
In Vitro and In Vivo Effects of Conjugated
Linoleic Acid on Mammary Tumorigenesis

Item Type text; Electronic Dissertation

Authors Flowers, Margaret

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:48:46

Link to Item http://hdl.handle.net/10150/195806

http://hdl.handle.net/10150/195806


1 

 

IN VITRO AND IN VIVO EFFECTS OF CONJUGATED LINOLEIC ACID ON 

BREAST TUMORIGENESIS 

 

by 

Margaret Flowers 

 

Copyright © Margaret Flowers 2008 

 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF NUTRITIONAL SCIENCES 

In Partial Fulfillment of the Requirements for the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

 

2008 



2 

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation 
 
prepared by Margaret Flowers 
 
entitled  IN VITRO AND IN VIVO EFFECTS OF CONJUGATED LINOLEIC ACID ON 
BREAST TUMORIGENESIS 
 
and recommend that it be accepted as fulfilling the dissertation requirement for the 
 
Degree of Doctor of Philosophy 
 
 
_________________________________________      Date: November 24, 2008 
Dr. Patricia A. Thomson 
 
 
_________________________________________      Date: November 24, 2008 
Dr. Cynthia A. Thomson 
 
 
_________________________________________      Date: November 24, 2008 
Dr. Joy J. Winzerling 
 
 
_________________________________________      Date: November 24, 2008 
Dr. Joyce A Shroeder 
 
 
_________________________________________      Date: November 24, 2008 
Dr. Eugene W. Gerner 
 
 
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College. 
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
_________________________________________      Date: November 24, 2008 
Dissertation Director:  Dr. Patricia A. Thompson 



3 

STATEMENT BY AUTHOR 
 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made.  Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the copyright holder. 
 
 

                                                                         
SIGNED:        Margaret Flowers 



4 

ACKNOWLEDGEMENTS 
 

I would like to acknowledge the following for their contributions to my dissertation 

work:  

 

My primary mentor, Dr. Patricia Thompson for helping me to grow as a scientist and a 

person, my co-mentor, Dr. Cyndi Thomson for her valuable input on my project, and  

my committee members who have provided direction and input throughout the course of 

my dissertation research:  

Dr. Joy Winzerling 

Dr. Joyce Schroeder 

Dr. Gene Gerner 

 
The Nutritional Sciences Faculty and staff 

The Cancer Biology Faculty, students, and staff 

The Mel and Enid Zuckerman Foundation for its financial support of this project 

 

The Arizona Cancer Center core facilities laboratories: 

TACMASS 
EMSS 
Genomics 
Bioinformatics 
Flow Cytometry 
 

Dr. David Besselsen, veterinary specialist; University Animal Care Univesrity of 
Arizona, Tucson 
 
Dr. Margot Ip, Department of Pharmacology and Therapeutics, Roswell Park Cancer 
Institute, Buffalo, NY 
 
Dr. Robert Cardiff, Distinguised Professor of Medical Pathology and Laboratory Medicine, UC 
Davis, Davis, CA 
 

Andreas Punzel, Ph.D.



5 

DEDICATION 

I have dedicated my dissertation work to the memory of my mother, 

Olive May Dunk, 

May 19, 1923 – January 31, 1992. 

My mother lived with breast cancer for eight years before succumbing to lung metastasis.  

 It was my honor and privilege to have been her caregiver in her final months. 

The experience affected me in many ways. 

 

To summarize, I would say: 

 

It was through her suffering that I learned strength, 

 Through her faith that I learned to believe, and 

  Through her passing that I learned that life is too short not to follow our dreams. 

 
                                                                         

 



6 

TABLE OF CONTENTS 

LIST OF FIGURES ...........................................................................................................10 

LIST OF TABLES.............................................................................................................11 

LIST OF ABBREVIATIONS............................................................................................12 

ABSTRACT……………...................................................................................................14 

CHAPTER 1 LITERATURE REVIEW ............................................................................16 

1.1 Breast Cancer ............................................................................................ 16 

1.1.1 Chemoprevention...................................................................................... 16 

1.1.1.1 Anti-Estrogen Chemoprevention .............................................................. 16 

1.1.1.2 Diet and Breast Chemoprevention ............................................................ 17 

1.2 conjugated linoleic acid ............................................................................ 18 

1.2.1 Dietary Sources and Chemistry ................................................................ 18 

1.2.2 Biosynthesis of CLA................................................................................. 19 

1.2.3 CLA and Chemoprevention—Preclinical Models .................................... 20 

1.2.3.1 Cancer Initiation........................................................................................ 21 

1.2.3.2 Tumor Promotion...................................................................................... 22 

1.2.3.2.1 Anti-Proliferative Action ................................................................. 23 

1.2.3.2.2 Pro-Apoptotic Action....................................................................... 24 

1.2.3.2.3 Regulation of Transcription Factors by CLA in Breast Cancer 
Models 24 

1.2.3.3 Tumor Progression.................................................................................... 25 

1.2.4 CLA and Breast Cancer Prevention—Human Studies ............................. 26 

1.2.5 Potentially Adverse Effects of CLA Supplementation ............................. 30 

1.3 Breast tumor biology................................................................................. 30 

1.4 CLA And ER negative breast cancers ...................................................... 31 

1.4.1 HER2/neu.................................................................................................. 32 

1.4.1.1 CLA and Downregulation of ERBB2....................................................... 33 

1.4.2 EGFR ........................................................................................................ 34 



 7

TABLE OF CONTENTS - CONTINUED 

1.4.3 Nuclear Factor kappa B ............................................................................ 34 

1.4.3.1 CLA-induced Inhibition of NF-κB ........................................................... 35 

1.4.4 COX2 in Breast Cancer ............................................................................ 35 

1.5 Summary ................................................................................................... 38 

1.6 Relevance.................................................................................................. 47 

1.6.1 Research Hypotheses and Specific Aims.................................................. 47 

CHAPTER 2 STUDY MODEL SYSTEMS......................................................................50 

2.1 PyV-mT Transgenic Mouse...................................................................... 50 

2.1.1 PyV-mT Mechanism of Transformation................................................... 51 

2.1.2 Pathology .................................................................................................. 51 

2.2 In Vitro: Cell Culture ................................................................................ 52 

2.2.1 SKBr3 ....................................................................................................... 52 

CHAPTER 3 T10C12 CONJUGATED LINOLEIC ACID SUPPRESSES ERBB2 
PROTEIN AND ENHANCES APOPTOSIS IN SKBR3 BREAST CANCER CELLS: 
POSSIBLE ROLE OF NF-ΚB...........................................................................................54 

3.1 Abstract ..................................................................................................... 54 

3.2 Introduction............................................................................................... 55 

3.3 MaterialS and Methods ............................................................................. 57 

3.3.1 Reagents.................................................................................................... 57 

3.3.2 Cell Culture............................................................................................... 58 

3.3.3 Cell Viability/Proliferation/Apoptosis ...................................................... 58 

3.3.4 Preparation of Whole-Cell Lysate ............................................................ 59 

3.3.5 Preparation of Nuclear Extracts ................................................................ 60 

3.3.6 Immunoblot............................................................................................... 60 

3.3.7 Immunofluorescence................................................................................. 61 

3.3.8 Prostaglandin E2 (PGE2) Determination.................................................. 62 

 



 8

TABLE OF CONTENTS - CONTINUED 

3.3.9 Statistics .................................................................................................... 62 

3.4 Results....................................................................................................... 62 

3.4.1 t10c12 CLA Isomer Significantly Inhibited ERBB2 Expression in SKBr3
................................................................................................................... 62 

3.4.2 t10c12 CLA Enhances Apoptosis in SKBr3 Cells.................................... 65 

3.4.3 Treatment with t10c12 CLA or Celecoxib® Results in Decrease in PGE2 
Levels and Suppression of ERBB2 Protein .............................................. 66 

3.4.4 Co-Treatment with t10c12 CLA and Trastuzumab Decreases Proliferation 
in SKBr3 Cells .......................................................................................... 68 

3.5 Discussion................................................................................................. 70 

CHAPTER 4 PILOT STUDY ON THE EFFECT OF DIETARY CONJUGATED 
LINOLEIC ACID ON MAMMARY TUMORIGENESIS AND GENE EXPRESSION IN 
PYV-MT MICE .................................................................................................................74 

4.1 Abstract ..................................................................................................... 74 

4.2 Introduction............................................................................................... 75 

4.3 Materials and methods .............................................................................. 77 

4.3.1 Animals and Diets..................................................................................... 77 

4.3.2 Chemicals and Reagents ........................................................................... 78 

4.3.3 Genotyping................................................................................................ 79 

4.3.4 Whole-Mount Fixation.............................................................................. 79 

4.3.5 Fat Extraction and Fatty Acid Analysis of Mammary Tissue................... 79 

4.3.6 cDNA Microarray ..................................................................................... 80 

