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High intakes of omega-3 fatty acids are associated with a lower risk of 

breast cancer. The risk for breast cancer is three times lower in women who 

frequently supplement their diets with omega-3 fatty acids. In vitro experiments 

have studied the molecular mechanisms by which omega-3 fatty acids reduce 

breast cancer viability but much remains unclear to how omega-3 ethyl esters, a 

main component of omega-3 prescription and supplementation, prevent breast 

cancer. This study utilizes the prescription drug Lovaza® as the source of 

omega-3 ethyl esters and tests its efficacy in treating an array of breast cancer 

cell lines. One of the many purposes of this study is to identify the working 

pathways omega-3 ethyl esters modulate to elicit anti-cancer effects and to 

identify a potential biomarker that may correlate with response. Four in vitro 
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breast cancer cell lines were utilized to comprise a diverse genetic platform for 

the testing of Lovaza® derived omega-3 ethyl esters. This diversity led to the 

identification of a potential biomarker that may be used to predict response to 

omega-3 ethyl esters. Among the four breast cancer cell lines, the expression 

and over-activation of NF-κB correlated with a favorable response. The 

regulation of NF-κB and its activity was one of the key mechanisms through 

which omega-3 ethyl esters suppressed breast cancer cell survival and viability. 

Future validation of this biomarker is warranted and may be useful for clinical 

development. In addition to the four breast cancer cell lines, a set of 

precancerous breast cells was utilized for the preventive study in this 

dissertation. This set of three human breast cell lines display characteristics of 

hyperplasia, Ductal Carcinoma In Situ (DCIS) and invasive mammary carcinoma 

in vivo and characterization of these cell lines showed over expression of the 

CCL20 cytokine and over activation of the Wnt signaling pathway. 

Docosahexaenoic acid (DHA), a form of omega-3 fatty acids, was examined in 

these cell lines for its efficacy to prevent breast cancer. DHA was supplemented 

into growth media and cells were evaluated for survival, proliferation, invasion 

and cytokine production. CCL20 cytokine production was reduced and ERK1/2 

and AKT signaling pathway suppression played an important role in DHA 

mediated suppression of survival and proliferation. Additional studies determining 

the effect of DHA on cell invasion were also conducted.  
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Chapter 1: Introduction 

 

1.1 Breast Cancer Prevalence and Risk 

          Breast cancer is the most commonly diagnosed cancer in women. 

Approximately 1 in 8 women in the U.S will develop invasive breast cancer over 

the course of her lifetime (1, 2). While men can develop breast cancer as well, 

male breast cancer accounts for less than 1% of all breast cancer cases (3). 

There are many factors, modifiable as well as non-modifiable, that can influence 

a woman’s risk of getting breast cancer. Some of the non-modifiable factors 

include age, gender, family history and genetic mutation inheritance. According 

to the National Cancer Institute’s Surveillance, Epidemiology, and End Results 

(SEER) program, age is the single strongest risk factor of breast cancer. At age 

30, 1 in every 227 women will be diagnosed with breast cancer. However, by age 

70, this risk increases to 1 in every 26 women (4). Family history is also a strong 

indicator for breast cancer risk. A family history of female breast cancer 

increases a woman’s chance of getting the same disease by two-fold (5). Genetic 

inheritance, i.e. carrying BRCA1 and 2 mutations, increases a woman’s chance 

of getting breast cancer from about 12-45% (5). Modifiable factors including 

obesity, alcohol consumption, lifestyle, and diet also play a role in determining a 

woman’s risk of getting breast cancer (6). Multiple epidemiological studies have 

correlated a healthy body mass index (BMI) of below 25 with a lowered risk for 

hormone receptor-positive post-menopausal breast cancer (7). By reducing 
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alcohol consumption from 7 or more drinks per week to zero, the risk for estrogen 

and/or progesterone receptor (ER/PR) positive breast cancer will fall by 50% (8). 

Increasing exercise will also effectively decrease the risk for breast cancer. 75 

minutes to 150 minutes per week of brisk walking reduces a woman’s risk by 

18% (9). High intake of omega-3 fatty acids (n-3 FA) also reduces incidences of 

invasive mammary carcinomas by 30% (10). N-3 FAs have demonstrated strong 

anti-inflammatory properties and anti-cancer, cancer-preventive properties in 

multiple cancers. Using a dietary intervention to improve treatment and lower a 

woman’s risk for breast cancer has always been a goal of our research. Our 

interest in examining the effect of n-3 FA in treating genetically variable breast 

cancer led to the conception of this dissertation.  

 

1.2 Breast Cancer Risk and Omega-3 Fatty Acids 

          N-3 FAs are essential polyunsaturated fatty acids - that is, they cannot be 

synthesized in the human body, and need to be obtained through dietary intake. 

Mainly found in fish and flaxseed oil, n-3 FAs exert beneficial effects including 

lowering blood pressure and reducing lipid triglycerides (11). Docosahexaenoic 

acid (DHA) and eicosapentaenoic acid (EPA) provide the strongest health 

benefits among all n-3 FAs and are the most extensively studied forms of 

polyunsaturated fatty acids. Many studies have correlated high intakes of dietary 

DHA and EPA with lowered risk of breast cancer and improved sensitivity to 

chemotherapy.  
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1.2.1 Epidemiological Studies 

          Epidemiological studies have demonstrated the correlation between high 

intakes of n-3 FAs and lowered breast cancer risk. In a prospective cohort study, 

White E et. al followed 35,000 women for 7 years and observed the association 

between the increased use of fish oil supplementation and decreased incidence 

of invasive mammary carcinomas. Within that population, post-menopausal 

women who frequently supplemented their diets with n-3 FAs had a hazard ratio 

of 0.68 – an approximately 30% lower risk for breast cancer compared to women 

who did not supplement their diets (10).  

          In another study, Lee E. et al conducted a similar case-control analysis 

using a food intake frequency questionnaire to look at the association between n-

3 FAs intakes and breast cancer incidences in a population of Korean women. 

Breast cancer risk was reduced in post-menopausal women who consumed 

more than 0.101g EPA and 0.213g of DHA from fish per day compared to a 

reference group who consumed less than 0.014 g of EPA and 0.037 g of DHA 

per day (12). The study of Japanese immigrants in the United States provided 

intriguing insights to the factors that influence breast cancer risk. As Japanese 

women immigrated from Japan to the United States, their risks of breast cancer 

increased rapidly to that observed in the United States (13). This suggested that 

lifestyle factors such as high fish intake in the Japanese diet might play an 

important role in lowering breast cancer risk. The available epidemiological data 
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correlating high intakes of DHA and EPA to lowered breast cancer risks are 

compelling and have been strongly supported by in vivo mouse model data.   

 

1.2.2 In vivo Studies 

          Mouse and rat models have been utilized to study the mechanistic effect of 

n-3 FAs on breast cancer. Studies using the fat-1 mice, MMTV-neu (ndl)-YD5 

transgenic mice and Sprague-Dawley rats have demonstrated lowered tumor 

incidences, tumor sizes and tumor multiplicity. In a study conducted by Ma D. et 

al, the fat-1 mouse was crossed with the MMTV-neu (ndl)-YD5 transgenic mouse 

model to yield a new genotype of progeny that endogenously produce n-3 FAs 

and develop spontaneous aggressive HER2 positive mammary tumors. These 

new progenies have similar tumor latencies compared to the MMTV-neu models 

but their tumor sizes and multiplicities were significantly smaller. In the same 

experiment, supplementing n-3 FAs in the MMTV-neu mice also reduced tumor 

volumes (14).  

          Sprague-Dawley rats undergo mammary carcinogenesis following N-

methyl-N-nitrosourea (MNU) or 7,12 dimethylbenz(α)anthracene (DMBA) tail 

injections. These rats develop ER positive, highly differentiated mammary tumors 

that are similar to human breast cancers. Manni et al combined n-3 FAs and 

tamoxifen and tested this combination in the MNU-induced rat mammary 

carcinogenesis model. Tamoxifen and n-3 FAs as single agents did not reduce 

tumor incidence or tumor multiplicity. However, the combination of 100ug/kg 



	   	   	   	  
	  
5	  

tamoxifen and 17% n-3 FAs + 3% corn oil diet decreased tumor incidences, 

tumor multiplicity, intraductal proliferation and ductal carcinoma in situ (15). 

Sprague Dawley rats injected with DMBA and fed fish oil (Maxepa) had lower 

tumor incidences and latency. Tumors from the supplemented group had lowered 

Ki67 staining, DNA-protein crosslinking and higher expression of p53, all of which 

are markers associated with breast cancer risk (16).  

1.2.3 In vitro Studies 

          Extensive in vitro experiments utilizing established breast cancer cells 

suggested that n-3 FAs exert multiple mechanisms of action depending on the 

genetics and subtype of breast cancer cells under treatment. Some of those 

mechanisms include the reduction of proliferation, induction of apoptosis and 

suppression of inflammation and pro-survival signaling pathways, all of which 

lead to the decreased survival and viability of breast cancers and reduced tumor 

incidences and volumes.  

          The effect of DHA and EPA on breast cancer had been extensively studied 

in vitro. At physiological concentrations, DHA had been shown to disrupt lipid raft 

and induce apoptosis in HBaC5.2 cells. In the presence of DHA, lipid raft integrity 

was compromised and cellular membrane was damaged. These changes 

initiated BAD translocation and therefore the induction of apoptosis. DHA also 

inhibited Wnt/β-catenin signaling and downstream transcriptional activity of 

TCF/LEF in 4T1 and MCF-7 cells. The suppression of this signaling pathway in 
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turn resulted in a reduction in cell proliferation and induction of apoptosis (17). 

Similar effects were observed in 4T1 tumors extracted from female Balb/c mice 

that were fed a fish-oil supplemented diet and injected with 4T1 cells. Apoptotic 

index was increased and β-catenin staining was reduced in tumors from mice fed 

a fish oil diet (18). Another study with BT-474 cells showed reduced cell 

proliferation when treated with DHA (19).  

 

1.2.4 Impact on Breast Cancer Subtypes 

          We know that DHA and EPA can exert anti-proliferative and pro-apoptotic 

effects on breast cancer. But current studies did not take into account how the 

genetic background and molecular subtypes of the breast cancer can impact 

their response to n-3 FAs. The dependence of breast cancer cell lines on their 

driver signaling pathways may alter how extensively they respond to DHA and 

EPA and therefore the effectiveness of n-3 FAs in certain cell lines. Utilizing a 

panel of genetically distinct cell lines representing the various subtype of breast 

will provide new insights to the relative efficacy of n-3 FAs in various breast 

cancer backgrounds.  

 

1.3 FDA approved omega-3 Ethyl Esters 

         Omega-3 ethyl esters (n-3 EEs) are structurally similar to n-3 FAs. Instead 

of an acid functional group at the alpha end, n-3 EEs have an ethyl ester group 

that provides the compound with an extended shelf life and reduced oxidative 
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susceptibility. N-3 FAs are extracted from various sources of fishes and then 

esterified using a proprietary esterification process. Following esterification, the 

n-3 EEs are molecularly distilled and packaged into soft gelatin capsules of 1g 

per capsule. Because of the processing, these capsules deliver a large amount 

of n-3 EEs per capsule and are free of heavy metal contaminants, therefore 

reducing the amount of capsules a patient will need to consume with every meal 

and providing a safer alternative to traditional n-3 FA supplements.   

          N-3 EEs have been approved by the FDA to treat hypertriglyceride. 

Patients ingest 4g of n-3 EEs per day and have reported minimal side effects: 

upset stomach, burping and strange taste in mouth. Preclinical studies have 

shown that rats that ingested n-3 EEs had increased intestinal levels and blood 

levels of n-3 FAs across a lengthened period of time. The ethyl ester functional 

group of n-3 EEs delayed intestinal processing of n-3 EEs, resulting in a 

lengthened and elevated blood and intestinal levels of n-3 FAs (20).     

          N-3 EEs have been extensively studied in the context of treating 

hypertriglyceride and preventing secondary myocardial infarction (21). However, 

the effect of n-3 EEs on breast cancer cell lines remains unknown. In this 

dissertation we hypothesize that n-3 EEs are as effective as n-3 FAs at reducing 

breast cancer cell proliferation and survival, and inhibiting inflammatory signaling 

pathways. Our goal is to examine the effects of n-3 EEs on a panel of genetically 

diverse breast cancer cell lines in vitro and delineate the mechanisms through 

which n-3 EEs exert their effects.  
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1.4 Omega-3 Fatty Acids and Breast Cancer Prevention 

          As mentioned earlier, epidemiological and in vivo studies have suggested 

the efficacy of n-3 FAs in breast cancer prevention and various mechanisms 

have been proposed. However, there is a lack of in vitro evidence that supports 

those findings because of the absence of an appropriate in vitro prevention 

model. Studying the effects of n-3 FAs in cells that are characteristically 

hyperplastic and Ductal Carcinoma In Situ (DCIS)-like will provide invaluable 

insight into about the mechanisms through which n-3 FAs prevent breast cancer.   

 

1.4.1 Models of Breast Cancer Prevention 

          MCF-10A is a transformed human breast epithelial cell line that is non-

tumorigenic and does not show signs of terminal differentiation and senescence. 

Human Mammary Epithelial Cells (HMEC) is non-transformed cell line and 

characteristic of normal human breast cells. Both cell lines are extensively 

utilized for in vitro preventive studies. However, they do not accurately represent 

the pre-cancerous stages of breast cancer such as atypia, hyperplasia and DCIS. 

The 21T series cell line comprises of 4 cell lines isolated from the breast tissue of 

a patient that underwent mastectomy and surgery. When characterized in vitro 

and in vivo, the cell lines - 21PT, 21NT, 21MT-1 and 21MT-2 (22, 23) – reflect 

linear stages of breast cancer progression. The 21PT cells proliferates in vitro 

and form localized atypical ductal hyperplastic lesions in nude mice. The 21NT 

cells grow in culture and are tumorigenic but non-invasive. The 21MT-1 cells 
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grow into invasive mammary carcinomas and exhibit high motility in culture; while 

the 21MT-2 cells are metastatic and highly invasive in nude mice and in culture. 

