is 

expressed (Figure 32), there is very little protein expression (Figure 26) and 

no change associated with the cell morphology and the formation of cell-cell 

adhesion (data not shown).  There are most likely additional factors that are 

activated or inhibited through the cell-ECM interactions to enhance E-

cadherin expression.   

Integrin-ECM interactions promote assembly of the cytoskeleton and 

signaling molecules in the formation of focal adhesions.  The integrin 

cytoplasmic domain binds and differentially activates focal adhesion kinase 

(FAK).  This nonreceptor protein tyrosine kinase interacts with other 

nonreceptor tyrosine kinases, adaptor molecules, and cytoskeletal molecules 

to modulate cell adhesion [430], proliferation [431], motility [432], and survival 

[293].  Elevated focal adhesion kinase (FAK) expression is associated with 

cancer progression [433], and inhibition of FAK blocks tumor progression 

[434].  FAK signaling is necessary for Ras- and PI3K-dependent breast 
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cancer [435], and the PTEN tumor suppressor regulates FAK signaling [41].  

Collagen I stimulates FAK and subsequent ERK activation in osteoblasts 

[436], and increasing collagen I density and ECM rigidity increases FAK-ERK 

activation resulting in a more adherent, hyperproliferative, and invasive 

phenotype for mammary epithelial cells [8, 437].   Given the alterations in 

mammary epithelial cell morphology in response to collagen I density, the 

FAK-ERK signal transduction pathway is most likely involved in maintenance 

of the mesenchymal phenotype associated with MDA-MB-231 cells in 

response to the 2D plastic and 3D collagen I cultures.  In Figure 21, we see 

that inhibition of ERK alone was not sufficient to induce the epithelial 

phenotype, and while treatment with ERK and the β1 integrin antibody 

resulted in a less invasive phenotype, the results were suboptimal.  These 

experiments need to be optimized by evaluating FAK and ERK expression 

and phosphorylation during treatment regimens to verify effectiveness of 

treatment.  It would also be interesting to evaluate FAK and ERK expression 

and phosphorylation in response to changes in the composition of the ECM, 

similar to what was done for E-cadherin in Figure 24.  The relative expression 

levels for α1 integrin, α2 integrin, α3 integrin, α6 integrin, β1 integrin, β4 

integrin, and integrin-linked kinase (ILK) should also be evaluated because 

alterations in their expression levels have also been correlated with increased 

malignancy.  This evaluation could identify upstream targets that may 
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modulate DNMT1 expression or stability.  Due to the complexity of breast 

cancer and the many downstream effectors of cell-ECM attachment, many 

more potential targets could be identified by whole-genome gene expression 

analysis as well as transcriptome analysis; this could identify potential targets 

within the signal transduction pathways that may be either inhibiting DNMT1 

or supplementing activation of E-cadherin expression. 

This research provides a significant contribution to the scientific community 

because it provides insight into conserved molecular mechanisms that are 

involved in cancer progression and metastasis.  The 3D culture model 

provided a defined system for evaluating how alterations in the ECM protein 

composition may be modulating changes in the cellular morphology.  Since 

cadherin expression and cell-cell attachment are defining characteristics of 

EMT and MErT, these processes may be directly attributed to remodeling of 

the ECM during cancer progression.  Furthermore, there has been extensive 

publication on the epigenetic regulation associated with malignant 

progression and the influences of the ECM on cancer cell behavior and 

morphology; however, there has been a gap in understanding the relationship 

between the two.  This research provides a bridge between these two areas 

by demonstrating that the ECM can modulate CpG island methylation and 

gene expression through regulation of DNMT1 expression.  While E-cadherin 

is a very important target, approximately half of all genes have CpG islands 
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within their promoter region that may have a role in regulating their 

expression [423], so the effects of regulating DNMT1 expression may likely 

have a genome-wide impact.  It would be interesting to evaluate whole-

genome CpG island methylation as a consequence of ECM composition to 

determine the extent of alterations in CpG methylation associated with 

laminin-1-mediated DNMT1 expression.   

 

4.2 Future experimentation 

Recent studies suggest that DNMT1 expression and activity may be 

modulated through poly (ADP-ribose) polymerase (PARP) [430], and PARP 

is known to participate in base excision (BER) where PARP expression and 

activity has been shown to be instrumental in conferring drug resistance 

[438].  PARP may be regulated through β1 integrin activation [425], and 3D 

culture models have shown that breast cancer cells exhibit ECM-mediated 

apoptosis resistance to chemotherapeutics when cultured on BME [439], 

providing a potential mechanism for ECM-mediated regulation of DNMT1 and 

drug resistance through PARP.  Preliminary data suggest that the basement 

membrane and laminin-1 induce PARP expression and that PARP inhibitors 

can negate ECM-mediated drug resistance for metastatic breast cancer cells 

(data not shown).  This may provide a potential mechanism for regulation of 
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CpG island methylation by DNMT1 and a rationale for evaluating PARP 

inhibitors in conjunction with traditional chemotherapeutics for the treatment 

of metastatic breast cancer. 
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5.0   APPENDICES 

5.1 Appendix A:  Permission to use figures from Benton, G., et al., 
Advancing science and technology via 3D culture on basement 
membrane matrix. Journal of Cellular Physiology, 2009. 221(1): p. 
18-25. 
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5.2 Appendix B:  Permission to use entire article from Benton, G., E. 
Crooke, and J. George, Laminin-1 induces E-cadherin expression 
in 3-dimensional cultured breast cancer cells by inhibiting DNA 
methyltransferase 1 and reversing promoter methylation status. 
FASEB J., 2009. 23(11): p. 3884-3895. 
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