4.3.7 Real-Time PCR......................................................................................... 82 

4.3.8 Immunohistochemistry and Histology...................................................... 82 

4.3.9 SDS PAGE and Immunoblot .................................................................... 83 

4.3.10 Statistics .................................................................................................... 84 

4.4 Results....................................................................................................... 85 

 



 9

TABLE OF CONTENTS - CONTINUED 

4.4.1 Dietary CLA Significantly Enhanced Tumor Burden in PyV-mT Mice .. 85 

4.4.2 Molecular Markers of Oncogenic Signaling Were Not Significantly 
Altered by the CLA Diet........................................................................... 90 

4.4.3 Gene Expression Profiling Indicates Decrease in Cell Adhesion and 
Polarity Markers........................................................................................ 91 

4.5 Discussion............................................................................................... 101 

CHAPTER 5 GENERAL DISCUSSION, CONCLUSIONS, FUTURE DIRECTIONS106 

5.1 Summary ................................................................................................. 106 

5.2 Hypothesis 1............................................................................................ 106 

5.3 Hypothesis 2............................................................................................ 109 

5.3.1 Conclusions and Perspectives ................................................................. 113 

REFERENCES …………………………………………………………………………118 

 



 10

 LIST OF FIGURES 

Figure 1.   Breast Cancer Vogelgram............................................................................... 17 

Figure 2.   CLA—Chemical Structures and Biosynthesis................................................ 20 

Figure 3.  Bi-Directional Regulation of ERBB Receptors and NF-κB ........................... 37 

Figure 4.   t10c12 CLA Reduces ERBB2 Protein in SK-Br3 Cells ................................. 63 

Figure 5.   t10c12 CLA Reduces Nuclear p65 in SKBr3 Cells ........................................ 65 

Figure 6.   t10c12 CLA Enhances Apoptosis in TNFα Treated SKBr3 Cells.................. 67 

Figure 7.   Suppression of ERBB2 and COX2 in SKBr3 Cells ....................................... 68 

Figure 8.   t10c12 CLA Enhances Anti-Proliferative Action of Herceptin in 

 SKBr3 Cell...................................................................................................... 70 

Figure 9.   Proposed Mechanism of CLA Action in SKBr3 Cells ................................... 71 

Figure 10   H&E Phenotypic Classification of Mammary Glands from 

 Eight-Week-Old Control and CLA-fed Animals............................................ 87 

Figure 11.  Quantification of Tumor Burden by H&E Phenotypic Classification............ 88 

Figure 12.  Mammary Gland Whole Mounts in Treated vs. Untreated 

 Eight-Week-Old Mice..................................................................................... 89 

Figure 13.  Growth Factor Signaling in CLA-treated vs Control Animals ....................... 90 

Figure 14.  Heat Map of Gene Probe Intensity in CLA-treated (T1-6) ............................ 97 

Figure 15.  Downregulation of FASN Protein and mRNA by CLA................................. 98 

Figure 16.  Microarray Pathway Analysis ........................................................................ 99 

Figure 17.  Cdc42 Expression in Mammary Glands from Control and 

 CLA-treated Mice ......................................................................................... 100 

 



 11

LIST OF TABLES 

Table 1. CLA Content in Foods .................................................................................... 19 

Table 2. In Vivo Studies of CLA in Breast Cancer ....................................................... 39 

Table 3. In Vitro Studies of CLA in Breast Cancer ...................................................... 42 

Table 4. Clinical Trials of CLA in Breast Cancer Prevention ...................................... 46 

Table 5. Diet Composition ............................................................................................ 85 

Table 6 . Mammary Gland Retention of CLA Isomers (A) and Weight and 

 Tumor Statistics (B)........................................................................................ 86 

Table 7. Selected Samples for Microarray.................................................................... 92 

Table 8. cDNA Microarray of Gene Expression Fold Changes in 

 CLA-treated Animals vs. Untreated Animals................................................. 93 

 



 12

 LIST OF ABBREVIATIONS 

3D three-dimensional 
AA arachadonic acid 
ACC acetyl CoA carboxylase 
AI aromatase inhibitor 
AKT protein kinase B 
BAT brown adipose tissue 
BCC breast cancer cell 
CGH comparative genomic hybridization 
CLA conjugated linoleic acid 
Co-IP co-immunoprecipitation 
COX cyclooxygenase 
DMBA dimethylbenz(a)anthracene 
EGF epidermal growth factor 
EGCG epigallocatechin-3-gallate 
EIA ELISA immunodetection assay 
EMSA electrophoretic mobility shift assay 
EMT epithelial-meshenchymal transition 
ER estrogen receptor 
ERBB v-erb-b2 erythroblastic leukemia viral oncogene 

FASN fatty-acid synthase gene 
FC fold change 
FFPE formalin-fixed, paraffin-embedded 
FKHR Forkhead transcription factor 
FLAP arachidonate 5-lipoxygenase-activating protein 
GC gas chromotagraphy 
GEM genetically engineered mice 
GEO gene expression omnibus 
H&E hematoxylin and eosin 
HETE hydroxyeicosatetraenoic acid 
HR hormone receptor 
IF immunoflourescence 
IHC immunohistochemistry 
IKK I kappa kinase 

 



 13

LOH loss of heterozygosity 
LOX lipoxygenase 
LTR long terminal repeat 
MAP mitogen-activated protein 
MMTV mouse mammary tumor virus 
MNU methylnitrosourea 
NFκB nuclear factor kappa B 
NSAIDs non-steroidal anti-inflammatory agents 
PC prostaglandin 
PCR polymerized chain reaction 
PFP probability of false positive 
PGE2 prostaglandin E2 
PM pectoral muscle 
PR progesterone receptor 
PyV-mT polyoma viral middle T  
ROS reactive oxygen species 
RTK receptor tyrosine kinases 
SCID severe compromised immuno-deficient 
SERM selective estrogen receptor modulators 
SREBP Sterol response element binding protein 
TACMASS Tissue Acquisition and Cellular/ Molecular Analysis Shared 

TAM tamoxifen 
TEB terminal end bud 
TGF transforming growth factor 
TPA 12-O-tetradecanoyl-phorbol-13-acetate 
UDCA ursodeoxycholic acid 
uPAR urokinase-type plasminogen activator receptor 
VEGF vascular endothelial growth facctor 
WAT white adipose tissue 

 



 14

 ABSTRACT 

Conjugated linoleic acid (CLA) exhibits multiple biological and molecular 

activities that have made it the subject of considerable nutrition-related research. 

Numerous studies support broad acting anti-tumor effects including anti-inflammatory, 

anti-proliferation, and pro-apoptosis in a variety of model systems. CLA’s ability to 

influence multiple tumor promoting pathways, without toxicity, may prove valuable in 

the chemoprevention of breast cancer.  

The overall objective of this dissertation research was to investigate the potential 

of CLA in the chemoprevention of breast cancer in a subgroup of women at risk of 

developing estrogen receptor (ER) negative disease. Overexpression of either the ERBB2 

oncogene or the epidermal growth factor receptor (EGFR) is a common event in ER 

negative breast cancer. To respond to this association, the stated research objective was 

pursued in relevant model systems. The primary hypothesis was that CLA would 

downregulate the ERBB2 receptor in vitro and inhibit mammary tumorigenesis in vivo. 

The t10c12 CLA isomer significantly reduced ERBB2 protein expression in the ERBB2 

overexpressing cell line SKBr3. This was accompanied by a decrease in NFκB nuclear 

localization, cyclooxygenase-2 (COX2)-derived prostaglandin (PG) E2 production, 

increased apoptosis, and inhibition of proliferation.  

In contrast to the in vitro data, however 1% dietary CLA had pro-tumor effects in 

the PyV-mT transgenic mouse model, Mammary gland whole mounts indicated a 

significant loss of adipose in the CLA-treated group compared to controls that was 

confirmed by the downregulation of adipocyte-specific genes including PPARγ and , 
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adiponectin.  CLA’s effect on the adipose was supported by decreases in fatty acid 

synthase at the protein and mRNA level. cDNA microarray revealed significant 

downregulation of cytoskeletal and adhesion-related genes in the CLA-treated group. 

These data suggest CLA’s combined effect on the adipose and epithelial architecture may 

have promoted tumor growth in this model 

While the large body of evidence supporting an anti-tumor effect of CLA can not 

be discounted, the studies herein demonstrate the complexity of its action that may not be 

captured in simple model systems. Reports of adverse effects of mixed isomers or the 

t10c12 purified isomer lend caution to supplementation that is supported by our in vivo 

data.    
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CHAPTER 1 
LITERATURE REVIEW 

1.1 BREAST CANCER 

Statistics In January 2000, the Healthy People 2010 initiative was implemented as 

a means to improve the health and quality of life of Americans. Among its 28 categories 

of objectives is the goal to reduce cancer deaths to 158 per 100,000 people. From 1999 to 

2004, the latest year for which data are available, deaths from cancer dropped from 200 

to 185 per 100,000, with deaths from breast cancer dropping from 27 to 24 per 100,000 

(1). Though the trend is encouraging, breast cancer is still the most commonly diagnosed 

cancer in American women (2) and the leading cause of cancer-related death in women 

under the age of 54 (3). The American Cancer Society estimates 182,480 new breast 

cancer diagnoses in American women for 2008 with approximately 40,480 deaths (4). 