These cell lines derived from one patient provide a superior model for in vitro 

preventive studies where the effect of a potential agent could be examined in 

premalignant and malignant cells. The preventive study in this dissertation 

utilizes the 21T series cell lines as an in vitro model of prevention and examines 

the effect of DHA on different aspects of breast cancer progression – 

proliferation, survival, invasion and inflammation.  

 

1.4.2 Mechanisms of prevention 

          Breast cancer in general starts with a mild stage of atypic ductal 

hyperplasia, where a selected population of breast cells proliferates faster than 

neighboring cells and escapes apoptosis. These cells may progress to the 

second stage of DCIS that is characterized by a large lesion with high Ki67 index 

and proliferation rate (23). DCIS is the final stage of a benign lesion before it 

transits into invasive mammary carcinoma and invades the basal membrane. The 

preventive studies mentioned in 1.2.2 suggest n-3 FAs inhibited the progression 

of intraductal lesions into invasive carcinoma. Mice that were fed fish oil had 

intraductal lesions that did not progress to form palpable tumors, whereas mice 

that did not receive fish oil had both the intraductal lesions as well as palpable 

tumors. We therefore hypothesized that n-3 FAs may inhibit breast cancer 

progression from DCIS to invasive mammary carcinoma.  
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          Inflammation is a key promoter of breast cancer progression and the 

inflammatory status of a breast tumor microenvironment plays an important role 

in promoting breast cancer. One of the hypothesized preventive mechanisms of 

n-3 FAs is that n-3 FAs inhibit the inflammatory signaling and production of 

cytokines in precancerous cells, therefore resulting in an under-establishment of 

an inflammatory tumor microenvironment.  

          Macrophages and immune cell infiltrates have been extensively studied in 

the context of breast cancer development. In studies that observed macrophages 

in various stages of breast cancer, malignant breast tissues displayed the 

involvement of more macrophages in their tumor microenvironment than the 

benign ones (24). Tumor-associated macrophages are recruited into the tumor 

microenvironment via chemokines and these infiltrating macrophages in turn 

produce a huge array of cytokines that promote an inflammatory tumor 

microenvironment.   

 

1.5 Dissertation Objectives 

          Based on data from epidemiological, in vivo and in vitro studies, we 

hypothesized that n-3 EEs may be efficacious in treating various subtypes and 

genetically disparate populations of breast cancer. Prevention studies have also 

suggested that n-3 FAs may be effective breast cancer preventive strategies, 

preventing the development of invasive mammary carcinogenesis. The first 

objective of this dissertation is to test the efficacy of n-3 EEs in a panel of breast 
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cancer cell lines that differ in their genetic background and clinical subtypes. We 

hypothesize that n-3 EEs may exert anti-inflammatory effects on breast cancer 

cells through the suppression of NF-κB signaling and the expression of its 

downstream targets. Our second objective is to investigate the preventive 

mechanisms of DHA in 21PT, 21NT and 21MT-1 cells. Due to their advanced 

stage, 21MT-2 cells will not be used in this preventive study. Our working 

hypothesis is that DHA may reduce incidences of invasive mammary carcinoma 

by reducing viability, proliferation and invasive capacity of hyperplasia and DCIS, 

as well as by reducing the production of cytokines and the establishment of an 

inflammatory tumor microenvironment.  
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Chapter 2: Breast Cancer Genetic and Molecular Subtype Impacts 

Response to Omega-3 Fatty Acid Ethyl Esters* 

 

2.1 Introduction 

Omega -3 (n-3) fatty acids are essential nutrients for the human body.  

Mainly found in cold-water fish, docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA) have been shown to reduce inflammation in 

multiple cancers, prevent heart disease and improve neural function (25-28). In 

an epidemiological n-3 cohort study, high intake of n-3 fatty acids was associated 

with a reduced risk of breast cancer (10). Other groups have also found similar 

correlation between reduced breast cancer risk and high dietary intakes of n-3 

fatty acids (29-31).  

One of the mechanisms through which n-3 fatty acids suppress 

inflammation is through inhibition of NF-κB signaling (32-35). NF-κB plays a 

central role in regulating inflammation. Acting as a transcription factor, NF-κB 

activation triggers production of interleukins, pro-survival factors and stress 

response genes, of which several are critical to the development and progression 

of breast cancer (36-40). A new pharmaceutical form of n-3 fatty acids ethyl 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*	  This	  chapter	  has	  been	  submitted	  for	  publication.	  Authors	  are	  Dr.	  Ching	  Hui	  Chen,	  Dr.	  Carol	  Fabian,	  Dr.	  
Stephen	  Hursting	  and	  Dr.	  Linda	  deGraffenried.	  Dr.	  Chen	  conducted	  the	  experiments,	  conceived	  the	  study,	  
analyzed	  the	  data	  and	  drafted	  the	  manuscripts.	  Dr.	  Fabian	  provided	  the	  capsules	  used	  in	  the	  experiment.	  
Dr.	  Hursting	  help	  conceive	  the	  experiments	  and	  Dr.	  Linda	  deGraffenried	  conceived	  the	  study,	  analyzed	  the	  
data	  and	  reviewed	  the	  manuscript.	  
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esters (EEs) (LOVAZA®) has been introduced for treating patients who have very 

high triglyceride levels (41) and is being investigated as a potential cancer 

preventive agent. Studies have shown that when rats were fed n-3 EEs instead 

of n-3 fatty acids, intestinal absorption of DHA and EPA were sustained over a 

longer period of time, leading to a higher and lengthened period of high n-3 fatty 

acids in the blood. Not surprisingly, this biological effect is not obtainable by 

feedings of n-3 fatty acids (21, 42) and is a unique property of n-3 EEs, 

suggesting that these new agents may provide better anti-cancer activity.  

One significant problem in identifying those patients who would gain the 

greatest benefit and moving n-3 EEs forward clinically is that most mechanistic 

studies have been done evaluating responses in only one or two cell lines. This 

current study evaluated the impact of in vitro exposure of n-3 ethyl esters on a 

panel of different breast cancer cell lines of various genetic composition and 

molecular background. Four breast cancer cell lines were exposed to n-3 EEs 

and assessed for survival, proliferation, NF-κB activity and PPARγ activity. The 

results from this study provide valuable insights into the mechanism through 

which supplementary/pharmaceutical grade n-3 ethyl esters mediate their anti-

cancer effects and the genetic prerequisite that predicts a favorable response. 

 

2.2 Methods 

2.2.1 Cell lines and reagents 
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MCF-7, MDA-MB-231, CAMA-1 and SKBR3 breast cancer cells (ATCC, 

Manassas, VA, USA) were cultured in Improved Minimal Essential Medium (Life 

Technologies, Inc., Grand Island, NY, USA) supplemented with 10% fetal bovine 

serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA) and 1% pen/strep (Sigma-

Aldrich, St. Louis, MO, USA). Cells were maintained at 37°C in 10% CO2 

humidifier incubators. N-3 EEs (LOVAZA®, GSK) used in the experiments were 

extracted from federal investigative drugs provided by Dr. Carol Fabian from 

Kansas University Medical Centre Investigational Pharmacy. Each n-3 EE 

capsule contains 465 mg of eicosapentaenoic ethyl esters (DHA-EE) and 375 mg 

of docosahexaenoic ethyl esters (EPA-EE). Before every experiment, n-3 EEs 

were freshly extracted from capsules and then dissolved in 100% ethanol. 

Ethanol dissolved n-3 EEs were then utilized at final concentrations of 10, 20 and 

40 uM when added into IMEM. In all experiments, n-3 EE containing media were 

replaced every 24 hrs with freshly prepared media supplemented with new n-3 

EEs.  

5×NF-κB, 3×PPRE luciferase reporter plasmids and p-Null-Renilla plasmid 

were obtained from Strategene (La Jolla, CA, USA). TNF-α was purchased from 

Cell Signaling (Danvers, MA, USA) and prepared in sterile PBS to give a 10 

mg/mL stock solution. Parthenolide (Sigma-Aldrich, St. Louis, MO, USA) was 

dissolved in dimethyl sulfoxide to give a stock solution of 5mM. Bezafibrate 

(Sigma-Aldrich, St. Louis, MO) was dissolved in methanol to obtain a stock 
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solution of 0.5 M and was used as a positive control in PPRE-luc assays at a 

final concentration of 0.5 mM.  

COX-2 antibodies were obtained from Invitrogen (Life Technologies, 

Grand Island, NY, USA), survivin, bcl-2 and actin antibodies were purchased 

from Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA, USA) and cyclin D1 

antibody was obtained from Cell Signaling Technology (Danvers, MA, USA).  

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT 

reagent) was purchased from Sigma-Aldrich (St. Louis, MO, USA), dissolved in 

dimethyl sulfoxide (DMSO) to obtain a 5 mg/mL stock solution and used at 0.5 

mg/mL in MTT cell viability assays.  

 

2.2.2 Colony formation assay 

Cells were seeded in 10% FBS IMEM at a density of 500 cells per well in 

6-well plates. Following 24 hr of settling in 10% FBS IMEM, cells were exposed 

to serum free IMEM (SFM), 10% FBS IMEM, 10% charcoal-stripped FBS IMEM 

(CS), 10% CS IMEM supplemented with either 10 µM, 20 µM or 40 µM n-3 EEs 

for 24 h. After exposure, the media were aspirated; wells were washed and 

replenished with 10% FBS IMEM and left in the incubator for 7 to 10 days until 

colonies were formed. After colony formation, treatment media were aspirated, 

wells were washed and colonies were stained with 1% crystal violet (CV, Sigma-
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Aldrich, St. Louis, MO, USA) dissolved in 70% methanol. After 30 minutes of 

staining, CV solutions were removed from the wells. Wells were then gently 

rinsed with deionized water, inverted and placed onto paper napkins, and left to 

dry overnight. Colonies comprised of more than 50 cells were counted and the 

average of each treatment triplicate was tabulated. The results reported were a 

combination of three independent experiments done in triplicates and are 

presented as mean ± SEM. Student t-test was used to determine statistical 

significance. 

 

2.2.3 MTT assay 

Cells were seeded in 10% FBS IMEM at a density of 5 × 103 cells per well 

in 96 well plates. After 24 h of settling, media were removed, cells were washed 

and then exposed to SFM, 10% FBS IMEM, 10% CS IMEM and 10% CS IMEM 

with either 10 µM, 20 µM or 40 µM n-3 EEs for 96h. After 96h of treatment, MTT 

reagent was added into treatment media and incubated for 3h to allow dye 

conversion. MTT reagents were prepared per manufacturer’s instructions. Cells 

were then lysed with DMSO after incubation. Absorbance was measured at 

570nm and the result was an average of three independent experiments done in 

triplicates. Results are reported as mean ± SEM. 
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2.2.4 Cell proliferation assay 

Cells were seeded in 10% FBS IMEM at 5 × 103 cells per well. Following 

24 hr of settling, media were aspirated, cells were washed and then exposed to 

SFM, 10% FBS IMEM, 10% CS IMEM and 10% CS IMEM plus either 10 µM, 20 

µM or 40 µM for 96 h. During the 96 hr exposure, existing media in the wells 

were replaced with freshly prepared media every 24 hrs. At 96 h, cells were 

trypsinized, collected and counted using a hemocytometer. The results were a 

combination of three independent experiments done in triplicates and were 

presented as mean ± SEM. 

 

2.2.5 NF-κB luciferase reporter assay 

Cells were seeded in 10% FBS IMEM at a density of 2 x 105 cells per well 

in 6-well plates (Falcon, Franklin Lakes, NJ, USA). Following 24 hr of settling, 

media were aspirated, wells were washed and media replaced with 10% CS 

IMEM, 10% CS IMEM plus either 10 µM, 20 µM, 40 µM n-3 EEs or 5uM 

parthenolide (Par). After 48 h of exposure to treatment, cells were transiently 

transfected with a mixture of 3 uL FuGene 6 transfection reagent (Boeringher 

Mannheim, Indianapolis, IN, USA), 1 µg of 5x NF- B luciferase reporter plasmid 

and 20ng p-Null-Renilla plasmid (Promega, Madison, WI, USA) for each well. 

After 24 hr of transfection, cells were harvested with 1X Passive Lysis Buffer and 

assessed for luciferase activity using a dual-luciferase reporter assay system kit 
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(Promega, Madison, WI, USA). FLUOstar Omega Spectrometer (BMG Labtech, 

Offenberg, Germany) was utilized to perform injections of luciferase reagents and 

to read luciferase luminescence for dual luciferase assays. NF-κB luciferase units 

were first normalized to null-Renilla luciferase units before standardization to 

10% CS IMEM readings. The result was a combination of three independent 

experiments done in triplicated and is reported as mean ± SEM. Student t-test 

was utilized to determine statistical significance. 

 

2.2.6 p65 immunofluorescence 

Cells were seeded in 10% FBS IMEM at 1 × 105 cells per well in 8-well 

chamber slides. Following 24 hr of settling, media were aspirated, cells were 

washed and pre-treated with 10% CS IMEM, 10% CS IMEM plus either 10uM, 

20uM, 40uM n-3 EE or 5uM parthenolide for 1h. After pre-treatment, existing 

treatment media in the chambers were supplemented with 15 ng/ml TNFα and 

left in the chambers for 6 additional hrs. After 6h of incubation, media were 

aspirated; slides were disassembled and washed with PBS. Following washing, 

cells were fixed with 4% paraformaldehyde for 10 mins and permeabilized with 

0.1% Triton X-100 for 15 mins at room temperature. Cells were then incubated 

with rabbit anti-human p65 antibody for 1 hr at 37°C followed by Cy3 conjugated 

donkey anti-rabbit antibody for another 1 hr at 37°C. p65 immunofluorescence 

was visualized using a fluorescence microscope (Olympus America Inc, Center 
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Valley, PA, USA). Fluorescence images of six randomly selected microscopic 

fields of cells were taken and cropped using Adobe Photoshop. Of three 

independently performed assays, the best representative images were reported.  