Risk factors include age, family history, early menarche, late menopause, nulliparity, and 

lifestyle factors including obesity and alcohol consumption (5). 

1.1.1 Chemoprevention 

1.1.1.1 Anti-Estrogen Chemoprevention  

As illustrated by the breast cancer Vogelgram in Figure 1, breast cancer is a step-

wise process, allowing for multiple opportunities for intervention. The advancement of 

targeted therapies has drastically improved drug-based options for breast cancer 

prevention as well as treatment outcomes in the short term (5). Chemoprevention may act 

to prevent a tumor from occurring (primary prevention), prevent tumor progression 

(secondary prevention), or prevent a cured cancer from recurring (tertiary prevention) (6).  
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The selective estrogen receptor modulators (SERMs) have been reported to be effective 

at all three levels of chemoprevention (7-9). Though the use of SERMs is limited by 

harmful side effects including an increased risk of blood clots and endometrial cancer 

(10), their demonstrated efficacy in preventing primary tumors in a class of high-risk 

women provides proof of principle that breast cancer is a preventable disease.  

 

 

Figure 1.  Breast Cancer Vogelgram 

1.1.1.2 Diet and Breast Chemoprevention 

Pharmaceutical and early acting anti-cancer agents for chemoprevention have been 

limited largely by their toxicities (6, 7, 11, 12) and selectiveness (7). Numerous diet-

derived constituents have been demonstrated to have anti-cancer effects in preclinical 

studies by regulating multiple tumor processes during the initiation, promotion, and 

progression stages (13). Over 600 biologically active nutrichemicals have been identified 

(14) and include phytochemicals obtained from plant-based foods, as well as vitamins and 

minerals, that have multiple targets in the cell with established effects on tumor cell growth 

and survival (for a review on the subject, refer to (15)). The molecular promiscuity of 

dietary constituents combined with generally low toxicities makes them ideal 
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chemopreventive candidates. In the context of prevention, diet represents a major 

component in the category of modifiable risk factors that influence breast cancer risk (16).  

1.2 CONJUGATED LINOLEIC ACID 

1.2.1 Dietary Sources and Chemistry 

Conjugated linoleic acid (CLA) refers to a class of positional and geometric 

isomers of linoleic acid (octadecadienoic acid) in which the double bonds are conjugated 

in a variety of cis and trans configurations (17). The CLA isomers are by-products of the 

incomplete biohydrogenation of linoleic acid by anaerobic bacteria in the rumen of 

ruminant animals and are found in highest concentration in milk products (18). The two 

predominant isomers are the cis-9, trans-11(c9t11) and trans-10, cis-12 (t10c12), shown 

in Figure 2A. The  c9t11 isomer is the predominant isomer in dairy foods (representing 

80─90% of the CLA in milk fat) and to a lesser extent in beef fat (18). Table 1A and B 

list the estimated content of total CLA (Table 1A) and the relative amounts of the c9t11 

and t10c12 isomers (Table 1B) in different foods. The content of CLA in these foods is 

influenced by the fat content of animal feed, season of harvest, and cow-to-cow 

variations that can range from 1.6–16 mg per gram of milk fat (19). The average daily 

consumption of CLA in the American diet is estimated to be between 0.2 and 1 gram (20-

22). There is no established dietary reference intake for CLA or evidence of CLA 

deficiency diseases.  

 CLA is also available as an over-the-counter dietary supplement containing an 

equal mix of the c9t11 and t10c12 isomers. Most over-the-counter formulations are in a 

one-gram dose (23). In body composition studies lasting up to eight weeks, CLA has 
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been demonstrated to be non-toxic in doses up to six grams (24), but little is known about 

the effects of chronic exposure to supplemental CLA in humans (23).  

Table 1 
CLA Content in Foods A 

Conjugated Linoleic Acid Content in Foods  
Food mg/g fat  Food mg/g fat 
Dairy   Meats/Fish/Oils  
Whole milk 5.5  Ground beef 4.3 
2% milk 4.1  Veal 2.7 
Butter fat 6.1  lamb 5.8 
Cultured buttermilk 5.4  Pork 0.6 
Butter 4.7  Chicken 0.9 
Sour cream 4.6  Ground turkey 2.6 
Low fat yogurt 4.4  Salmon 0.3 
Plain yogurt 4.8  Egg yolk 0.6 
Medium Cheddar 4.1  Safflower oil 0.7 
American processed cheese 5.0  Sunflower oil 0.4 

 

 

CLA content in foods as % of total isomers 
CLA isomer Milk Butter Cheese Meat 

cis9-trans11 72.6 76.5 83.5 72 
tran10-cis12 0.4 1.1 ND 2.6 
other CLA isomers 27 22.4 16.5 25.4 

Values are taken from MacDonald. J. Am. Coll. Nutr 2000;19(2):111s and 
are derived  from Chin et al. J. Food Comp. Anal 1992;5:185, and Lin et al. 
J. Dairy Sci 1995;78:2358. 

B 

 
            ND: Not detected 

Derived from Bauman et al. Adv. Conj. Linoleic Acid Res. 2003; 2: 146 
 
 

1.2.2 Biosynthesis of CLA  

CLA biosynthesis occurs in two distinct processes: ruminal biosynthesis and 

endogenous synthesis in the tissue (see Figure 2B). In the rumen (or forestomach), 

anaerobic bacteria are responsible for the biohydrogenation of linoleic acid to produce 
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CLA as well as other by-products, which are then stored in the tissue and fat of the 

animal (18). Animals (and humans) are also capable of endogenous synthesis of c9t11 

CLA from trans-vaccenic acid (trans-11 octadecenoic acid), another CLA isomer 

obtained from dairy foods(23). Endogenous synthesis of c9t11 requires the action of  

delta 9 desaturase, also known as sterol CoA desaturase (SCD) (23). 

 

Figure 2.  CLA—Chemical Structures and Biosynthesis 

 

 

Figure 2 A: Chemical structure of CLA isomers. A.  trans-10, cis-12 
octadecadienoic, B: cis-9, trans-11 octadecadienoic acid, and C: cis-9, cis-12 
octadecadienoic acid (linoleic acid)  Arrows indicate positions of double bonds. 
B. Rumen and tissue biosynthesis of CLA. 

1.2.3 CLA and Chemoprevention—Preclinical Models 

A large body of preclinical evidence supports a role for CLA in chemoprevention. 

Since it was first identified as an anti-cancer agent (25), numerous studies have identified 

targets of CLA that suggest a potential for it to act at all stages of carcinogenesis. Details 

of the studies discussed below can be found in Table 2, Table 3 and Table 4. To 

summarize the major findings,  in vivo studies, which have been primarily conducted in 

models of chemically induced carcinoma, have indicated that CLA in mixed isomers or 
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the c9t11 purified isomer at doses between 0.05–1% is effective at inhibiting initiation by 

a chemical carcinogen (25, 26) , blocking promotion as measured by tumor latency and 

incidence (27, 28) , and blocking progression as measured by the colonization and 

dissemination of transplanted cancer cells into immune compromised animals (29, 30).  

The in vivo observation are supported by mechanistic studies in vitro,  in which CLA’s 

anti-tumor activity has been attributed to its ability to induce lipid peroxidation and 

upregulate p53 (31), inhibit proliferation (32, 33) and induce apoptosis (32, 34, 35). Its 

regulation of transcription factors incuding activating protein-1 (AP-1) (36), eukaryotic 

initiation factor-2 alpha (eIF-2α), activating transcription factor 4 (ATF4) (37), aromatic 

hydrocarbon receptor (AhR) (38), peroxisomal proliferator activated receptors (PPAR) 

(39), and the forkhead box O1 (FOXOA1) (31) in breast cancer cells has also been 

demonstrated. Few clinical studies of CLA in breast cancer prevention have been 

conducted. Mixed results include a weak inverse association with dietary CLA intake and 

breast cancer risk in post menopausal women only (40), pre-menopausal women only 

(41), and a weak positive association in post-menopausal women (42).  The limitations of 

these studies that may explain the inconsistent findings are discussed in section 1.2.4.    

1.2.3.1 Cancer Initiation 

Studies in chemically induced models of breast carcinoma have demonstrated 

CLA’s ability to inhibit cancer initiation. In a two-step model of carcinogenesis, topical 

application of CLA derived from cooked ground beef (20 mg/mouse) significantly 

reduced skin papillomas when applied prior to DMBA (7,12-dimethylbenz[a]anthracene) 

and TPA (12-O-tetradecanoylphorbol-13-acetate) administration (25). Pretreatment with 
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0.05 to 1% CLA also inhibited benzo(a)pyrene-induced forestomach tumors (26) and 

DMBA-induced mammary tumors in mice (20). Though these studies were not designed 

to identify the specific mechanism of CLA’s action, in at least two of the studies (20, 26) 

there was an observed decrease in lipid peroxidation in the CLA-treated groups that 

suggest CLA may have acted in part as an anti-oxidant. A 1% CLA diet also inhibited 

tumor initiation and promotion in response to methylsnitrosourea (MNU), a direct 

alkylating agent (43). The fact that CLA worked equally well against both direct-acting 

(MNU) and metabolically activated (DMBA) carcinogens suggested that its action did 

not involve carcinogen metabolism. However, others confirmed CLA’s ability to inhibit 

carcinogen metabolism as well as DNA adduct formation (17).  Though studies of 

initiation are rarely conducted in vitro, a mixed-isomer formulation of CLA was shown to 

inhibit transformation of the immortalized mammary epithelial cell line MCF-10A 

through induction of the tumor suppressor p53 by lipid peroxidation (31).   

1.2.3.2 Tumor Promotion  

The decades it takes to advance from initiation to malignancy provide a wide 

window of opportunity to block tumorigenisis. A number of cellular activities are critical 

during promotion and may serve as anti-cancer targets. These include the mediators of 

cellular proliferation, apoptosis, and angiogenesis as well as the regulators of cell cycle 

progression as a subtarget within cellular proliferation. Common targets that are 

implicated in these processes include growth factors receptors and their downstream 

activators including the nuclear factor (NF)κB transcription factor and cell-cycle 

regulators. A large body of evidence has emerged in both in vitro and in vivo model 
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systems of breast cancer that supports a role for CLA in blocking breast tumor promotion 

through a variety of mechanisms. 

1.2.3.2.1 Anti-Proliferative Action 

Tumor promotion is characterized by a dysregulation of tissue homeostasis that 

favors proliferation over apoptosis (44). Several studies in animal models of chemically 

induced breast tumor promotion identified anti-proliferative action of CLA delivered as a 

dietary supplement in a 0.5 to 1.0% mixed-isomer formulation or as the c9t11 purified 

isomer alone (27, 45-48). The most common in vitro models for the study of CLA on 

breast tumor promotion are the estrogen receptor (ER) positive cell line, MCF-7, and the 

ER negative cell line, MDA MB231. In the MCF-7 cell line, the t10c12 isomer has in 

most cases been demonstrated to have a more potent effect on proliferation than the c9t11 

or mixed isomers (33, 49) although some studies report equal effects of the isomers (32, 

50). Contrary to the more isomer-specific effect on proliferation in the MCF-7 cell line, 

either purified isomer or mixed CLA has been shown to equally inhibit proliferation in 

the MDA MB231 cells (35, 49, 51).   

The inhibition of proliferation can occur through a variety of mechanisms. As 

previously mentioned, growth factor receptors and their downstream effectors are targets 

of anti-cancer strategies. CLA has been shown inhibit the phosphatidylinosital-3 (PI-3) 

and mitogen-activated protein (MAP) kinase pathways in both MCF-7 and MDA MB231 

cell lines (35, 52). Membrane-associated growth factor receptors, such as the epidermal 

growth factor (EGF/ERBB) family of receptor tyrosine kinases (RTK), may also be 

targets for CLA. Though this has not been demonstrated in breast cancer model system, 
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the t10c12 CLA isomer has been shown to downregulate the ERBB2 and ERBB3 

receptors in a colon cancer cell model (53). CLA has also been shown to inhibit cell 

growth through modulation of the estrogen receptor; a membrane-bound nuclear receptor 

and transcription factor that activates mitogen signaling and regulates genes that promote 

cell survival and growth of breast tumors (54).   

1.2.3.2.2 Pro-Apoptotic Action 

The other side of the balance-regulating tissue homeostasis is programmed cell 

death or apoptosis. Apoptosis is a natural process that is initiated by both external and 

internal cues. Internal cues include cellular stress and DNA damage. The normal 

functioning of this pathway is key to preventing the accumulation of genetically unstable 

cells (55). Both in vivo and in vitro models of breast cancer have identified pro-apoptotic 

properties of CLA. In a post-initiation model of MNU-induced mammary tumors, both 

mixed CLA isomers and the purified c9t11 isomer were shown to equally promote 

apoptosis in terminal end buds and premalignant lesions as well as in cultured rat 

mammary cancer cells (28). CLA has also been shown to induce apoptosis in the MCF-7 

and MDA MB231 cell lines through a variety of mechanisms, including cell cycle arrest 

(32, 52), induction of pro-apoptotic proteins BAX/Bcl-xl (56), p21/CIP (34), and 

caspases (56), as well as lipid peroxidation (31).  

1.2.3.2.3 Regulation of Transcription Factors by CLA in Breast Cancer Models 

The consequence of growth factor receptor upregulation, a hallmark of cancer, is 

the regulation of genes that are known to play a role in cell survival, apoptosis, 

proliferation, and differentiation (44). Through its cellular effects, CLA has been shown 
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to affect the activity of several tumor-promoting transcription factors including activating 

protein-1 (AP-1) (36), eukaryotic initiation factor-2 alpha (eIF-2α), activating 

transcription factor 4 (ATF4) (37), aromatic hydrocarbon receptor (AhR) (38), 

peroxisomal proliferator activated receptors (PPAR) (39), and the forkhead box O1 

(FOXOA1) transcription factor (31).  

1.2.3.3 Tumor Progression  

The most difficult tumors to treat are those that have acquired all of the hallmarks 

of cancer: independence from growth factors, ability to evade apoptosis and anti-growth 

signaling, limitless replication, angiogenesis, and anchorage-independent growth (44). 

Tumors that have progressed to this point have often acquired a multi-drug resistance, 

making them more resistant to treatment. CLA’s broad spectrum of anti-cancer activity 

may be relevant in this setting, particularly in combination with more potent 

chemotherapeutic agents. 

 Few mechanistic studies exist that characterize CLA specifically as an inhibitor of 

tumor progression, as might be measured by invasion or migration in vitro or metastasis 

in vivo. However, two in vivo studies demonstated CLA’s ability to inhibit metastasis. 

One percent dietary CLA delivered as mixed isomers was able to inhibit the growth and 

spread of the transplanted adenocarcinoma cell line MDA MB468 in the severe combined 

immunodeficient (SCID) mouse (30), and  0.5 or 1% mixed isomers was able to inhibit 

the growth and spread of mouse mammary tumor cell line 4526 in BALB/cAnN mice 

(29). In an in vitro model system, the c9t11 isomer was shown to inhibit invasion of a 

gastric cancer cell line into a reconstituted basement membrane (57). Based on the 
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limited data, CLA’s mechanism of action at this stage of carcinogenesis is speculative but 

may involve, in part, its ability to inhibit the inducible cycolooxygenase COX2 (36, 38) 

and the production of arachadonic, acid-derived, pro-inflammatory eicosanoids (58). 

COX2 is known to promote angiogenesis through the production of prostaglandin 

(PG)E2 (59) and to sustain growth factor signaling (60-62). NF-κB is a key regulator of  

COX2 expression, and even though not yet demonstrated in a breast cancer model 

system, CLA has been shown to downregulate NF-κB  in other cancer and non-cancer 

cells systems (63-65). Refer to section 1.4.3.1. 

1.2.4 CLA and Breast Cancer Prevention—Human Studies 

Currently there are little data on CLA’s effect on breast cancer in humans. Few 

studies exist, mostly case control, and vary widely in CLA exposures, all of which fall 

significantly below what has been demonstrated to be effective in the rodent models. 

Only those studies listed on PubMed that measured CLA intake are discussed here.  

 The Netherlands Cohort study examined the intake of CLA and breast cancer 

incidence in a subcohort of 1598 post-menopausal women (42). Mean CLA intake, in the 

form of c9t11, was 0.2 g/d and ranged from 0.07 g/d in the lowest quartile to 0.29 g/d in 

the highest quartile. Mean intake of vaccenic acid, which can be converted to c9t11 CLA, 

was 0.7 g/d and ranged from 0.3g/d to 1.2 g/d. Intake of CLA was predominantly from 

dairy—29% butter, 21% cheese, and 19% milk products. Multivariate analysis was 

adjusted for known risk factors of breast cancer: age, history of benign breast disease, 

mother or sister history of breast cancer, age at menarche, age at menopause, oral 

contraceptive use, age at first childbirth, alcohol, smoking, and  total energy and total 
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energy-adjusted fat intake. There was a weak but statistically significant positive 

association with CLA intake and breast cancer incidence (RR: 1.24, 95% CI: 0.91, 1.69; 

p for trend: 0.02). No association was detected with total fat or saturated fat (42).  