2.2.7 PPRE luciferase reporter assay 

Cells were seeded in 10% FBS IMEM at a density of 2 × 105 cells per well 

in 6-well plates. After 24 hr of settling, cells were transfected with a mixture of 3 

ul FuGene 6 transfection agent (Boeringher Mannheim, Indianapolis, IN, USA), 1 

µg of the 3×PPRE-luciferase reporter plasmid, and 20ng p-Null-Renilla plasmid 

per well for 24h. After transfection, cells were exposed to SFM, 10% CS-FBS, 

10% CS-FBS media with either 10 µM, 20 µM or 40 µM, and SFM plus 0.5 mM 

Bezafibrate (negative control), for 24 h. After exposure, cells were harvested with 

1X Passive Lysis Buffer and assessed for luciferase activity using a dual-

luciferase reporter assay system kit (Promega, Madison, WI, USA). FLUOstar 

Omega Spectrometer (BMG Labtech, Offenberg, Germany) was utilized to 

perform injections of luciferase reagents and to read luciferase luminescence for 

dual luciferase assays. PPRE luciferase units were first normalized to null-Renilla 

luciferase units before standardization to 10% CS IMEM readings. The result was 

a combination of three independent experiments done in triplicated and is 

reported as mean ± SEM. 

 

2.2.8 Western blot analyses 
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Cells were seeded in 10% FBS IMEM at a density of 5 × 105 cells per well 

in 6-well plates. Following 24 hr of settling, cells were exposed to SFM, 10% FBS 

IMEM, 10% CS IMEM and 10% CS IMEM plus either 10 µM, 20 µM or 40 µM 

omega-3 EE for 48h. Cells were harvested using 1X Lammeli lysis buffer and 

quantified using Thermo Scientific Pierce BCA Protein Assay Kit (Thermo 

Scientific, Rockford, IL, USA). Protein lysates were separated using 10% SDS-

bisacrylamide gel electrophoresis, blotted onto nitrocellulose membranes and 

subjected to immunodetection using antibodies to COX-2, survivin, cyclin D1, bcl-

2, and actin, as loading control. Signal detection was performed using enhanced 

chemiluminescence (ECL) system from Amersham (Arlington Heights, IL, USA).  

Three independent experiments were conducted, images were quantified using 

Image J densitometry (NIH), and band intensities normalized to actin. Normalized 

densitometry was averaged and results were reported as mean ± SD. Student t-

test was utilized to determine statistical significance.   

 

2.2.9 Statistical analyses 

In all experiments, the Student t test was utilized to determine statistical 

significance between treatments and their respective controls. Conditions that 

were not statistically significant shared a letter; conditions that were statistically 

significant did not share a letter. P values were represented as follow: p<0.05 (*), 

p<0.01 (**), p<0.001 (***) and p<0.0001 (****). 
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2.3 Results  

2.3.1 Genetic variance of breast cancer cell lines  

Data on cell line genetic variation of MCF-7, CAMA-1, MDA-MB-231 and SKBR3 

were obtained from American Type Culture Collection (ATCC) and The TP53 

UMD mutation database (43). Following data collection, information was 

tabulated and categorized by molecular targets and cell lines. Extent of 

responsiveness was then compared with the molecular targets investigated. Our 

results were gathered and presented in Table 2.1. 

Table	  2.1	  

	   MCF-‐7	   CAMA-‐1	   MDA-‐MB-‐231	   SKBR3	  
IGFBP	   +	  (44)	   +	  (44)	   ++	  (44)	   -‐	  (44)	  
P53	   Wt	  (45)	   Mut	  (45)	   Mut	  (46)	   Mut	  (47)	  

NF-‐κB	   +	  (48)	   +	  (49)	   +	  (49)	   +++	  (50)	  

ER	   +	  (51)	   +	  (52)	   -‐	  (53)	   -‐	  (54)	  

PR	   +	  (53)	   +	  (55)	   -‐	  (53)	   -‐	  (54)	  

HER2	   -‐	  (54)	   +	  (55)	   -‐	  (54)	   +++	  (54)	  
WNT7B	   +	  	   N/a	   +	  	   n/a	  
TGFα	   +	  (56)	   -‐	  (57)	   +	  	   n/a	  
	  

Legend:	  +	  =	  expressed,	  -‐	  =	  not	  expressed,	  Wt	  =	  wild	  type,	  Mut	  =	  mutated,	  +++	  =	  over-‐
expressed,	  n/a	  =	  data	  not	  available	  

Table	   2.1:	  Molecular	   and	   genetic	   characteristics	   of	   in	  MCF-‐7,	   CAMA-‐1,	  MDA-‐MB-‐231,	  
and	  SKBR3	  cells.	  

 

2.3.2 Omega-3 ethyl esters’ efficacy correlates with NF-κB status 
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Colony formation assays were used to determine the effect of n-3 EEs on 

breast cancer cell survival (Figure 2.1). A dose-dependent suppression of colony 

formation ranging from 20% to 66% was observed in MCF-7 cells exposed to 10 

µM, 20 µM or 40 µM of n-3 EEs, respectively, when compared to control (Figure 

2.1A). CAMA-1 cells demonstrated a dose-dependent response of 35% (at 10 

µM), 34% (at 20 µM) and 67% (at 40 µM) (Figure 2.1B), while MDA-MB-231 

cells demonstrated a dose-dependent response of 28%, 52% and 82% to 10 µM, 

20 µM or 40 µM n-3 EEs, respectively (Figure 2.1C). SKBR3 cells experienced 

the lowest colony count inhibitory effect: 33% (10 µM), 22% (20 µM) and 45% 

decrease (40 µM) (Figure 2.1D). The n-3 EEs inhibited cell survival differently in 

each subtype. The highest percentage of colony formation suppression was 

observed in both MDA-MB-231 and MCF-7 cells, followed by an intermediate 

response in CAMA-1 cells, and a lowest response in SKBR3 cells. In addition to 

colony formation, cell viability (MTT assay, Figure S1A-D) and cell proliferation 

(cell count assay, Figure S2A-D) were evaluated in all subtypes, but only the 

SKBR3 demonstrated a significant response at an n-3 EEs concentration of 40 

µM. 

The efficacy of the n-3 EEs to suppress survival correlated with the 

baseline NF-κB status of the cell line (Table 2.1). This is in agreement with the 

findings of several groups that highlighted the importance of NF-κB inhibition in 

n-3 mediated suppression of proliferation and survival (58-60). Further studies 
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are needed to definitively evaluate tumor NF-κB status as a biomarker for patient 

selection. 

Figure	   2.1:	   Cell	   survival	   in	   response	   to	   increasing	   concentrations	   of	   n-‐3	   EEs.	   Colony	  
formation	   was	   assessed	   in	   MCF-‐7	   (A),	   CAMA-‐1	   (B),	   MDA-‐MB-‐231	   (C)	   and	   SKBR3	   (D)	  
following	  exposure	  to	  increasing	  concentrations	  (10,	  20	  and	  40	  µM)	  of	  n-‐3	  EEs.	  

 

2.3.3 Omega-3 ethyl esters reduce NF-κB transcriptional activity in MCF-7 

and MDA-MB-231 cells  
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Naturally occurring n-3 fatty acids such as DHA and EPA have been 

shown to modulate signaling pathways responsible for regulating inflammation 

(60-63). One of the pathways that are regulated by n-3 FA is the NF-κB pathway 

(34, 35). NF-κB activity was measured using the NF-κB luciferase assay (Figure 

2.2). Following 48 hrs of exposure to 40 µM n-3 EEs, cells were assessed for NF-

κB transcriptional activity. NF-κB transcriptional activity was inhibited by 57% in 

MCF-7 (Figure 2.2A) and 45% in MDA-MB-231 cells (Figure 2.2B) when 

compared to control. CAMA-1 cells demonstrated no inhibition of activity (Figure 

2.2C) while in SKBR3 cells, NF-κB transcriptional activity was increased by 57% 

at 40uM (Figure 2.2D). When taken collectively, n-3 EEs displayed selective 

potency in only MCF-7 and MDA-MB-231 cells.   
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Figure	  2.2:	  Impact	  of	  n-‐3	  EEs	  on	  NF-‐κB	  transcriptional	  activity.	  NF-‐κB	  luciferase	  assays	  
were	   employed	   to	   measure	   NF-‐κB	   transcriptional	   activity	   in	   MCF-‐7	   (A),	   CAMA-‐1	   (B),	  
MDA-‐MB-‐231	   (C)	   and	   SKBR3	   (D)	   cells	   after	   exposure	   to	   n-‐3	   EEs	   for	   48hrs.	   10	   nM	  
parthenolide	  was	  used	  as	  a	  control.	  	  

	  

2.3.4 p65 translocation regulation by omega-3 ethyl esters 

p65 translocation is a prerequisite to NF-κB mediated transcription of 

genes. In endothelial cells, DHA had been shown to attenuate p65 translocation 

(64). Using immunofluorescence, we visualized cellular p65 translocation in 
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breast cancer cells following a 1 hr pre-treatment with n-3 EEs and then a 6 hr 

treatment with both n-3 EEs and 15 ng/ml TNFα (NF-kB activator) (Figure 2.3). 

Exposure to the n-3 EEs inhibited TNFα-induced p65 translocation with varying 

efficacy in the MCF-7 and MDA-MB-231 cells (Figures 2.3A and 2.3C), but had 

no effect in the SKBR3 cells (Figure 2.3D). Intriguingly, TNFα failed to induce 

significant NF-κB translocation in the CAMA-1 cells (Figure 2.3B), which 

demonstrated both nuclear and cytoplasmic localization even in the absence of 

TNFα.  These results correlate with the results observed with the activity of NF-

κB in response to the n-3 EEs. 

	  

Figure	  2.3:	  Continued	  Next	  Page	  
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Figure	  2.3:	  p65	  nuclear	  localization	  in	  response	  to	  n-‐3	  EEs.	  Fluorescent	  microscopy	  was	  
used	  to	  visualize	  the	  inhibition	  of	  translocation	  of	  NF-‐κB	  p65	  in	  MCF-‐7	  (A)	  CAMA-‐1	  (B),	  
MDA-‐MB-‐231	  (C)	  and	  SKBR3	  (D)	  cells,	   in	   response	  to	  exposure	  of	  TNFα	  and	   increasing	  
concentrations	   (10	   to	  40	  μM)	  of	   the	  n-‐3	  EEs.	  Pathenolide	   (Par)	  was	  used	  as	  a	  control.	  
Images	   that	   best	   represented	   the	   three	   independently	   performed	   assays	   were	  
presented	  above.	   	  
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2.3.5 PPARγ transcriptional activity in response to omega-3 ethyl esters  

N-3 fatty acids have been shown to modulate NF-κB by activating PPARγ 

activity (65, 66). Surprisingly, in contrast to the previously reported effects of n-3 

fatty acids, the n-3 EEs did not activate PPARγ transcriptional activity, but 

instead inhibited PPARγ activity in MCF-7, MDA-MB-231 and SKBR3 cells 

(Figure 2.4A, 2.4B and 2.4D, respectively), with no effect in CAMA-1 cells 

(Figure 2.4C). MCF-7 and MDA-MB-231 PPARγ transcriptional activity 

decreased by 26% and 41%, respectively, after exposure to 40 µM n-3 EEs. 10 

µM and 20 µM n-3 EEs inhibited SKBR3 PPARγ transcriptional activity by 17% 

and by 25% respectively. Bezafibrate was utilized as a positive control for PPARγ 

activation (67). Two distinct responses to bezafibrate were observed across the 

four cell lines: in MCF-7 and MDA-MB-231 cells, bezafibrate activated PPARγ, 

while inhibiting PPARγ in CAMA-1 and SKBR3 cells. These data suggest that 

PPARγ regulation is cell-type specific.  



	   	   	   	  
	  

29	  

 

Figure	   2.4:	   N-‐3	   EEs	   inhibit	   PPARγ	   activity	   in	   MCF-‐7	   and	   MDA-‐MB-‐231	   cells.	   PPRE	  
luciferase	  assay	  was	  used	  to	  measure	  PPARγ	  transcriptional	  activity	   in	  cells	  exposed	  to	  
increasing	   concentrations	   (10	   to	   40	   µM)	   of	   n-‐3	   EEs	   or	   0.5	   mM	   Bezafibrate	   (positive	  
control).	  	  

	  

2.3.6 Modulation of expression of downstream targets of NF-κB by omega-3 

ethyl esters  

NF-κB controls the transcription of cyclooxygenase 2 (COX-2), a catalytic 

enzyme that metabolizes n-3 and n-6 fatty acids to anti-inflammatory and 

inflammatory prostaglandins (38, 68, 69). COX-2 is a critical enzyme that 

converts n-3 fatty acids into prostaglandin E3, an anti-inflammatory prostaglandin 
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that had been shown to inhibit proliferation and angiogenesis in non-small lung 

cancer cells (70). Here we tested the effect of n-3 EE exposure on the 

expression of COX-2 and other downstream targets of NF-κB (Figure 2.5). 

Consistent with the other results, n-3 EEs selectively decreased COX-2 

expression in MCF-7 and MDA-MB-231 cells (Figure 2.5A and 2.5C). 20 µM n-3 

EEs increased COX-2 expression by 71% in SKBR3 cells (Figure 2.5D), while 

COX-2 expression remained unaltered in CAMA-1 cells.     

Another downstream target of NF-κB is survivin, an inhibitor of apoptosis 

Interestingly, downregulation of survivin was observed only in MCF-7 cells, with 

survivin levels decreasing by 40% with exposure to 40 µM n-3 EEs. CAMA-1, 

MDA-MB-231 and SKBR3 survivin expression remained unchanged.  

Cyclin D1 regulates cell cycle G1/S transition. Its overexpression 

frequently correlates with shortened cell cycles and higher rates of proliferation. 