The Finnish Kuopio case-control study (40) examined CLA intake and serum 

levels in pre- and post-menopausal women with breast cancer (N=195, 68 pre- and 127 

post-menopausal) compared to cancer-free controls (N=208, 75 pre- and 133 post-

menopausal).  Dietary intake was estimated from a food-frequency questionnaire and 

validated with serum fatty-acid analysis. Odd ratios were calculated from logistic 

regression models adjusted for known risk factors of breast cancer, total energy and 

adjusted fat intake, and were stratified for menopausal status. There were no differences 

in intake of CLA, total fat, saturated fat, unsaturated fats, or trans-vaccenic acid in the 

pre-menopausal subjects compared to controls. The mean intake of CLA in this group 

was 137.1 mg/d. The mean intake of CLA in the post-menopausal breast cancer group 

was 126.8 mg/d compared to 132.8 mg/d in the cancer-free controls (p < 0.05). There 

were no differences in total energy, energy from fat, saturated fat, unsaturated fat, or 

trans-vaccenic acid between cases and controls. Odds ratio for breast cancer risk based on 

CLA intake was 0.3 (95% CI: 0.1, 0.7) in the highest (203.4 mg/d) quartile versus the 

lowest (72.4 mg/d). There were no differences in intake of CLA-containing foods except 

for cheese, which was significantly lower in the post-menopausal breast cancer cases. 

Serum fatty-acid analysis confirmed a significant difference in cases versus controls in 

the post-menopausal group (40).   
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The Western New York Exposures and Breast Cancer (WEB) Study was a case-

control study that examined dietary and environmental exposure on breast cancer risk 

(41). Analysis of CLA intake and breast cancer risk was conducted with 1,122 cases and 

2,036 controls. Dietary CLA intake was estimated from a food-frequency questionnaire. 

Total CLA intake ranged from 88–200 mg/day in the pre-menopausal group and 73–170 

mg/day in the post-menopausal group. Intake of c9t11 CLA ranged from 66–155 mg/day 

and 55–130 mg/day in the pre- and post-menopausal groups, respectively. The major 

dietary source of CLA was not identified. Odds ratio and 95% confidence interval were 

determined by logistic regression adjusted for known risk factors of breast cancer as well 

as total fat and total energy, and were stratified for menopausal status. No association 

between CLA intake and breast cancer risk was identified in either pre- or post-

menopausal women although a slight inverse association was detected for estrogen 

receptor negative breast caner in the pre-menopausal group only (OR: 0.4; 95% CI: 

0.16,1.01) (41). 

Only one study has examined the association of CLA intake and risk of breast 

cancer metastasis. Chajes et al. measured CLA content in breast adipose extracted during 

initial surgery in 209 confirmed cases of breast cancer (66). Mean adipose CLA content 

was 0.44% of total fatty acids and ranged from 0.19–0.85 %. In 7.5 years of follow-up, 

45 cases developed metastases. No association of adipose levels of CLA and risk of 

metastasis was identified.  

Limitations of the human studies that may account for inconsistent findings 

include the reliance on food-frequency questionnaires for estimated CLA intake, 
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differences in CLA content of foods in different geographical areas, the relatively small 

differences in intake between study groups, and overall low dietary intake. The amount of 

CLA required for a beneficial effect in body composition studies is between 3.4–6.6 

g/day (23). Though the requirements for CLA for body composition may differ from the 

requirements for an anti-cancer effect, the low dietary intake in these studies may suggest 

that the levels of exposure from normal dietary consumption is not adequate for breast 

cancer prevention in most cases. In support of this, it is important to note that the 

exposures in the in vivo model systems that were associated with anti-cancer activity 

would be comparable to 3.5–17 g/day for a 70 kg human (20). Additionally, CLA has 

been shown to exert its strongest anti-tumor effect during the pre-pubertal stage in the 

animal model (67), and the food-frequency questionnaires used in these studies would not 

capture exposure during that period.  

Other possible explanations for inconsistencies across studies include the reported 

association of high serum arachadonic acid with breast cancer in the Kuopio study, in 

which a weak association was reported with low CLA and increased risk of breast cancer. 

The level of serum arachadonic acid in the breast cancer group could have attenuated the 

effect of CLA in this study. Another factor is the surrogate measurement of CLA from 

adipose tissue extracted at initial surgery in the study by Chajes et al. The authors fail to 

provide data to validate this measurement of CLA as a marker for historic intake. In rats, 

it was demonstrated that removal of CLA from the diet caused a rapid decrease in 

mammary adipose CLA content (67). No data are available in humans, but if a similar 
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response were to occur, the one-time measurement in breast adipose would reflect only 

recent intake levels.   

Currently, there is inadequate data in humans to predict CLA’s efficacy as a 

chemopreventive against breast cancer. This is complicated by the inherent heterogeneity 

of breast cancer, which may in part explain the mixed results from the clinical trials 

described above.  

1.2.5 Potentially Adverse Effects of CLA Supplementation 

Though evidence in experimental animals overwhelmingly supports a health-

promoting activity of CLA, several adverse effects of supplemental CLA have been 

reported in human and animals studies. In one study, a three-month, mixed-isomer CLA 

supplementation (4.2 g/d)  increased levels of C-reactive in healthy men and women (68) 

while another group reported an isomer-specific effect of the t10c12 CLA isomer (3.4 g/d 

for 12 weeks) on hyperinsulimia in obese men  (69). In agreement with the human trials, 

studies in mice indicate that the t10c12, but not c9t11, isomer induces hyperinsulimia and 

fatty liver (70, 71). This effect was not observed with the c9t11 isomer (70, 71).  

1.3 BREAST TUMOR BIOLOGY 

Throughout a woman’s fertile life, ovarian hormones regulate cyclical mammary-

gland proliferation and apoptosis in tide with the estrous cycle (72). This endless tissue 

breakdown and regeneration makes the mammary gland highly susceptible to the effects 

of chronic hormone and growth factor exposure as well as normal DNA damage, and 

increases the potential for tumorigenesis.  
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Based on a model similar to that of colon carcinogeneis, breast tumor development 

has been traditionally viewed as a step-wise transformation of normal epithelium to 

premalignant hyperplastic lesions, invasive malignant disease and, ultimately, 

metastasism, as illustrated by the proposed breast cancer Vogelgram in Figure 1 (73, 74). 

The recent advancements in genomic and molecular profiling with tools such as 

tissue microdissection, comparative genomic hybridization (CGH), and loss of 

heterozygosity (LOH) have broadened our view of mammary tumorigenesis and redefined 

clinical classification (74). While breast cancer occurs in a step-wise process, the 

progression of the disease is not characterized by distinct and discrete molecular and 

genetic profiles that can be expected to occur in all cases. This makes breast cancer a 

highly heterogeneous disease, with each case presenting a unique genomic and molecular 

signature. Successful long-term treatment may be complicated by this inherent 

heterogeneity for a subgroup of high-risk women. This class of women may be 

characterized as those at risk of developing estrogen receptor negative tumors that also 

overexpresses the HER2 oncogene or EGF growth factor receptor.  

1.4 CLA AND ER NEGATIVE BREAST CANCERS 

Estrogen receptor negative tumors are often characterize by overexpression of 

HER2 and/or EGFR and upregulation of NF-κB  (75). These tumors are unresponsive to 

the hormone-based therapies and predictive of treatment resistance, tumor recurrence, 

and metastasis (76). Currently, there are no preventive strategies for this class of tumors. 

CLA has been shown to act on many pathways affected by growth factor upregulation 

including the PI-3 and MAP kinase pathways, NF-κB, and its target COX2 (refer to 
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Section 1.2.3).  Its relevance in preventing ER negative breast cancer is discussed in the 

following sections in the context of the factors implicated in ER negative disease and 

treatment resistance.  

1.4.1 HER2/neu 

As indicated in Section 1.1.1.1, the selective estrogen receptor modulators 

(SERMs) have been very successful in the treatment of ER positive cancers and shown to 

prevent primary breast cancers in high-risk, post-menopausal women (7-9). However, ER 

negative tumors are less likely to respond to hormone-based therapies. These tumors are 

often characterized by overexpression of the HER2 oncogene, treatment resistance, and 

an increase in metastasis. ERBB2 (HER2/neu) is a breast oncogene in humans and a 

member of the epidermal growth factor family of receptor tyrosine kinases (RTK), which 

consists of four structurally similar transmembrane glycoproteins: EGFR (ERBB1, Her1), 

ERBB2 (Her2/neu), ERBB3 (Her3), and ERBB4 (Her4) (77). These receptors are 

activated by ligand binding that initiates receptor dimerization, tyrosine kinase activity, 

and activation of signaling pathways including Ras/MAPK, PI-3K/AKT, and Src kinases 

(77). The ERBB2/HER2 receptor is unique in that it has no known ligand and yet 

maintains a constitutively active conformation for dimerization, making it a preferred 

partner for the other ERBB2 receptors (77). ERBB2 heterodimers are the most potent of 

the ERBB complexes and are characterized by sustained signaling, delayed receptor 

internalization, and receptor recycling in lieu of proteosomal degradation (78).   

Overexpression of the Her2/neu oncogene occurs in approximately 30% of breast 

cancers (79). The humanized monoclonal antibody trastuzumab (Herceptin®) targets the 
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extracellular domain of the ERBB2 receptor, making it unavailable for receptor 

dimerization (80). Trastuzumab offers advanced treatment for ERBB2 positive breast 

tumors, but its success is hampered by cardiotoxicty (81) and tumor resistance through a 

variety of mechanisms including compensatory upregulation of growth factor signaling 

through the PI-3K and MAPK pathways in response to IGF1 and EGF signaling (82).  

1.4.1.1 CLA and Downregulation of ERBB2 

CLA has not been reported to act on the ERBB receptors in a breast cancer model 

even though at least two lines of evidence support its potential to do so. In two recent 

studies by Cho et al. (53, 83), CLA was demonstrated to downregulate ERBB2 and 

ERBB3 expression and activity in HT-29 colon cancer cells. This effect was through the 

t10c12 isomer and resulted in a decrease in receptor expression at both the protein and 

mRNA levels. Measureable consequences of CLA’s effect were an inhibition of 

proliferation and increase in apoptosis through downregulation of PI-3K-induced signal 

transduction (83). Another line of evidence comes from a gastric cancer model system. 

Kim et al. (84) recently reported that endogenously produced CLA was able to cause 

dissociation of the chaperone protein HSP90 with its client protein, which, in this case, 

was the NF-κB  activating kinase, IKK. As ERBB2 is stabilized at the cell membrane by 

HSP90, CLA’s ability to cause dissociation of this complex would likely result in 

receptor internalization and degradatation. Because HPS90 is a promiscuous chaperone, 

CLA’s ability to inhibit its associations may have multiple outcomes including the 

inhibition of NF-κB, as was reported in the gastric cancer cell line (84). The significance 

of this is discussed in more detail in Section 1.4.3.   
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1.4.2 EGFR 

EGFR is the ERBB1 receptor. Although the prognostic significance of its 

overexpression in breast cancer has not been firmly established (85), it is often associated 

with a highly aggressive subtype of ER negative breast cancer (86) and is believed to 

play a role in acquired resistance to hormone-based therapies in ER positive disease (85). 

Its role in hormone therapy resistance is not well understood but is believed to involve 

the upregulation of the transcription factor NF-κB  (75). While estrogen downregulates 

EGFR and subsequently NF-κB , SERMs and other anti-hormone therapies activate the 

receptor, desensitizing the cells to the anti-estrogen therapy (87). An additional 

consequence of NF-κB activation in response to anti-hormone therapy is the production 

of COX2-derived PGE2, which is discussed in more detail in Section 1.4.1. The ability of 

CLA to downregulate EGFR has not been experimentally demonstrated, but the potential 

to do so is discussed in the context of CLA’s inhibitory effect on NF-κB below.  

1.4.3 Nuclear Factor kappa B  

 NF-κB  is a transcription factor and a key regulator of the innate inflammatory 

immune response (88).  It has recently been recognized for its role in the promotion of a 

number of tumor types (89). Under basal conditions, NF-κB dimers are sequestered in the 

cytosol by IκB inhibitory proteins. Activation occurs via a variety of stimuli, including 

inflammatory cytokines, growth factors, and extracellular stress (90), and results in the 

activation of the IκB Kinase (IKK) and phosphorylation of  IκB. This releases the NF-κB 

dimer to migrate to the nucleus, where it binds to κB response elements of target genes 

(91). The long list of NF-κB responsive genes includes growth factors, cell cycle 
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regulators, anti-apoptotic proteins, stromal remodeling proteases, angiogenic factors, and 

cell adhesion molecules (90). 

Constitutive activity of NF-κB has been reported in a number of cancers (92-98) 

and is known to inhibit apoptosis and promote tumorigenesis through regulation of 

proliferation, angiogenesis, invasion, and metastasis (99).  In breast cancer, constitutive 

activity of NF-κB causes loss of estrogen receptor (ER) and resistance to chemo-

radiation-, and antibody-based therapies through signaling events downstream of ERBB2 

of EGFR (75, 97, 100).  

1.4.3.1 CLA-induced Inhibition of NF-κB  

CLA has been shown to have anti-inflammatory properties that may play a role in 

its anti-cancer activity (101). Though not yet demonstrated in a breast cancer model, 

CLA has been shown to downregulate NF-κB in cancer and non-cancer cells by 

downregulating IKK activity and inhibiting nuclear localization of NF-κB p65 (63, 64, 

102) as well as inhibiting the transcriptional activity of NF-κB (65, 102). These effects 

included inhibition of PI-3 and MAP kinase signaling (64) and proliferation and an 

increase in apoptosis (102).  The demonstration of a CLA-induced NF-κB inhibition in 

breast cancer would be highly relevant in the ER negative disease setting, as this 

transcription factor is known to be mechanistically involved in EGFR and ERBB2 

upregulation and treatment resistance. 

1.4.4 COX2 in Breast Cancer  

A key target of NF-κB is the inducible cyclooxygenase (COX)2, which catalyzes 

the conversion of arachadonic acid to the inflammatory eicosanoid prostaglandin (PG)E2 
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(103). COX2 and PGE2 are also highly implicated in tumor progression in a number of 

solid tumors, including breast (104-108). The impact of PGE2 in breast cancers is 

observed in tumors that overexpresss either EGFR or ERBB2. COX2-derived PGE2 has 

been shown to upregulate the ERBB2 receptor expression, and pharmacological 

inhibition of COX2 with the COX2-specific inhibitor Celecoxib® reduced ERBB2 

expression (62). Additionally, PGE2 may play a role in acquired resistance to hormone-

based therapies that is often observed in ER positive tumors with ERBB2 expression. In 

this scenario, COX2-derived PGE2 activates transcription of the aromatase gene 

(CYP19), increasing estrogen synthesis by the tumor and stromal cells, and sustaining 

estrogen-based survival pathways and ERBB2 receptor activity (109). These associations 

may explain the observed lower risk of breast cancer among regular users of non-steroid 

anti-inflammatory drugs (NSAIDs) (110).   

A large body of evidence supports a role for CLA in downregulating COX2 and 

PGE2 production. Its anti-inflammatory effect against lipopolysaccharide (LPA) 

stimulation in macrophages has been demonstrated to involve downregulation of COX2 

(111-113). CLA’s ability to displace arachadonic acid in the membrane phospholipids  

resulted in decrease COX2-derived PGE2 in human aortic endothelial cells (114), MDA 

MB231, and MCF-7 breast cancer (36, 58, 115) as well as colon cancer cells (115). The 

relevance of CLA-demonstrated action on NF-κB and COX2-derived PGE2 synthesis in 

the context of ERBB overexpressing breast cancer can be summarized as shown in Figure 

3.  Based on the evidence presented here, this diagram presents multiple targets of CLA 

action that may influence ERBB receptor expression and activity. (53, 83) 
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Figure 3. Bi-Directional Regulation of ERBB Receptors and NF-κB 

Figure 3 illustrates the bi-directional regulation of the ERBB receptors and NFκB. As 
described in the text, ERBB2 and EGFR regulate NFκB through activation of the PI-3 
kinase signaling pathway. This allows the p50/p65 complex to migrate to the nucleus
wher it binds to κB response elements and regulates transcription of a variety of genes. A 
major target of NFκB is the inducible cyclooxygenase COX2 which catalyzes the
conversion of arachadonic acid to the prostaglandin E2 (PGE2). Benoit et al (2004) and
Zhao et al. (1996) have demonstrated that PGE2 regulates ERBB2 protein and mRNA
expression, and activates EGFR as a consequence its effect on aromatase activity,
respectively. Several lines of evidence support a role of CLA in targeting specific
components of this pathway. Cho et al (2003, 2005) reported that CLA downregulated
both ERBB2 and ERBB3 in colon cancer cells. Miglietta et al (2006) has reported anti-
proliferative effects of CLA through suppression of the PI-3K pathway. Several groups 
have demonstrated that CLA downregulates NFκB in other cancer and non-cancer 
models including prostate (Song, 2006; Ohtsu, 2005), mouse skin neoplasia (Hwant,
2007), and macrophages (Cheng, 2004). Its action on COX2 and PGE2 is well
characterized in macrophages (Iwakiri, 2002; Yu, 2002), endothelial cells (Eder, 2003),
as well as breast cancer cells (Ma, 2002; Miller, 2001, Degner, 2006). 
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1.5 SUMMARY 

Although breast cancer-related deaths have been steadily declining in recent years, 

breast cancer remains the most commonly diagnosed cancer in women and the leading 

cause of death in younger women (4). Hormone-targeted therapies have been widely 

successful in the treatment of estrogen receptor positive cancers, but their use is limited 

by associated toxicities and selectiveness for this subtype of disease (6, 7). There remains 

a need to develop non-toxic chemopreventives with a broad acting profile that may 

benefit a larger group of women. 

Diet represents approximately 35% of the modifiable risk factors that may 

influence breast cancer risk (16).  Numerous dietary constituents have been demonstrated 

to possess anti-cancer activity and CLA is one of the most widely studied in this group 

(15, 116). CLA has been demonstrated to target multiple tumor pathways to block 

initiation, slow or stop progression, and inhibit metastasis. CLA’s action, particularly on 

NF-κB signaling and COX2 activity, may offer benefit in chemoprevention of ER 

negative breast cancers that overexpress the HER2/neu oncogene or the EGF receptor.  