Cyclin D1 expression was reduced in MCF-7, CAMA-1 and MDA-MB-231 cells 

but not SKBR3 cells. Significant suppression of cyclin D1 expression was 

observed in MCF-7 cells after exposure to n-3 EEs. All concentrations of n-3 EEs 

reduced cyclin D1 expression by about a 41% in MCF-7 cells. In CAMA-1 cells, 

20 and 40 µM n-3 EEs reduced cyclin D1 levels by 65%. Cyclin D1 levels in 

MDA-MB-231 decreased in a dose-dependent manner, with the highest reduction 

at 40 µM (68%). Cyclin D1 levels remained unchanged in SKBR3 cells. 
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Bcl-2, an anti-apoptotic protein, contributes to the regulation of cell death 

in many cancers (71). Following a 48h exposure to 10 µM n-3 EEs, MCF-7 bcl-2 

levels were reduced by 46%. Bcl-2 levels in CAMA-1 were also reduced, with a 

high reduction of 71% at 40 µM n-3 EEs. Similar to MCF-7 cells, MDA-MB-231 

bcl-2 levels were decreased by around 40%. SKBR3 cells lacked sensitivity to n-

3 EE mediated reduction of downstream targets of NF-κB, with unchanging levels 

of bcl-2 across all concentrations of n-3 EEs.  
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Figure	  2.5:	  Continued	  Next	  Page	  
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Figure	   2.5:	   Expression	   of	   downstream	   targets	   of	   NF-‐κB.	   Western	   blotting	   was	  
performed	  to	  measure	  COX-‐2,	  survivin,	  cyclin	  D1,	  Bcl-‐2	  and	  actin	  expression	   in	  MCF-‐7,	  
CAMA-‐1,	  MDA-‐MB-‐231	  and	  SKBR3	  cells	  exposed	  to	  increasing	  concentrations	  (10µ	  to	  40	  
µM)	  of	  n-‐3	  EEs	  .	  Actin	  used	  as	  a	  loading	  control.	  The	  above	  represents	  the	  results	  from	  
three	  independently	  performed	  experiments	  and	  averages	  from	  combined	  quantitative	  
densitometry	  of	  each	  western	  blot	  were	  presented	  below	   respective	  bands.	  Graphical	  
representations	   of	   combined	   densitometry	   are	   available	   in	   the	   Supplementary	   Figure	  
(Figure	  S3-‐6).	  	  

 

2.4 Discussion 

Biomarkers are frequently used to efficiently separate the treatment 

population into responders and non-responders. This redirects the 

pharmaceutical resources and prevents unnecessary overtreatment. N-3 FA are 

already being tested in the clinical setting for cancer prevention and treatment, 

while pharmaceutically-modulated pro-drug forms have been developed to treat 

conditions such as hypertriglyceridemia and are being evaluated for cancer 

applications.  However, in order for these compounds to move forward, the 

disease characteristics that identify those who will gain the greatest benefit must 

be identified and validated. 

Here we show that in a cell line specific manner, a 1.24:1 ratio (EPA-EE: 

DHA-EE) of n-3 EEs inhibited breast cancer cell colony formation, NF-κB activity, 

PPARγ activity and COX-2, survivin, cyclin D1 and bcl-2 expression. This 

inhibitory action of n-3 EEs was more prominent in MCF-7 and MDA-MB-231 
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breast cancer cells whose NF-κB expression and activity were higher than other 

cell lines. 

Based on the findings of epidemiological studies and our own previously 

published work demonstrating the cancer preventive properties of n-3 fatty acids 

and the n-3 EEs supplementary form (10, 15, 29-31), we examined the potential 

mechanisms of action of n-3 EEs in well-established breast cancer cells that 

represent a wide genetic and molecular variation. Contrary to studies that 

demonstrated that n-3 fatty acids reduce proliferation, our study showed that n-3 

EEs reduced cell proliferation in a very limited manner. However, we observed 

that n-3 EEs inhibited cell survival prominently in all breast cancer cell lines, with 

higher potency in MCF-7 and MDA-MB-231 cells, suggesting that the addition of 

the ethyl ester modifies the molecular behavior of the n-3 fatty acids. When we 

correlated responsiveness to various molecular markers in the cell lines, what 

stood out was the over-activation and expression of the NF-κB protein. Most 

studies that examined heterogeneity of breast cancer and fatty acid metabolism 

suggested that single nucleotide polymorphisms of enzymes involved in fatty acid 

metabolism might explain the diverging response to n-3 fatty acid (72-74). Since 

n-3 EEs naturally exist in minute amounts, its conversion into the fatty acid form 

may determine how well cells may respond to n-3 EEs. Further experimentation 

examining breast cancer esterases, enzymes that convert n-3 EEs to n-3 fatty 

acids, is warranted and may provide insights to the selective potency observed in 

our studies.  
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Aberrant NF-κB signaling has been implicated in the initiation and 

progression of most cancer types (75), playing an important role in inflammation 

and cancer etiology (76). In our panel of cell lines, n-3 EEs suppressed NF-κB 

activity only in MCF-7 and MDA-MB-231 cells. Cell lines that did not experience 

n-3 EE mediated NF-κB suppression did not exhibit p65 translocation blunting 

either. As noted by others, not all breast cancer cell lines respond with the same 

sensitivity to inflammatory and anti-inflammatory signals (77). Despite CAMA-1 

and SKBR3 sensitivity to n-3 EEs in the colony formation assay, NF-κB signaling 

suppression seems to play a more important role in MCF-7 and MDA-MB-231 

cells.       

The nuclear receptor PPARγ is a direct receptor of n-3 fatty acids (78, 79). 

By binding to PPARγ, n-3 fatty acids have been shown to inhibit downstream 

activity of NF-κB (65). In our studies, n-3 EEs did not activate PPARγ. Instead, 

exposure to n-3 EEs decreased PPARγ transcriptional activity in three out of the 

four breast cancer cell lines. Even though n-3 EEs differ from n-3 fatty acids by a 

functional group, their effects on PPARγ transcriptional activity were drastically 

different. N-3 fatty acids function as an agonist of PPARγ while n-3 EEs exert an 

antagonist effect on the same receptor. This suggests that n-3 EEs, though 

similar to n-3 fatty acids, suppress NF-κB activity in a PPARγ-independent 

manner. Intriguingly, we observed that bezafibrate also activated PPARγ 

transcriptional activity in MCF-7 and MDA-MB-231 cells. Juan Du et al. studied 

PPARγ single nucleotide polymorphism in a case-control Chinese population and 
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found two variations of PPARγ SNPs (80). Though the impact of these SNPs 

remain poorly understood, investigating PPARγ SNPs in breast cancer cells may 

explain why bezafibrate elicited different responses in the four breast cancer cell 

lines and provide insights to how these responses may change the downstream 

effects of adipogenesis and cellular differentiation regulation.  

The differential response in the cell lines may also be attributed to the 

DHA:EPA mixture in the compound that we used. Lovaza® prescription capsule 

has approximately 465 mg EPA and 375 mg DHA in every capsule and from 

previous studies it has been observed that DHA was more potent at suppressing 

cell growth than EPA in MCF-7, MDA-MB-231 and SKBR-3 breast cancer cells 

(58, 61, 81). The selective potency of DHA-EE and EPA-EE has not been and 

how they are being metabolized in the different cells lines had not been 

extensively studied. By investigating the various metabolites and the relative 

potency of DHA-EE and EPA-EE may provide us with more insights to why the 

different cell lines responded to various degrees to exposure of n-3 EEs.   

With the suppression of NF-κB, n-3 EEs reduced expression of several 

NF-κB downstream targets as well. COX-2 is a downstream target of NF-κB that 

catalyzes the conversion of n-3 fatty acids into anti-inflammatory metabolites that 

reduce proliferation and angiogenesis (82, 83). In our study, n-3 EEs suppressed 

COX-2 expression in MCF-7 and MDA-MB-231 cells but not in CAMA-1 and 

SKBR3 cells. Similar reduction of COX-2 expression has also been noted in 
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experiments investigating the effect of n-3 fatty acids on colon cancer and rat 

mammary glands (84, 85). However, limited number of studies describes the 

effect of n-3 fatty acids or EEs on CAMA-1 and SKBR3 cells. From the NF-κB 

luciferase and p65 translocation assays, CAMA-1 and SKBR3 cells were not 

significantly affected by exposures to n-3 EEs. This supports the importance of 

NF-κB over-activation as a prerequisite for n-3 EEs to be effective. However, it is 

warranted that future experiments examining differences in baseline NF-κB 

activity and NF-κB-dependent COX-2 transcription in a larger number of cell lines 

and biological samples may provide a more in-depth explanation for differences 

in n-3 EE sensitivity.  

N-3 fatty acids have been shown to regulate cyclin D1, a temporally 

expressed cell cycle regulator (86, 87). Multiple studies have demonstrated that 

n-3 fatty acids suppress cell proliferation through the inhibition of cyclin D1 

expression. Surprisingly, reduction in cyclin D1 expression did not translate into 

an inhibition of proliferation (Figure S1, S2). Cell proliferation is a complex 

process that requires the coordination of multiple regulators, including Rb and 

cdks. Experimentation investigating the impact of n-3 EEs on other cell cycle 

regulators is warranted to further our understanding on the effect of n-3 EEs on 

cell proliferation. 

 

2.5 Supplemental Figures 
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Supplementary	  Figure	  2.6:	  Measurement	  of	  viability	  via	  MTT.	  Viability	  was	  measured	  
after	  cells	  were	  exposed	  to	  increasing	  concentrations	  (10uM,	  20uM	  and	  40uM)	  of	  DHA	  
for	  96h.	  
	  

 

Figure	  2.7:	  Continued	  Next	  Page	  
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Supplementary	   Figure	   2.7:	   Impact	   of	   DHA	   on	   cell	   counts.	   Cell	   counts	  were	   assessed	  
following	  exposure	  to	  DHA	  after	  96h.	  
	  

 

Supplementary	  Figure	  2.8:	  Densitometry	  of	  COX-‐2	  western	  blot	  analyses.	  Image	  J	  was	  
utilized	   to	   determine	   densitometry	   of	   western	   blot	   analyses.	   Cells	   were	   treated	  with	  
DHA	  for	  48h	  and	  analyzed	  for	  COX-‐2	  expression.	  	  
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Supplementary	   Figure	  2.9:	  Average	  densitometry	   for	   survivin	  western	  blot	   analyses.	  
Densitometry	  of	  survivin	  was	  normalized	  to	  actin	  and	  reported	  as	  an	  average.	  
	   	  

	  

Figure	  2.10:	  Continued	  Next	  Page	  
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Supplementary	  Figure	  2.10:	  Average	  densitometry	  for	  cyclin	  D1	  western	  blot	  analyses.	  
Densitometry	  of	  cyclin	  D1	  was	  normalized	  to	  actin	  and	  reported	  as	  an	  average.	  
	   	  

	  

Supplementary	   Figure	   2.11:	   Average	   densitometry	   for	   bcl-‐2	   western	   blot	   analyses.	  
Densitometry	  of	  bcl-‐2	  was	  normalized	  to	  actin	  and	  reported	  as	  an	  average.	   	  
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Chapter 3: The Effect of Docosahexaenoic Acid on Premalignant Stages of Breast 

Cancer* 

 

3.1 Introduction 

Omega-3 fatty acids (n-3 FA) are essential polyunsaturated fatty acids that 

are mainly found in cold-water fishes. Epidemiological and in vivo studies have 

reported a correlation between high dietary intakes of n-3 FAs and a lowered risk 

for breast cancer. One study with 800 Korean women had demonstrated that 

high consumption of fatty fish reduced risk for breast cancer in both pre-

menopausal and post-menopausal women (12) while another study reported a 

similar correlation between the use of docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA) supplementation and decreased breast cancer risk 

(10). We were interested in investigating the preventive activities of DHA using in 

vitro modeling and examine how they may impact the growth, survival and 

microenvironment construction in a precancerous breast cancer progression 

model.  

DHA has been extensively studied in in vitro and in vivo. DHA not only 

reduced tumor multiplicity and incidence of breast cancer in N-methyl-N-

nitrosourea-induced rat (MNU) (15), 7,12-dimethylbenz[a]anthracene (DMBA)-
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*	  This	  chapter	  has	  been	  submitted	  for	  publication.	  Authors	  are	  Dr.	  Ching	  Hui	  Chen,	  Dr.	  Emily	  Rhodes,	  
Laura	  Garcia	  and	  Dr.	  Linda	  deGraffenried.	  Dr.	  Chen	  conducted	  the	  experiments,	  analyzed	  the	  data	  and	  
drafted	  the	  manuscripts.	  Dr.	  Rhodes	  obtained	  the	  cell	  lines	  used	  in	  this	  study.	  Laura	  Garcia	  conducted	  
some	  of	  the	  experiments	  and	  Dr.	  Linda	  deGraffenried	  helped	  design	  the	  experiments,	  analyzed	  the	  data	  
and	  reviewed	  the	  manuscript.	  
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induced mouse model (88), it also inhibited bone metastasis in athymic NCr 

nu/nu mice (89). When breast cancer cells were exposed to DHA, breast cancer 

membrane structures became unsaturated (90), signaling of pro-survival and 

proliferation pathways were impeded (59, 91) and processes of autophagy and 

apoptosis were induced (66, 92). However, most of the studies that examined the 

efficacy of DHA in the context of breast cancer prevention had used cancerous 

cells as a recipient of the treatment. The genetics and signaling pathway within 

precancerous breast cancer cells are significantly different from cancer cells (93-