Furthermore, CLA is inexpensive, commercially available in supplemental form, and 

could easily be integrated into the diet of “at-risk” women. Additionally, CLA is found 

predominantly in dairy foods, a group of foods with other benefits to women, particularly 

young women, who may benefit most from early exposure to dietary CLA (43). 
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Table 2 
In Vivo Studies of CLA in Breast Cancer 

Target Model System CLA 
Formulation 

Dose Exposure Time Outcome Ref. 

Initiation Sprague-Dawley 
rats 

Mixed isomers 0.5–1.5% Prior to DMBA 
administration 

CLA reduced tumor incidence at 0.5 and 1% 
with no additive affect at 1.5% 

(20) 

Initiation / 
promotion 

Sprague-Dawley 
rats 

Mixed isomers 0.05–0.5% Group 1: 2 weeks prior 
to carcinogen 
Group 2: from weaning 
to 1 week post 
carcinogen  
(5 weeks)  

Group 1: 0.1% CLA inhibited DMBA-
induced tumors 
Group 2: 1% CLA inhibited both DMBA- 
and MNU-induced tumors, and inhibited 
lobuloaveolar proliferation 

(43) 

Initiation / 
promotion 

Sprague-Dawley 
rats 

CLA-enriched 
butterfat, 
mixed isomers 

0.80% 4 weeks, followed by 
MNU initiation 

All CLA diets suppressed mammary tree 
branching and TEB density, and inhibited 
MNU-induced carcinogenesis 

(47) 

Initiation / 
promotion 

Sprague-Dawley 
rats 

Mixed isomers 0.5–2.0% 4 weeks, followed by 
MNU initiation 

CLA reduced TEB density, and inhibited 
MNU-induced carcinogenesis 

(48) 

Initiation / 
promotion 

Sprague-Dawley 
rats 

Mixed isomers 1% 4–6 weeks  
Group 1: from weaning 
to 55 d/o 
Group 2: from 50 d/o to 
end 
Group 3: from weaning 
to end 
DMBA initiation at  
50 d/o 

CLA inhibited DMBU-induced tumors by 
50% in Groups 1 and 2 with no additive 
effect in Group 3 

(117) 

Initiation / 
promotion 

Sprague-Dawley 
rats 

c9t11/ mixed  1% Started at MNU 
administration and 
continued for 20 weeks 

Both diets significantly reduced MNU-
induced mammary tumors 

(118) 

Abbreviations: DMBA: dimethylbenz(a)anthracene, MNU: methylnitrosourea, TEB: terminal end bud 
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Target Model System CLA Dose Exposure Time Outcome Ref. 
Formulation 

Promotion / 
progression 

Sprague-Dawley 
rats 

c9t11, t10c12 0.50% Started at MNU 
administration and 
continued for 24 weeks 

Both isomers significantly reduced 
interductal proliferation and delayed tumor 
development 

(20) 

Promotion / 
progression 

CD2F1/Cr, Steel, 
C57BL/6-
background 
TNF-null and wt 
mice 

Mixed, t10c12, 
c9t11 isomers  

Mixed: 1–2 
%   
Isomers: 0.5 
% 

1–7 weeks t10c12 CLA-induced stromal remodeling as 
measured by collagen deposition, leukocyte 
recruitment, and adipocyte delipidation. 
Effects independent of TNFα or mast cell 
recruitment 

(119) 

Promotion / 
progression 

MMTV(neu)202
Mul/J 

c9t11, t10c12 0.50% 42–64 weeks  
Group 1: 24 days post 
weaning to end 
Group 2: 68–72 d/o to 
end 
Group 3: 10 days 
starting at 7 d/o 

t10c12 accelerated tumor growth and 
increased metastasis in groups 1 and 2, 
increased fiborcellular content, and 
decreased adipose. 
t10c12 induced lobular proliferation in group 
3 independent of transgene expression 

(120) 

Promotion / 
progression 

CD2F1Cr mice c9t11, t10c12 0.5 or 1%  7 weeks Both isomers significantly decreased serun 
VEGF levels and vascularization.  
The t10c12 isomer induced apoptosis in 
endothelial and adipose cells and 
significantly decreased WAT and BAT. 
c9t11 significantly increased BAT 

(121) 

Promotion / 
progression 

CD2F1Cr mice c9t11, t10c12 1–2 % 6–7 weeks Both isomers significantly inhibited 
angiogenesis, as measured by blood vessel 
formation, as well as serum and tissue 
VEGFR and VEGF levels 

(122) 

Abbreviations: TNFα: tumor necrosis factor, WAT: white adipose tissue, BAT: brown adipose tissue, VEGFR: vascular endothelial growth factor 
receptor 
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Target Model System CLA Dose Exposure Time Outcome Ref. 
Formulation 

Promotion / 
progression 

Sprague-Dawley 
rats 

c9t11/mixed 
isomers/CLA-

enriched 
butterfat 

1% Group 1: 4 weeks 
mixed isomers 
Group 2: 4 weeks 
enriched butterfat 
Group 3: c9t11 2, 4, 6, 
8 weeks 

Similar effects on proliferation and inhibition 
of cell cycle regulators were observed in 
groups 1 and 2. 
In group 3, a significant difference in 
proliferation and cell cycle regulators was 
observed at the  
4- and 8-week c9t11diet.  
Differences between treated and control 
animals decreased at the 
6- and 8-week time points 

(46) 

Promotion / 
progression 

Sprague-Dawley 
rats 

c9t11/mixed 
isomers 

1% After NMU initiation 
and continued for 6 
weeks 

Both treatments significantly reduced 
interductal proliferation, delayed tumor 
development, and induced apoptosis as 
measured by TUNEL and nuclear 
morphology 

(28) 

Promotion / 
progression 

Sprague-Dawley 
rats 

Mixed isomers 1% 4 weeks post DMBA 
administration 
Group 1: 4 weeks 
Group 2: 8 weeks 
Group 3: continuous 

Continuous feeding of the CLA diet 
significantly reduced tumors. No effect 
observed at shorter time points 

(123) 

Promotion / 
progression 

Balb/C  Mixed isomers 0.1–1% 4 weeks post tumor cell 
transplantation 

CLA increased tumor latency and decreased 
lung metastasis 

(29) 

Promotion / 
progression 

Severe combined 
immunodeficient 
(SCID) mice 

Mixed isomers 1% 2 weeks prior to tumor 
cell transplantation to 
study end 

CLA inhibited tumor growth and metastasis (30) 

Promotion / 
progression 

Balb/C Mixed isomers 0.1–0.9 % 2 weeks prior to tumor 
cell transplantation and 
additional 45 days 

No effect on tumor latency or incidence (124) 
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Table 3 
In Vitro Studies of CLA in Breast Cancer 

Tumor 
Mechanism 

Model 
System 

CLA 
Formulation Dose Exposure 

Time Outcome Ref. 

Apoptosis MCF-7, MDA 
MB231, MDA 
MB231-ER-α 

t10c12 +/- E2 or 
TAM 

40, 80 µM 3 days Induced apoptosis in ER+ not ER- 
cells.  Inhibited E2-induced 
proliferation. Enhanced effect of TAM 

(125) 

Proliferation / 
Apoptosis 

MCF-7 CLA, Peg-CLA 50─200 µM 72 hours Dose effect of each agent on 
proliferation and apoptosis 

(126) 

Apoptosis MCF-7 t10c12 , c9t11, t,t 40 µM 4 days t,t CLA had greatest effect on apoptosis 
as measured by Hoechst stain, DNA 
fragmentation, Bcl2, caspase3 , PARP 
cleavage, and cytosolic Cyt C 

(56) 

Inhibiton of 
COX2 
metabolism 

MCF-7 t10c12, c9t11 20, 40, 80, 160 µM 24 hours t10c12> c9t11/ CLA in inhibiting AhR-
ligand-induced COX2 

(36) 

Proliferation MCF-7, MDA 
MB23  

t10c12, c9t11, 
mixed +/- 
Docetaxel 
(DOCT) 

40 µM 48, 72, 96 hours t10c12> c9t11i inhibited proliferation 
in both cell types. t0c12 reduced IC50 
of DOCT 

(49) 

Proliferation / 
Apoptosis 

MCF-7 CLA, Plu-CLA 
(polymer 

conjugation) 

50, 100, 200 µM 24, 48, 72 hours CLA decrease proliferation and 
increased apoptosis. Effect was 
increased with Plu-CLA 

(127) 

PPARγ tumor 
suppressor 
activation 

MCF-7 CLA 60 µM 24, 48, 72 hours CLA induced PPARγ protein and 
nuclear localization and decreased 
pERK levels. B-catenin levels increase 
with membrane associated  
E-Cadherin 

(128) 