95) and therefore cannot be replaced by using the latter. In this study, we utilized 

an in vitro hyperplastic, Ductal Carcinoma In Situ (DCIS) and Invasive Mammary 

Carcinoma (IMC) model that are characterized to mimic the linear progression 

model of breast cancer (23). The 21T series cell model is a unique in vitro series 

of three cell lines, all of which were derived from a single patient. The two benign 

cell lines, 21PT and 21NT cell lines, were obtained from mastectomies while the 

malignant cell lines, 21MT-1 cell line, was discovered from the same patient’s 

pleural fluid. In nude mice, 21PT and 21NT cells behave similarly to hyperplasia 

and DCIS and the 21MT-1 cells mirrors an invasive phenotype (23). In this study, 

we investigated the effects of DHA on cell survival, proliferation, invasion and 

macrophage recruitment in precancerous cells using these three cell lines. The 

results of this study may provide invaluable information as to the mechanisms by 

which DHA impacts precancerous stages of breast cancer and reduces breast 

cancer risk.  
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3.2 Materials and Methods 

3.2.1 Cell lines and reagents 

21PT, 21NT and 21MT-1 cells (23) were maintained in culture in a-MEM 

supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine (both from 

Gibco Life Technologies, Grand Island, NY, USA), epidermal growth factor (12.5 

ng/ml), hydrocortisone (2.8 mM), 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 1 mM sodium pyruvate, 0.1 mM non-

essential amino acids and 50 mg/mL gentamycin reagent (all from Sigma 

Chemical, St Louis, MO, USA). U937 monocytes were maintained in RPMI-1640 

supplemented with 10% FBS and 1% pen/strep and differentiated to 

macrophages with 20 ng/mL 12-O-tetradecanoylphorbol-13-acetate (TPA). Cells 

were maintained at 37°C in 10% CO2 humidifier incubators. DHA used in the 

experiments were purchased from Sigma-Aldrich, St. Louis, MO, USA. In all 

experiments, DHA containing media were replaced every 24h with freshly 

prepared DHA-supplemented media. Crystal violet (CV) was purchased from 

Sigma-Aldrich (St. Louis, MO, USA) and dissolved in 70% methanol to give a 

final concentration of 1% (w/v). BD BioCoatTM MatrigelTM invasion chambers were 

purchased from BD Biosciences (Bedford, MA, USA). 3-(4,5-Dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT reagent) was purchased from Sigma-

Aldrich (St. Louis, MO, USA), dissolved in dimethyl sulfoxide (DMSO) to obtain a 

5 mg/mL stock solution and used at 0.5 mg/mL in MTT cell viability assays. 
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3.2.2 Colony formation assay 

Cells were seeded at a density of 500 cells per well in 6-well plates. 

Following overnight settling in 10% FBS, cells were exposed to serum free α-

MEM (SFM), 10% FBS α-MEM and 10% FBS α-MEM supplemented with either 

10 µM, 20 µM or 40 µM DHA for 24 h. Following 24h exposure to DHA, the 

media were aspirated; wells were washed and replenished with 10% FBS α-MEM 

and plates were incubated at 37°C, 5% CO2 for 7 to 10 days until colonies were 

formed. After colony formation, media were aspirated, wells were washed and 

colonies were stained with 1% crystal violet (CV) dissolved in 70% methanol at 

room temperature. After 30 mins of staining, CV solutions were removed from the 

wells. Wells were then gently rinsed with deionized water, inverted and placed 

onto paper napkins, and let to dry at room temperature overnight. Colonies 

comprised of more than 50 cells were counted and the average of each condition 

triplicate was tabulated. The results reported were a combination of three 

independent experiments done in triplicates and are presented as mean ± SEM. 

One way-ANOVA was used to determine statistical significance. 

 

3.2.3 Cell viability assay 

21T cells were seeded at a density of 5 × 103 cells per well in 96 well 

plates. Following overnight settling, media were removed, cells were washed and 

then exposed to SFM, SFM supplemented with either 20uM or 40uM DHA, 10% 
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FBS α-MEM or 10% FBS α-MEM supplemented with either 20uM or 40uM DHA 

for 96h. Media in all conditions were replaced with freshly prepared media every 

24h, and throughout the 96h treatment, media were replaced 3 times. After 96h 

of treatment, MTT reagent was added into treatment media and incubated for 3h 

to allow dye conversion. MTT reagents were prepared per manufacturer’s 

instructions. Cells were then lysed with DMSO after incubation. Absorbance was 

measured at 570nm and the result was an average of three independent 

experiments done in triplicates. Results are reported as mean ± SEM. 

 

3.2.4 Cell invasion assay 

MatrigelTM chambers were first rehydrated according to manufacturer’s 

instruction. After rehydration, 21T cells were seeded at a density of 10000 cells 

per chamber and allowed to settle and invade the chambers. After incubating for 

48hrs, the chambers were harvested by aspirating the media from the upper 

chamber and lower wells. The chambers were gently washed with PBS and 

cleaned with cotton swaps to remove non-invading cells. The exterior of the 

chambers were washed with PBS and then stained with 10% CV solution. 

Number of invading cells was counted in each condition and replicate. The result 

was an average of three independent experiments done in triplicates. Results are 

reported as mean ± SEM. 
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3.2.5 Macrophage Recruitment Assay 

MatrigelTM chambers were first rehydrated according to manufacturer’s 

instruction. After rehydration, U937 cells were seeded in the upper chamber with 

20 ng/mL TPA and 21PT, 21NT and 21MT cells were seeded at a density of 

5000 cells per chamber in the lower chamber, with or without 40µM DHA. The 

chambers were then allowed to incubate at 37°C for 48h before harvesting. 

Chambers were harvested as described in the cell invasion assay section above. 

Prior to microphotography, chambers were stained with 10% CV. After 

microphotography, crystal violet staining was then dissolved in acetic acid for 

quantification. Numbers of invading cells were counted in each condition and 

replicate and the result was an average of three independent experiments done 

in triplicates. Results are reported as mean ± SEM. 

 

3.2.6 Statistical analyses 

In all experiments, one-way ANOVA was utilized to determine statistical 

significance between treatments and their respective controls. Conditions that 

were not statistically significant shared a letter; conditions that were statistically 

significant did not share a letter.  

	  

3.3 Results 

3.3.1 Suppression of 21PT, 21NT and 21MT-1 cell survivals 
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Colony formation assay was utilized to assess the effect of DHA on 21PT, 

21NT and 21MT-1 survivals. Following a 24h exposure to DHA, colony formation 

of these cells decreased significantly (Figures 3.1A, B and C). DHA, in a dose-

dependent manner, suppressed colony counts in all the cell lines, with the 

strongest reduction at a concentration of 40µM. 40µM DHA reduced 21PT, 21NT 

and 21MT-1 colony counts by 70%; while 20µM DHA inhibited colony counts 

most effectively in 21NT cells (Figure 3.1B). The minimal inhibition was 

observed when cells were exposed to 10µM DHA. 10µM DHA only suppressed 

colony counts by approximately 20% in all cell lines. 21PT, 21NT and 21MT-1 

responded to similar extent in the presence of DHA. When evaluated using 

colony formation assay, DHA functioned efficiently as an inhibitor of survival in 

hyperplastic, DCIS and invasive breast cancer cell lines.  
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A                B  

 

                                              C 

	  

Figure	   3.1:	   Cell	   survival	   in	   response	   to	   increasing	   concentrations	   of	   DHA.	   Colony	  
formation	  was	   examined	   in	   21PT	   (A),	   21NT	   (B)	   and	   21MT-‐1	   (C)	   following	   exposure	   to	  
increasing	  concentrations	  (10,	  20	  and	  40	  µM)	  of	  DHA.	   

 

3.3.2 DHA inhibited viability of 21PT, 21NT and 21MT-1 

Studies had shown that DHA suppressed proliferation and viability of 

multiple breast cancer cell lines (58, 96, 97). In this experiment, we treated 21PT, 

21NT and 21MT-1 cells with DHA for 96h and assessed for cell viability. 
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Following exposure to DHA, significant reduction of cell viability was observed in 

all three cell lines. In a dose-dependent manner, DHA induced an 80% reduction 

in cell viability when 21PT cells were exposed to 40uM DHA for 96hr. A 70% 

decrease in viability was observed in 21NT cells at identical concentrations of 

DHA and a 40% of inhibition was achieved in 21MT-1 cells under the same 

conditions. Among the three cell lines, DHA was more effective at suppressing 

cell viability of 21PT and 21NT cells, inducing a larger percentage of suppression 

in these cell lines. This suggests that 21MT-1 may exhibit an overactivation of 

proliferation-governing signaling pathways. Future studies will warrant the 

investigation of signaling pathways in 21MT-1 cells.  

A                 B      

 

	  

Figure	  3.2:	  Continued	  Next	  Page	  
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        C 

 

 

Figure	  3.2:	   Impact	  of	  DHA	  on	  cell	  viability.	   	  21PT	   (A),	  21NT	   (B),	  and	  21MT-‐1	   (C)	  were	  
treated	  with	  increasing	  concentrations	  (20μM	  and	  40μM)	  of	  DHA	  and	  measured	  for	  cell	  
viability.	  	  
 

3.3.3 DHA reduced 21MT-1 invasion 

Premalignant breast tissues are differentiated from the malignant breast 

cancers by their confinement within the basal membrane and non-invasiveness. 

In order to observe the above phenotypes in vitro, the 21T series cell lines were 

seeded in invasion chambers and left to settle overnight. After 24hr, we observed 

that minimal invasion occurred in the 21PT and 21NT chambers while 21MT-1 

significantly invaded the bio-membrane. The invasiveness of all three cell lines 

when taken altogether suggested a close resemblance of the linear progression 

model of breast cancer. However, in the presence of 20µM DHA, 21MT-1 

invasion was reduced significantly. DHA reduced 21MT-1 invasion by 50%. 
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Previous studies had shown that DHA decreased MMP production and secretion 

in breast cancer cells (89, 98), a process that is crucial in mediating cell invasion. 

This may be an important mechanism by which DHA suppressed 21MT-1 

invasion.  

 

 

 

 

 

 

 

 

	  

	  

Figure	  3.3:	  Effect	  of	  DHA	  on	  epithelial	  cell	  invasion.	  Invasion	  of	  21PT,	  21NT	  and	  21MT-‐1	  
were	  measured	  after	  exposure	  to	  20μM	  DHA.	  

 

3.3.4 DHA hindered recruitment of macrophages into the tumor 

microenvironment 
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Tumor associated macrophages (TAM) had been shown to promote 

localized inflammation and function as key players in carcinogenesis (99, 100). 

Studies had demonstrated that TAMs secrete inflammatory factors in the tumor’s 

immediate environment and promotes the recruitment of additional immune cells 

(101-103), thereby increasing local inflammation. DHA had been shown to inhibit 

the production of chemokines that facilitate immune cell infiltration (104). In this 

experiment, we seeded U937 monocyte cells in the upper chamber of the 

invasion chambers in the presence of TPA and 21T cells in the opposite end to 

observe for macrophage invasion towards precancerous epithelial cells. After 

24h of incubation, we observed that macrophage recruitment was low in the 

presence of 21PT while the same measurement was high with 21MT-1. When 

21T cells were exposed to DHA, the recruitment of macrophages diminished by 

at least 50%. 40uM DHA reduced the invasion of macrophages by 56% in the 

condition with 21PT cells, 63% with 21NT cells and 80% with 21MT-1 cells. DHA 

significantly hindered the recruitment of macrophages in all conditions. DHA 

efficiently hindered the process of macrophages invasion towards the breast 

epithelial cells and curbed the interaction and signaling between macrophages 

and breast epithelial cells.       



	   	   	   	  
	  

54	  

 

Figure	   3.4:	   U937	   macrophage	   invasion	   towards	   epithelial	   cells.	   U937	   macrophage	  
invasions	   towards	  21PT,	  21NT	  and	  21MT-‐1	  cells	  were	  examined	   following	  exposure	   to	  
40μM	  DHA.	  Suppression	  of	  U937	  was	  observed	  in	  all	  cell	  lines	  with	  the	  largest	  extent	  of	  
decrease	  observed	  in	  21MT-‐1	  cells.	  	  

 

3.4 Discussion 

In this study, we show that DHA suppresses cell survival, viability and 

invasion of hyperplastic, DCIS and invasive breast cancer cell lines and hinders 

macrophage recruitment into their microenvironments. Collectively, these data 

sets suggest that DHA may prevent breast cancer progression by reducing the 

growth of precancerous cells and inhibiting the establishment of an inflammatory 

microenvironment.  
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Following the epidemiological and preclinical studies that demonstrated 

the preventive properties of n-3 FAs (10, 12), experiments and studies were 

initiated to investigate the mechanism of how DHA elicits its breast cancer 

preventive properties. The literature has very adequately demonstrated that DHA 

inhibited proliferation, metastasis and inflammation of breast cancer cell lines but 

there was a significant lack of evidence describing how DHA may inhibit the 

same processes in a precancerous setting (91, 105, 106). This study is the first 

that looked at how DHA may prevent the growth of breast cancer by targeting 

precancerous stages of breast cancer in vitro, and thereby prevent breast cancer 

overall.  

DHA has been demonstrated to reduce growth, cell count and invasion of 

MDA-MB-231 (107). Similarly, in our experiments, DHA suppressed colony 

counts of 21PT, 21NT and 21MT-1 cells. Within these three cell lines, 21NT cells 

experienced a larger percentage of inhibition following exposure to 20uM. Since 

similar results were observed, our rationale is that the 21T series cell line may 

depend on the over-activation of the same pathways that drives the growth and 

proliferation of MDA-MB-231 cells, and sharing that similarity may have allowed 

DHA to work through equivalent mechanisms in the 21PT, 21NT and 21MT-1 cell 

lines to suppress survival (108). Cell survival is a cellular process tightly 

controlled by many signaling pathways. One of the pathways that regulate cell 

survival is the Akt signaling pathway. Future experiments that examine the Akt 
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signaling pathways in the 21T series cell lines will provide invaluable insights to 

how DHA regulate cell survival in the stages of breast hyperplasia and DCIS.     

Following 96hr of exposure to DHA, cell viability was inhibited in all cell 

lines. One of the key pathways that regulate cell viability and proliferation is the 

ERK1/2 pathway. DHA and EPA had been shown to regulate ERK1/2 signaling 

and as a result reduce cell proliferation. Our next step is to determine if DHA 

regulated ERK1/2 in the 21T series cell lines to reduce proliferation.  

When 21PT, 21NT and 21MT-1 were seeded in the invasion chambers, 

21PT and 21NT invaded minimally while 21MT-1 invaded significantly through 

the basal membrane. Experiments that will investigate the pathways that allow 

21MT-1 to overexpress matrix metalloproteinase (MMP9) may allow us to identify 

a potential target that DHA may modulate. Literature had suggested the 

reduction of MMP9 production and secretion when breast cancer cells were 

exposed to DHA may play an important role in delaying metastasis (98). Future 

experiments investigating the effect of DHA on MMP9 and other MMP production 

will shed some light into how DHA reduced 21T cell invasion.  

When macrophages were seeded in the invasion chambers, while the 21T 

cells were seeded in the wells under the invasion chambers, macrophage 

invasion through the basal membrane observed a gradual increase. Macrophage 

invasion was the weakest when 21PT was the cell line at the bottom of the well. 

The same invasion was increased when 21NT was at the bottom of the well; and 
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when 21MT-1 was at the bottom, macrophage invasion was the most extensive. 

As the stage of the breast epithelial cell becomes more aggressive, macrophage 

invasion becomes more intense. Similar studies had shown that in breast tissue 

samples, the infiltration of immune cells increases with the aggressiveness of the 

disease (109). On the other hand, when the epithelial cells were exposed to 

DHA, the corresponding macrophage invasions were diminished by a constant 

percentage. DHA worked with equal efficiency in all of the cell lines to hinder 

macrophage invasion. DHA may have worked to inhibit 21T chemokines or 

chemo-attractant production and thereby curbing the invasion of macrophages 

towards the epithelial cells. Experiments that measure the effect of DHA on 

chemokine production will provide us with valuable information to how DHA 

interrupts the communication between macrophages and breast epithelial cells.   
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Chapter 4: Potential Mechanisms for DHA inhibition of Macrophage 

Recruitment 

4.1 Introduction 

It has been previously demonstrated that DHA inhibited macrophage 

recruitment towards premalignant breast cells, a process that is important for the 

progression of breast cancer. Macrophages had been correlated with increased 

local inflammation and an acceleration of the breast cancer progression from pre-

malignancy to malignancy (109). In the previous chapter, we have observed that 

DHA inhibited macrophage recruitment towards 21T series cells and one of our 

hypotheses is that this inhibition may be attributed to potential regulation of 

chemokine production, such as CCL20 and CCL2. CCL20 and CCL2 (also 

known as MCP-1) are both chemokines that attract lymphocytes and 

macrophages respectively. When examined in the 21T cells, CCL20 is 

ubiquitously expressed in the 21MT-1 cells (23) while the expression of CCL2 

has not been described in the 21T series cell lines. Other studies had shown that 

DHA modulates CCL2 expression in retinal pigment epithelial cells and murine 

adipocytes, but evidence is limited in the context of breast cancer cells (110, 

111). One of the mechanisms through which DHA may regulate macrophage 

recruitment is through the regulation of CCL20 and CCL2 expression; and in this 

study, we examined the effect of DHA on epithelial CCL20 and CCL2 expression, 
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and investigated the role of CCL20 in macrophage recruitment through a CCL20 

depletion macrophage invasion assay.  

Previous study from the laboratory had also shown that DHA inhibited 

21PT, 21NT and 21MT-1 survival and proliferation. One of the mechanism 

through which DHA could exert that effect is through the inhibition of AKT and 

ERK1/2 signaling. In addition, this study also examined the effect of DHA on the 

AKT and ERK1/2 signaling activity to support the findings from the previous 

experiments.  

 

4.2 Materials and methods 

4.2.1 Cell lines and reagents 

21PT, 21NT and 21MT-1 cells were maintained in culture in a-MEM 

supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine (both from 

Gibco Life Technologies, Grand Island, NY, USA), epidermal growth factor (12.5 

ng/ml), hydrocortisone (2.8 mM), 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 1 mM sodium pyruvate, 0.1 mM non-

essential amino acids and 50 mg/mL gentamycin reagent (all from Sigma 

Chemical, St Louis, MO, USA). Cells were maintained at 37°C in 10% CO2 

humidifier incubators. DHA used in the experiments were purchased from Sigma-

Aldrich, St. Louis, MO, USA. In all experiments, DHA containing media were 
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replaced every 24h with freshly prepared DHA-supplemented media.  

 

4.2.2 CCL20 and CCL2 qPCR 

21PT, 21NT and 21MT cells were seeded in 6 well plates and allowed to 

settle overnight. Cells were then exposed to either 10% FBS or 10% FBS 

supplemented with 40uM DHA for 48h. Following 48h exposure, lysates were 

collected using Trizol and RNA extraction was conducted per manufacturer’s 

instructions. cDNA was synthesized using High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Life Technologies, Grand Island, NY, 

USA) and then amplified for CCL20 and CCL2 using qPCR, SYBR Green 

(Thermo Fisher Scientific, Life Technologies, Grand Island, NY, USA) and the 

following primers: CCL20 forward 5’-CAGAAGCAGCAAGCAACT-3’, CCL20 

reverse 5’-AGTCCAGTGAGGCACAAA-3’, CCL2 forward 5’-

AGGTGACTGGGGCATTGAT-3’, CCL2 reverse 5’-

GCCTCCAGCATGAAAGTCTC-3’. Ct, ΔCt, ΔΔCt and fold change compared to 

control were computed and results was an average of three independent 

experiments done in triplicates. Results are reported as mean ± SEM.  

 

4.2.3 CCL20 depletion macrophage recruitment assay 
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MatrigelTM chambers were rehydrated per manufacturer’s instructions. 

21MT-1 cells were seeded at a density of 5000 cells per well in the lower 

chambers and treated with either regular 10% FBS media or media 

supplemented with anti-CCL20 antibodies. U937 cells were seeded at a density 

of 10000 cells per well in the upper chamber in the presence of 20ng/mL TPA. 

The chambers were incubated for 72h before harvesting and staining with CV. 

Following staining, microphotography was conducted and the number of invading 

cells per well was recorded for every well. The result was an average of three 

independent experiments done in triplicates. Results are reported as mean ± 

SEM.  

 

4.2.4 Western blot analyses 

Cells were seeded in 6 well plates and allowed to settle overnight. 

Following 1hr of pretreatment with DHA, cells were stimulated with 10% FBS with 

or without DHA (20 or 40µM) for two time points: 15 min or 30 min. Cells were 

harvested and analyzed using western blot. P-AKT, T-AKT, p-EKR1/2, t-ERK1/2 

and actin expression levels was examined. All antibodies except for actin were 

purchased from Cell Signaling Technology (Danvers, MA, USA). Actin antibody 

was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Densitometry 

was conducted using Image J software. Best representative images were shown 
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in the figures and the average of three western blot analyses were provided as 

supplementary figures.  

 

4.2.5 Statistical analyses 

One-way ANOVA analysis was utilized in all statistical analyses to 

compare multiple conditions to each other. Unshared letters represented 

statistical significance; shared letters represented statistically insignificant 

comparisons.  

 

4.3 Results 

4.3.1 CCL20 transcription was reduced by DHA 

Here we show that following 48h of exposure to DHA, CCL20 transcription 

as measured by qRT-PCR was reduced in all cell lines. 40µM DHA suppressed 

CCL20 transcription by 53% in 21PT cells, 34% in 21NT, and 53% in 21MT-1 

(Figure 4.1). The reduction in CCL20 expression may account for the reduced 

macrophage invasion observed in the previous study when U937 macrophage 

cell invasion was reduced in conditions treated with DHA. 
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Figure	  4.1	  DHA	  reduced	  CCL20	  transcription	  in	  21T	  series	  cells.	  21PT,	  21NT	  and	  21MT-‐1	  
CCL20	  transcription	  was	  assessed	  using	  qRT-‐PCR	  after	  a	  48h	  exposure	  to	  DHA. 

	  

4.3.2 DHA suppressed CCL2 expression in all cell lines 

 In addition to suppressing CCL20 mRNA expression, DHA exposure also 

reduced CCL2 mRNA expression. After 48h of exposure, CCL20 mRNA 

expression dropped by 60% in the 21PT cells, 47% in 21NT and 79% in 21MT-1 

cells (Figure 4.2). CCL2 mRNA is also expressed in higher quantities in 21MT-1 

as compared to 21NT and 21PT cells. This reduction of CCL2 upon exposure to 

DHA is consistent with the inhibition of macrophage recruitment as observed in 

the previous chapter.  
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Figure	  4.2	  CCL2	  mRNA	  levels	  are	  reduced	  upon	  exposure	  to	  DHA.	  The	  effect	  of	  DHA	  on	  
CCL2	  transcription	  was	  measured	  using	  qRT-‐PCR	  after	  a	  48h	  exposure	  to	  DHA.	  

 

4.3.3 Depletion of CCL20 inhibited macrophage recruitment 

CCL20 has been shown to play a pivotal role in promoting spontaneous 

intestinal tumorigenesis and macrophage-induced Th17 recruitment (112). 

However, there is little evidence demonstrating the importance of CCL20 in 

breast cancer cell-induced macrophage recruitment. To mechanistically 

investigate the role of CCL20 in macrophage recruitment, we depleted CCL20 

from 21MT-1 conditioned media and observed the recruitment of macrophages 

after 72h. In the condition with CCL20 antibodies, macrophage recruitment was 

reduced by about 50% as compared to control. In the presence of 1ug/mL anti-

human CCL20 antibody, 21MT-1 induced macrophage recruitment was inhibited 

efficiently at 72h.  
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Figure	   4.3	   Depletion	   of	   CCL20	   inhibited	   21MT-‐1	  macrophage	   recruitment.	   Following	  
72h	   of	   incubation,	   macrophage	   recruitment	   was	   observed	   in	   conditions	   where	   the	  
21MT-‐1	  media	  was	  either	  supplemented	  with	  or	  without	  anti-‐CCL20	  antibodies.	  

 

4.3.4 Effect of DHA on AKT signaling  

Previous study was demonstrated that DHA reduced survival of 21PT, 

21NT and 21MT-1 after a 24h exposure. The AKT signaling pathway modulates 

the survival of breast cancer cells and DHA may modulate AKT signaling to 

induce survival reduction. Western blot analyses had shown that within 1hr of 

pretreatment and 15 and 30 min of stimulation, AKT signaling was inhibited in a 

dose-dependent manner in 21PT, 21NT and 21MT-1 cells.   21MT-1 AKT activity 

was significantly suppressed only at 40µM while significance was achieved at 

20µM in other cell lines.  
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B	  

	  

C	  

Figure	  4.4:	  Continued	  Next	  Page	  
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Figure	  4.4	   Impact	  of	  DHA	  on	  AKT	  activity	  and	  expression.	  Upon	  48h	  of	  exposure,	   (A)	  
21PT,	  (B)	  21NT	  and	  (C)	  21MT-‐1	  cell	  lysates	  were	  analyzed	  for	  p-‐AKT	  and	  AKT	  expression.	  
Densitometry	  numbers	  were	   shown	   in	   column	  graphs	  and	  best	   representative	   images	  
were	  displayed.	  

 

4.3.5 DHA suppressed ERK1/2 signaling 

Next we examined the effect of DHA on ERK1/2 signaling. Following 1 hr 

of pretreatment with DHA and 15 or 30 min of stimulation with 10%FBS, ERK1/2 

signaling was assessed using western blot analyses. In 21PT, DHA suppressed 

ERK1/2 signaling efficiently in 15 min. However, the suppression was relieved 

slightly at 30 min. ERK1/2 suppression was more efficient in 21NT at 30 min than 

15 min and 21MT-1 experienced a strong reduction of ERK1/2 activity on at 15 

min. Overall, DHA was efficacious at reducing ERK1/2 signaling but its effect was 

strongest in 21PT and 21NT cells.  
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Figure	  4.5:	  Continued	  Next	  Page	  
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C	  

 

Figure	   4.5	   Effect	   of	   DHA	   on	   ERK1/2	   signaling.	  Western	   blot	   analyses	   for	   p-‐ERK1/2,	  
ERK1/2	  and	  actin	  were	  assessed	  following	  48h	  exposure	  to	  DHA.	  Relative	  ERK1/2	  activity	  
was	  analyzed	  in	  (A)	  21PT,	  (B)	  21NT,	  and	  (C)	  21MT-‐1	  cells.	  

 

4.4 Discussion 

The examination of inflammatory immune cells in premalignant and 

malignant breast cancers has shown that high infiltration of immune cells is an 

important hallmark of breast cancer progression (109). Inflammatory immune 

cells provide a source of cytokines and chemokines that activate pro-survival and 

EMT pathways as well as initiate a positive feedback loop that leads to an 

escalation of immune cell recruitment. In our previous study, we demonstrated 
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that DHA reduced the recruitment of macrophages in premalignant breast cell 

microenvironment and here we provided evidence that CCL20 played an 

important role in macrophage recruitment and may be a mechanism through 

which DHA achieved inhibition of macrophage infiltration. 

CCL20 is the only known ligand for the CCR6 receptor, a receptor that is 

ubiquitously expressed in Th17 cells. Overexpression of CCL20 and CCR6 has 

been correlated with increased inflammation of other diseases such as pediatric 

ulcerative colitis, colorectal cancer and non-small cell lung cancer (113, 114). But 

the role of CCL20 and CCR6 in promoting breast cancer remains relatively 

unclear. In previous characterization of 21T series cells, it was reported that with 

the progression of the cell lines, CCL20 expression increased significantly. We 

hypothesized that overexpression of CCL20 may be an important milestone of 

breast cancer progression and CCL20 may be an efficient target for delaying 

breast cancer progression. Using qRT-PCR, we had shown that DHA 

successfully reduced CCL20 and CCL2 expression. These results are consistent 

with the decrease of macrophage recruitment observed in Figure 3.4. To 

mechanistically verify that the decrease in CCL20 and CCL2 expression is 

important the reduction of macrophage recruitment, the add-back of CCL20 and 

CCL2 to the bottom chambers of the invasion assays would provide critical 

information that might contribute to our findings. In addition, we had also 

demonstrated that CCL20 may be an important chemokine in the process of 

macrophage recruitment through the CCL20 depletion assay. Previous literature 
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had described CCL20 as a strong chemokine of lymphocytes and dendritic cells. 

In this study, we have shown that CCL20 can also recruit macrophages.  

To delineate the mechanism through which DHA suppressed 21T survival 

and proliferation, we measured the signaling activity of AKT and ERK1/2 

pathways. These pathways control cell survival and proliferation respectively and 

their suppression would result in the inhibition of those processes. Our molecular 

analyses in this study had demonstrated the DHA-induced reduction of AKT and 

ERK1/2 signaling in all cell lines, though experienced at different degrees 

depending on cell lines. Future experiments that reactivate AKT and ERK1/2 

would mechanistically support our hypothesis and demonstrate the importance of 

AKT and ERK1/2 for DHA-induced suppression of survival and proliferation.  

To further explore the role of CCL20 in macrophage recruitment, the 

investigation of cellular signaling in macrophages after DHA exposure will prove 

that CCL20 suppression indeed reduced macrophage signaling and their 

activation to a more motile and invasive state. From our study and others, our 

data strongly suggest that DHA may hamper the establishment of an 

inflammatory tumor microenvironment through the suppression of CCL20 and 

CCL2 expression and signaling. The information for this study will provide useful 

targets for future drug development for breast cancer prevention.   
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Chapter 5: Anethole Suppressed Cell Survival and Induced Apoptosis in 

Human Breast Cancer Cells Independent of Estrogen Receptor Status* 

 

5.1 Introduction 

Asian women have a significantly lower risk of developing breast cancer, 

believed to be at least in part due to diet and lifestyle. Star anise is a spice that 

has been used in many traditional Chinese medicines to reduce inflammatory 

symptoms. Anethole, 1-methoxy-4-(1-propenyl) benzene, is the principle 

aromatic compound found in star anise. For the past decade, numerous studies 

have been conducted with anethole and its analogs to uncover the potential anti-

cancer effects in natural spices. One of anethole's derivatives, anethole 

ditholethione (ADT), has been shown to have anti-inflammatory properties that 

are competent in increasing intracellular levels of glutathione (GSH) and 

gluthione-S-transferase (GST) (115) and in a phase II trial significantly reduced 

the lung cancer progression in smokers (116). Two other derivatives eugenol and 

isoeugenol inhibit lipid peroxidation and reduce oxidative levels by scavenging 

hydroxyl radicals (117). Anethole trithione significantly inhibits mammary cancer 

multiplicity in DMBA-induced rat mammary cancer models (118) and 

azoxymethane-induced colon carcinogenesis (119). However, several studies 

have suggested that anethole might not be an effective anti-cancer agent due to 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*	  Chen	  CH,	  deGraffenried	  LA.	  Anethole	  suppressed	  cell	  survival	  and	  induced	  apoptosis	  in	  human	  breast	  
cancer	  cells	  independent	  of	  estrogen	  receptor	  status.	  Phytomedicine.	  2012	  Jun	  15;19(-‐8-‐9):763-‐7	  	  
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its estrogenic properties (120) and the proliferation promoting properties of its 

metabolite 4-hydroxy-1-propenylbenzene (4OHPB) (121). In order to resolve this 

discrepancy, we proposed to evaluate the effect of anethole on several 

physiological parameters of human breast cancer cells in vitro and at the same 

time continue to delineate the mechanisms through which anethole might 

mediate its anti-inflammatory effects in the context of estrogen receptor 

involvement. 

 

5.2 Materials and Methods 

5.2.1 Cell lines and regeants 

MCF-7 and MDA-MB-231 breast cancer cells were obtained from the 

American Type Culture Collection and maintained in Improved Minimal Essential 

Medium (Life Technologies Inc., Gaithersburg, MD) supplemented with 10% 

Fetal Bovine Serum (FBS) (Sigma, St. Louis, MO) and 6 ng/ml bovine insulin 

(Sigma). Trans-anethole was purchased from Sigma-Aldrich at 99% purity (cat 

no. 117870) and dissolved in DMSO to obtain a stock solution of 1 M. 

 

5.2.2 Survival assay 

Cell survival was assessed by colony formation assay. Cells were seeded 

at a density of 500 cells per well in a 6-well plate, treated with 10% FBS, 10% 

FBS with 1 × 10-6 M, 1 × 10-5 M, 1 × 10-4 M and 1 × 10-3 M trans-anethole 
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(Sigma) for 24 h, recovered in 10% FBS for 5 days and then stained with crystal 

violet. Colonies comprised of more than 50 cells were counted and results were 

tabulated. The results were a combination of three independent experiments 

done in triplicates and are presented as mean ± SD. 

 

5.2.3 Proliferation assay 

Cell growth was assessed by MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-

diphenyltetrazoliumbromide) (Sigma) dye conversion following manufacturer's 

instructions. Briefly, cells were seeded 5 x 103 per well in a 96-well flat bottom 

plate and treated with increasing concentrations of anethole and with 10% FBS 

as positive control for 96 h. After incubation, MTT reagent dissolved in PBS was 

added into the media and cells were lysed with DMSO after a 3 h incubation in 

the reagent. Absorbance was measured at 570 nm and the result was an 

average of three independent experiments. 

 

5.2.4 Luciferase reporter assay 

NF-kB transcriptional activity was assessed using a 5x NF-kB luciferase 

reporter system (Stratagene, La Jolla, CA, USA). Cells were seeded in six-well 

cluster plates (Falcon, Franklin Lakes, NJ, USA) at a density of 2 x 105 cells/well 

2411 prior to treatment. Cells were treated with 10% FBS, 10% FBS media with 1 
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× 10-6 M, 1 × 10-5 M, 1 × 10-4 M, 1 × 10-3 M trans-anethole and 5 µM parthenolide 

as a positive control for 48 h. Transient transfection was performed using 3 µl of 

FuGene 6 transfection reagent (Boeringher Mannheim, Indianapolis, IN, USA) to 

transfect 1 µg of the 5x NF-kB luciferase reporter plasmid (Stratagene, La Jolla, 

CA, USA) and 20 ng p-Null-Renilla plasmid per well. pNull-Renilla (Promega, 

Madison, WI, USA) was co-transfected to monitor transfection efficiency. Cells 

were allowed to recover for 24 h after transfection and lysates were collected 

with 1 x Passive Lysis Buffer (Promega, Madison, WI, USA). Luciferase activity 

was assessed using the Dual Luciferase kit (Promega), as per the manufacturer's 

instructions. All measurements are reported as relative luciferase units after 

normalization to Renilla control. The result was a combination of three 

independent experiments and is shown as mean ± SEM. 

 

5.2.5 Western blot analyses 

Evaluation of the status of pro-apoptotic and tumor suppressor signaling 

were carried out using lysates from MCF-7 and MDA-M B 231 cells treated for 48 

h with serum-free IMEM, 10% FBS IMEM, 10% FBS media with 1 × 10-6 M, 1 × 

10-5 M, 1 × 10-4 M and 1 × 10-3 M trans-anethole. Cells were harvested using 1 x 

Lammeli lysis buffer. Protein lysates were subjected to immunodetection with 

antibodies to caspase 8, caspase 9, c-FLIP, Poly(ADP-Ribose) polymerase-1 

(PARP), p53 and actin as loading control. Signal detection was done using 
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enhanced chemiluminescence (ECL) system (Amersham. Arlington Heights, IL). 

5.2.6 Statistical analysis 

For all experiments, the Student t test was utilized to determine statistical 

significance between treatments and their respective controls. 

 

5.3 Results 

5.3.1 Repression of survival in both estrogen receptor (ER) positive and ER 

negative cell lines 

Discordance in the literature that investigates the chemopreventive 

efficacy of anethole and its contradicting estrogenic activity Derivatives of 

anethole have demonstrated anethole might act as a growth promoting or growth 

inhibitory compound, we were interested in the effect To determine whether 

trans-anethole has any impact on the cell survival, we conducted clonogenic 

assays using MCF-7 and MDA-MB-231 in which cell were treated with increasing 

(1 x 10-6 – 1 × 10-3 M) concentrations of anethole for 24 h and were recovered in 

complete media for 5 days to form colonies. After recovery, cells were stained 

with crystal violet and colonies comprised of more than 50 cells were counted 

and statistically analyzed. Cell survival, indicated by the total number of colonies 

formed after recover, was significantly inhibited by treatments of anethole even at 

the lowest concentration of 1 × 10-6 M. Cell survival was repressed in a dose-

dependent manner ranging from 41.4% at the lowest concentration in both the 
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MCF-7 and MDA-MB-231 cells to 75.7% at the highest concentration in the MCF-

7 cells. The MCF7 cells demonstrated greater sensitivity to the inhibitory effects 

of anethole (Figure 5.1A), but even the triple negative MDA-MB-231 

demonstrated response (Fig. 5.1 B). The comparison between these two human 

breast cancer cell lines has hinted the independence of anethole to function as 

an anti-cancer agent from the estrogen receptor. Despite previous implication 

from the literature, anethole has been thought to possess estrogenic activity or to 

elicit its effect through the estrogen receptor. These results suggest otherwise 

and in addition propose that anethole as a single agent blunts cell survival 

effectively regardless of estrogen receptor status. 

A	  

 

Figure	  5.1:	  Continued	  Next	  Page	  
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Figure	  5.1	  Effect	  of	  increasing	  concentrations	  (10-‐6	  –	  10-‐3M)	  of	  anethole	  on	  MCF-‐7	  and	  
MDA-‐MB-‐231	  cells.	  Survival	  of	  (A)	  MCF-‐7	  and	  (B)	  MDA-‐MB-‐231	  cells	  was	  assessed	  using	  
colony	  formation	  assay	  after	  a	  24h	  exposure	  to	  anethole	  and	  5-‐7	  days	  of	  recovery.	  

	  

5.3.2 Negative impact on proliferation of breast cancer cells as a single 

agent 

In order to determine the effects of anethole treatment on breast cancer 

cell proliferation, MCF-7 and MDA-MB-231 cells were exposed to increasing 

concentrations (1 x 10-6 – 1 × 10-3 M) of anethole for 96 h and assessed by MTT 

assay for proliferation. Compared to the proliferation observed in the control 

(10% FBS) conditions, cell proliferation remains relatively constant, differing only 

by 2-20% with a p value of more than 0.07 when cells are exposed to 1 × 10-6 M 
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and 1 × 10-3 M anethole. As no significant effect on cell proliferation is observed 

in either MCF-7 (Figure 5.2A) or MDA-MB-231 cells (Figure 5.2B), the effect of 

anethole on breast cancer cells is not likely to be modulated through the 

suppression of cell proliferation. 

A	  

 

Figure	  5.2:	  Continued	  Next	  Page	  
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Figure	  5.2	  Effect	  of	  anethole	  on	  cell	  proliferation.	  Following	  96h	  exposure	  to	  anethole,	  
cell	  proliferation	  was	  measured	  using	  MTT	  assay.	  

	  

5.3.3 Induction of dose-dependent pro-apoptotic signaling with exposure to 

anethole 

To better understand the molecular mechanisms mediating the observed 

physiological responses to anethole treatment, expression of key survival 

proteins was determined after exposure of MCF-7 (left panel) and MDA-MB-231 

(right panel) cells to increasing concentrations (1 × 10-6 – 1 × 10-3 M) of anethole 

for 48 h (Figure 5.3). Caspase 8 and caspase 9, which are key markers of 

apoptosis, were stimulated with increased doses of anethole. c-FLIP, the inhibitor 
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of caspase 8 has two isoforms. The short c-FLIP was induced with anethole 

treatments while the expression of the long isoform of c-FLIP remained constant 

in MCF-7 cells. However, the opposite effect was observed in MDA-MB-231 cells 

where c-FLIP (I) was elevated with the presence of anethole while c-FLIP (s) 

remained constant. Cleavage of PARP1/2 was induced with increasing 

concentrations of anethole, demonstrating an overall pro-apoptotic profile when 

MCF-7 and MB231 cells were exposed to treatments. Tumor suppressor protein 

p53 was induced in both MCF-7 and MDA-MB-231 cells. Positive and negative 

controls were serum-free media and 10% fetal bovine serum, respectively. Actin 

was used as a loading control. Even though the trend of protein expression for 

various proteins in both cell lines differed, an overall elevation of pro-apoptotic 

proteins was observed in both MCF-7 and MDA-MB-231 cells. This suggests that 

anethole might suppress cell survival through the modulation of apoptotic 

pathways. 



	   	   	   	  
	  

82	  

  

Figure	  5.3	  Western	  blot	  analyses	  of	  caspase	  8,	  9,	  c-‐FLIP,	  PARP,	  p53	  and	  actin	  in	  MCF-‐7	  
and	  MDA-‐MB-‐231.	  Following	  exposure	  to	  anethole	  for	  48h,	   lysates	  were	  examined	  for	  
expression	   levels	   of	   caspase	   8,	   9,	   c-‐FLIP,	   PARP,	   p53	   and	   actin	   using	   western	   blot	  
analyses.	  	  

	  

5.3.4 Mechanistic effect of anethole on NF-kB mediated transcriptional 

activity 

Anethole has been shown to have anti-inflammatory properties and to 

determine the effect of anethole on inflammatory pathways in breast cancer cells, 

MCF-7 and MDA-MB-231 cells were subjected to exposure with increasing 

concentrations of anethole and NF-kB transcriptional activity, a key marker for 

inflammatory pathway induction in cells, was measured quantitatively with 

relative luciferase units. Significant reduction in NF-kB transcriptional activity in 

MCF-7 cells was observed (Figure 5.4A) when treated with anethole in 10% FBS 
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and the same parameter was reduced in a dose-dependent manner in MDA-MB-

231 cells when charcoal-stripped FBS was used with anethole (Figure 5.4B). 

These results have illustrated that anethole as a single agent suppresses key 

pro-inflammatory pathways in human breast cancer cells regardless of estrogen 

receptor status. 

A	  

 

Figure	  5.4:	  Continued	  Next	  Page	  
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B	  

 

Figure	   5.4	   NF-‐κB	   transcriptional	   activity	   after	   treatment	   with	   increasing	  
concentrations	  of	  anethole.	  The	  effect	  of	  anethole	  on	  NF-‐κB	  transcriptional	  activity	  was	  
measured	  using	  Dual	  Luciferase	  Report	  Assay	  after	  exposure	  to	  anethole	  for	  48h.	  	  

	  

5.4 Discussion 

The investigation of the anti-cancer effects anethole may mediate 

commences with the physiological assays of cell survival and cell proliferation. 

Initial assessment has found both negative and positive results in which anethole 

has failed to induce repression of cell proliferation when MCF-7 and MDA-MB-

231 cells were incubated with 1 × 10-6 – 1 × 10-3 M of trans-anethole dissolved in 

DMSO for 94 h at 37 C (Figure 5.2A and B). However, in a colony formation 

assay the identical concentrations have reduced, in a dose-dependent manner, 
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the number of survival colonies in the two cell lines mentioned above (Figure 

5.1A and B). The first parameter has eliminated the possibility of anethole, as a 

single agent, acting through cell signaling pathways that involve the regulation of 

cell proliferation while the second measurement leads the investigation to 

pathways modulating cellular apoptosis. 

Apoptosis can be initiated by multiple biological agents, beginning with the 

cleavage of caspase 8, a process inhibited by c-FLIP and the sequential 

activation of caspase 9. In the absence of apoptosis stimulation, intrinsic 

activation of apoptosis can be achieved by the initiation of caspase 9 and 

apoptosome formation, which triggers the activation of downstream caspases. 

Western blot analyses of caspase 8, 9, PARP and c-FLIP have demonstrated the 

significant induction of caspase 8 and 9 cleavage to its active fragments and the 

simultaneous activation of PARP. In conjunction, a heightened expression level 

of p53, a tumor suppressor that induces apoptosis, has been observed (Figure 

5.3). Tumor suppressor p53 is an upstream suppressor of NF-kB, a nuclear 

transcription factor that mediates inflammatory responses. With the increased 

level of p53, it is suspected that NF-kB transcriptional activity may be inhibited as 

a result. And as anticipated, NF-kB transcriptional activity, as measured by Dual 

Luciferase Reporter Assay, has been blunted in a dose-dependent manner in 

both human breast cancer cell lines. MCF-7, being a less inflammatory cell line, 

has demonstrated a greater inhibition to anethole treatment (Figure 5.4A), which 

MDA-MB-231, responds to anethole to a less extent (Figure 5.4B). 
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Nevertheless, anethole has successfully demonstrated its anti-cancer properties 

via the suppression of cell survival, induction of apoptosis and the repression of 

NF-kB transcriptional activity. In contrast to other studies, anethole works solely 

as a single agent, eliciting its effects without a definitive stimulus and the 

concentrations of anethole used (>1 mM) are sufficient to observe the effects of 

this compound. The display of the anti-cancer and anti-inflammatory effect of 

anethole might be mediated through both extrinsic and intrinsic activation of 

apoptosis, the suppression of cell survival and the inhibition of NF-kB signaling. 

Collectively, these results indicate that anethole is a potent anti-tumorigenic 

agent and it interrupts cancer cell biology by both repressing inflammatory 

responses and promote cell apoptosis. These properties consolidate the 

continuing development of phytochemical anethole as cancer preventative drugs 

and permits the conclusion that anethole mediates anti-cancer properties 

independently of estrogen receptor statuses and remains viable as a potential 

compound in cancer therapy. 
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Chapter 6: Concluding Remarks 

 

6.1 Conclusions 

Cytotoxic chemotherapies, surgeries and radiation are standard methods of 

treatments for invasive mammary carcinoma and secondary metastasis. Usually 

a month after diagnosis, a patient goes through a series of neo-adjuvant therapy 

intended to shrink the tumor. Then a surgeon removes the remaining tumor and 

the patient continues with periodic adjuvant chemotherapy and radiation. While 

each of these steps can successfully eliminate the tumor, these procedures also 

deteriorate the other functions of the patient. Many of the 60 or so drugs 

approved by the FDA to treat breast cancer are not well tolerated (122). For 

example, patients administered tamoxifen often experience side effects such as 

hot flashes, weight fluctuation and in rare cases cataract from ingesting 

tamoxifen. Doxorubicin, a cytotoxic prescription, leads to hair loss, nausea, 

vomiting, low blood counts and mouth sores. Fulvestrant injections commonly 

cause fatigue, weakness, constipation and depression. While patients are 

grateful for the powerful life-saving drugs, many desire a prescription that is more 

effective, safer and better tolerated. Epidemiological studies when examining the 

differences in breast cancer incidence across nations brought to attention the 

benefits of increased dietary n-3 FAs, and hypothesized that n-3 FAs may 

attribute to the lower breast cancer incidences in Japan – a statistics that the 

Western world hopes to match and achieve (13).   
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Multiple studies have been conducted to validate the anti-cancer properties 

of n-3 FA both in vivo and in vitro. Scientists have shown that n-3 FAs in the 

context of breast cancer, are very effective at decreasing proliferation, inducing 

apoptosis and lowering inflammation. High intakes of n-3 FAs in prospective 

cohort studies have also been correlated with a lowered risk for breast cancer 

(10, 12). But as these studies focus on one type of breast cancer, how n-3 FAs 

affect different kinds of breast cancer remains poorly understood. This study is 

conceived to specifically demonstrate the efficacy of omega-3 supplementation in 

treating various subtypes of breast cancer and to identify a biomarker that may 

help distinguish the responders from the non-responders. 

This project integrates breast cancer genetics with biomarker discovery and 

uses an in vitro model to evaluate the efficacy of an omega-3 ethyl ester 

prescription in treating breast cancer. From the plethora of characterized breast 

cancer cell lines, four breast cancer cell lines – MCF-7, CAMA-1, MDA-MB-231 

and SKBR3 - were selected to represent our model system of genetic diversity. 

These cell lines were exposed of n-3 EEs and evaluated for survival, 

proliferation, inflammatory pathway activation and key protein expression 

regulation. At physiological concentrations of n-3 EEs (20uM, 40uM), all cell lines 

showed poor survival. Among the cell lines, omega-3 EEs were most effective at 

reducing survival of MDA-MB-231 and least effective in SKBR3. The molecular 

difference between these cell lines was investigated using a comprehensive 

literature review, and our data showed that a key inflammatory regulator NF-κB 
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was expressed and more active in the MDA-MB-231 cells than the SKBR3 cells. 

Upon exposure to n-3 EEs, the suppression of NF-κB transcriptional activity was 

most evident in cell lines that have high expression and activity of NF-κB. 

Western blot analyses of downstream NF-κB targets demonstrated similar 

trends. Unlike the n-3 FAs, n-3 EEs did not affect cell proliferation, nor did they 

affect the activity of PPARγ, a transcription factor that governs differentiation and 

NF-κB activity. It is well documented that n-3 FAs are direct agonists of PPARγ, 

which triggers the downstream suppression of NF-κB. N-3 EEs, however, 

seemed to inhibit decreased NF-κB transcriptional activity independent from the 

activity of PPARγ. This suggests that the overall biological functions of n-3 FAs 

and n-3 EEs may not be identical, but instead may overlap to achieve similar 

anti-cancer effects in the treatment of breast cancer. 

One of the other interests in this project is the investigation of dietary n-3 

FAs as a potential breast cancer chemo-preventive agent. In order to examine 

the effect of food-derived n-3 FAs, DHA was used in place of n-3 EEs. Several 

animal studies have demonstrated that n-3 FAs reduce tumor incidence, size, 

and multiplicity. Sprague-Dawley rats when fed n-3 FA experienced 30% less 

tumor incidence, and tumors in treatment groups were smaller and less 

proliferative. Menhaden fish oil containing n-3 FAs reduced tumor sizes in a 

dose-dependent manner in female MMTV-neu(ndl)-YD5 transgenic mice. Other 

studies also demonstrated that n-3 FA are potential chemo-preventive agents 

against breast cancer but the lack of an in vitro breast cancer progression model 
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limited further examination of the preventive mechanisms of n-3 FAs. In this 

study, the use of the 21T series cell bridged the gap between in vitro and in vivo 

preventive studies that examine the preventive molecular mechanisms of n-3 FA. 

The 21T series cell lines were isolated from a 36-year-old female breast 

cancer patient with infiltrating and intraductal carcinoma who underwent a 

mastectomy, and later developed metastases to the lung with pleural effusion. 

21PT and 21NT were derived from different tissue samples from her mastectomy 

while 21MT-1 and 21MT-2 were extracted from her metastatic tumors. These 

cells displayed morphologies of hyperplasia, DCIS, invasive mammary 

carcinoma and metastatic mammary carcinoma when cultured in 3D cultures and 

injected into nude mice. The experiments conducted in this study utilized the 

21PT, 21NT and 21MT-1 cells as an in vitro model to examine the preventive 

mechanisms of n-3 FA.  

In our study, physiological concentrations of DHA reduced survival and 

viability of 21PT, 21NT and 21MT-1 cells. It also decreased their production of 

CCL20 cytokine, the ligand for CCR6 receptor. CCL20 is a small cytokine that 

attracts lymphocytes, neutrophils and macrophages. Studies examining tissues 

and tumor specimens from patients had observed that malignant tissues stained 

more macrophages than benign tissues. Macrophages play an important role in 

promoting local inflammation in the tumor sites and the inhibition of immune 

infiltration can be potential targets for reducing inflammation. A previous study 

that examined the molecular differences between these cell lines found that 
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CCL20 was expressed at higher levels in the 21MT-1 than the 21NT and 

expressed at the lowest level in the 21PT cells. We therefore hypothesized that 

21MT-1 cells will attract more macrophages than 21NT and 21PT will attract the 

least number of macrophages. In an invasion assay, macrophages were cultured 

in the upper section of the matrigel chamber and 21PT, 21NT or 21MT-1 cells 

were seeded in the lower section. Following 48 hours, we observed that 21MT-1 

cells attracted the most number of macrophages, and 21PT cells attracted the 

least. When we examined their invasion through matrigel chambers, 21MT-1 

invaded more than 21NT and 21NT invaded better than 21PT. However, when 

the epithelial cells were exposed to DHA, the differences in macrophage 

recruitment were nullified. DHA reduced macrophage recruitment by 21MT-1 and 

21NT cells. Similarly, after exposure to DHA, the invasive capacity of the 21MT-1 

and 21NT cells was reduced to that of the 21PT cells.  

To mechanistically investigate the role of CCL20 in the recruitment of 

macrophages, we added anti-CCL20 antibodies into the media produced by 

21MT-1 cells and observed for macrophage infiltration. In the presence of anti-

CCL20 antibodies, macrophage recruitment was reduced by about 50%. This 

suggested that CCL20 is important for the recruitment of macrophages and the 

reduction of macrophage recruitment by DHA is consistent with the reduction of 

CCL20 production in the 21MT-1 cells.  

Previous studies have shown that CCL20 binds to CCR6 receptor and 

activates AKT and ERK1/2 signaling. In this study, we exposed to 21PT, 21NT 



	   	   	   	  
	  

92	  

and 21MT-1 cells to DHA and analyzed AKT and ERK1/2 signaling using western 

blot analyses. We hypothesized that exposure to DHA will inhibit downstream 

signaling of the CCL20/CCR6 interaction. Our analyses demonstrated that AKT 

and ERK1/2 were reduced after 15 and 30 minutes of treatment with DHA in 

21PT and 21NT cells, and not in 21MT-1 cells. This might suggest that inhibiting 

the production of CCL20, and the consequent activation of CCR6 might not be 

sufficient to reduce 21MT-1 viability and growth.    

 

6.2 Future Directions 

The first project in this dissertation examined the efficacy of omega-3 ethyl 

esters on four breast cancer cell lines and found that breast cancer cell lines with 

an overexpression and over activation of NF-κB responded more optimally to 

exposures of omega-3 ethyl esters. This correlation needs to be further validated 

using in vivo models. Several mouse models have been developed to over 

activate NF-κB by knocking out IκBα. However, IκBα-/- mice exhibit neonatal 

fatality, typically dying by day 8. Future effort to validate our findings will involve 

the generation of a mammary specific IκB knockout mouse.  

The data from the prevention portion of this dissertation suggests that 

CCL20 might be a mechanism through which DHA effectively reduces survival 

and proliferation of 21PT and 21NT cells. To mechanistically validate this finding, 

the CCR6 receptor in the 21T series cell lines can be overexpressed, followed by 

exposure to DHA. Adding back CCL20 and CCL2 chemokines to the 21MT-1 
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conditioned media and looking for a restoration of macrophage recruitment will 

be an alternative to mechanistically investigate the role of CCL20 in DHA-

induced macrophage recruitment inhibition. CCL20 is the only ligand that binds to 

CCR6. Therefore, in cell lines overexpressing CCR6 receptor, reducing CCL20 

levels will not lead to CCR6 inactivation and downstream AKT and ERK1/2 

signaling will remain active.  Further examination of the effect of DHA on the 

tissue levels of CCL20 and CCR6 in mouse mammary carcinogenesis model will 

provide more in vivo evidence to support the cancer preventive properties of n-3 

FA.  

Other chemokines expressed in the 21T series cell lines may be regulated 

by DHA as well. Doing an chemokine microarray using lysates of cells exposed 

to media with or without DHA will inform us about other chemokines that may be 

important in DHA-mediated inhibition of macrophage recruitment.  

The information generated from this dissertation can hopefully provide 

ideas for further studies that will help create new treatment regimens and better 

preventive strategies for women diagnosed with breast cancer and women who 

are at high risk for breast cancer. The use of safer and better-tolerated treatment 

options can potentially improve patient outcome, and hopefully restore health in 

women that are diagnosed with breast cancer.     
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