Abbreviations: TAM: tamoxifen,  PARP: poly (ADP-ribose) polymerase, Cyt C: Cytochrome C, AhR: aromatic hydrocarbon receptor 
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Tumor Model CLA Exposure Dose Outcome Ref. Mechanism System Formulation Time 

Cell viability MCF-7 CLA Not provided Not provided CLA decreased protein expression of 
Raf-1,phosho-ERK, c-Myc and PP2A 
correlated with anti-growth effects 

(52) 

Cell viability Canine mammary 
epithelial cells 
(normal and 
tµMor) 

t10c12, c9t11 Not provided Not provided t110c12 more effective at inhibiting 
growth and protein expression of COX2 
and EP2 

(129) 

Inhibition of 
COX2 
metabolism 

MCF-7 t10c12, c9t11, 
mixed 

20,40, 80 µM 2-hour 
pretreatment, then 

6-hour co-
treatment with 

TPA 

All CLA treatments inhibited TPA-
induced COX2 activity in a dose 
dependent manner, through inhibition 
of AP-1 promoter activity 

(36) 

Inhibition of 
angiogenesis 

MCF-7 co-culture 
with human breast 
stromal cells 

t10c12, c9t11 Not provided Not provided VEGF mRNA levels were increased in 
MCF-7 with exposure to stromal cells. 
t10c12 > c9t11 attenuated VEGF 
expression  

(130) 

Inhibition of 
estrogen 
receptor 
signaling 

MCF-7 Not provided Not provided Not provided CLA inhibited transaction from ER 
response elements resulting in 
decreased PR expression.  
The effect was associated with 
increased PP2A activity that may be 
responsible for decreased ER 
phosphorylation 

(131) 

Proliferation  MDA MB231 t10c12, c9t11 10, 50, 100 µM 24, 48 hours Both isomers decreased proliferation in 
a dose dependent manner. Though both 
isomers were shown to inhibit HETE 
production by competition with AA, 
only the t10c12 isomer decreased FLAP 
mRNA expression and 5-LOX activity 

(51) 

Abbreviations: EP2: prostaglandin E receptor 2,  HETE: hydroxyeicosatetraenoic acid,  FLAP: arachidonate 5-lipoxygenase-activating protein 
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Tumor Model CLA Exposure Dose Outcome Ref. Mechanism System Formulation Time 

Apoptosis MCF-10A, MCF-7 Mixed isomers 50 µM 24 hours CLA induced lipid peroxidation 
resulting activation of p53 and 
inhibition of  transcription factor FKHR  
The effects were not seen in MCF-10A 

(31) 

Cell cycle  MDA MB 231 Mixed isomers 60 µM 24, 48, 72 hours CLA inhibited proliferation and caused 
cell cycle arrest at 48 and 72 hours.  
Measures of apoptisis were only 
increased after 72-hour treatment 

(35) 

Proliferation Mouse mammary 
tumor cell line 
4526 

t10c12, c9t11 10 and 50 µM 24, 48, 96 hours Both isomers inhibited proliferation. 
t10c12 CLA induced nucleosome 
formation at 10µM and inhibited LOX 
activity as measured by HETE 
production. 

(51) 

Cell viability MCF-7, MDA 
MB23  

Mixed isomers 5, 50, 200 µM 24, 48, 72 hours CLA significantly inhibited growth in 
MCF-7 cells at all times and doses 
tested, but was less effective in the 
MDA MB231 cell line 

(33) 

Isomer effect 
on proliferation 

MCF-7, MDA 
MB23  

c9t11, 
c9c11,t9t1,t10c12

and c11t13 

25, 50, 100, 200 µM 48 hours Potency of isomer-induced inhibition of 
proliferation in MCF-7 was in the order 
of most - least: c9c11 > t10c12 > t9t11 
> c11t13 > c9t11. MDA MB 231 cells 
were not affected at any dose tested. 
Mixed isomers reduced Erα mRNA and 
protein expression in dose-dependent 
manner 

(54) 

Abbreviations: FKHR: forkhead transcription factor 

 



 

 

45

Tumor 
Mechanism 

Model 
System 

CLA 
Formulation Dose Exposure 

Time Outcome Ref. 

Proliferation MCF-7 c9t11, t10c12, 
mixed 

10-50 µM 1─4 days Both isomers inhibited proliferation, 
but only 10c12 significantly attenuated 
E2 or insulin-induced proliferation 

(50) 

Proliferation / 
Cell cycle  

MCF-7 Mixed isomers 10─160 µM 12, 24, 48, 72 
hours 

CLA reduced proliferation and induced 
cell cycle arrest by a p53 dependent 
mechanism 

(32) 

Arachadonic 
acid 
metabolism 

MDA MB231 c9t11, t10c12, 
mixed 

60 µM 24, 48 hours CLA displaced AA in membrane 
phospholipids and inhibited PGE2 
synthesis 

(26) 

Apoptosis MCF-10A, MCF-7, 
MDA MB231 

Mixed isomers 25, 50, 100 µM 24 hours CLA significantly increased p53 RNA 
and protein in MCF-7 and reduced 
expression of mutant p53 in MDA 
MB231.   
p21/CIP protein was increased and Bcl2 
decreased in MCF-7 and 10A. 
The BAX-BCL-X to Bcl2 ratio was 
increased by two-fold in MDA 
MB231cells 

(34) 
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Table 4 
Clinical Trials of CLA in Breast Cancer Prevention 

Study Design Number of 
 Participants 

Menopausal 
Status 

CLA Intake mg/d 
(Range) 

Findings Stats Ref. 

Voorrips et 
al. 

Prospective 1598 Post 200 (70–290) CLA associated with breast 
cancer risk in highest vs. lowest 
quintile.  

RR: 1.24 ( 95% CI: 
0.91, 1.69) ; p for 
trend: 0.02 

(42) 

Aro et al. Case-control 195 cases / 208 
control 

Pre and post 126.8 vs. 132.8 
(72.4–203.4) 

No differences in pre-
menopausal cases vs. controls. 
A significant difference in CLA 
intake between cases and 
control in post-menopausal 
group. p < 0.05 

OR: 0.3 (95% CI: 
0.1, 0.7)  

(40) 

McCann et 
al.  

Case-control 1122 cases / 2036 
control 

Pre and post Pre: 88–200 
Post: 73–170 

A slight association was 
detected for a decrease risk of 
estrogen receptor negative 
breast caner in the pre-
menopausal group only  

OR: 0.4 (95% CI: 
0.16, 1.01)  

(41) 

Chajes et al. Breast 
cancer 
metastasis 

209 cases NA Not measured 
directly 

No association between 
mammary adipose CLA levels 
and risk of metastasis. Mean 
adipose content 0.44% of total 
fatty acids (0.19–0.85) 

 (66) 
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1.6 RELEVANCE 

Breast cancer is the most commonly diagnosed cancer in women. There is a need 

to develop non-toxic chemopreventives with broad acting profiles to benefit those women 

who do not fit the profile for SERM-based chemoprevention. CLA has been 

experimentally demonstrated to target multiple tumor pathways that may prevent of delay 

tumor development. As a non-toxic, readily available dietary constituent, CLA may offer 

promise to a subgroup of women at risk of developing hormone-independent breast 

cancer.  The overall objective underlying this dissertation research is to investigate the 

chemopreventive potential of CLA that might be relevant to a subgroup of women at risk 

of developing ER-negative breast cancer. This objective will be achieved by pursuing the 

following hypotheses and specific aims. 

1.6.1 Research Hypotheses and Specific Aims 

Hypothesis 1—Based on previous evidence supporting a role of CLA in inhibiting  

NF-κB-induced signaling and the evidence for a bi-directional control of NF-κB and 

ERBB receptors, the hypothesis for the first section of this work is that CLA will 

downregulate the ERBB2 receptor through an NF-κB dependent mechanism. 

Specific Aims:  

• Measure ERBB2 protein expression and membrane association in CLA-treated 

cells by Western blot and immunofluorescenc, respectively 

• Measure NF-κB nuclear localization in CLA-treated cells by Western blot and 

immunofluorescence 
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• Determine cell viability in response to tumor necrosis factor-alpha (TNFα) or 

Herceptin® following pretreatment with CLA  

o Apoptosis: FITC-conjugated labeling of Annexin V 

o Viability: Metabolism of the tetrazolium salt MTT  

 
Chapter 3—This chapter provides evidence that 24-hour treatment with 80 µM t10c12 

CLA downregulates ERBB2 protein and membrane association, and sensitizes cells to the 

apoptotic effects of TNFα as well as the anti-proliferative effects of Herceptin®. Though 

the direct action of CLA is not determined, evidence supports a role for NF-κB. 

 
Hypothesis 2—Based on a large body of evidence for an anti-tumor effect of CLA in 

rodent models of chemically induced breast carcinoma, the hypothesis for the second 

part of this work is that a mixed isomer diet of 1% CLA will reduce tumor burden and 

extend tumor latency in a four-week pilot study in the PyV-mT transgenic mouse model 

of spontaneous breast cancer.  

Specific Aims: 

• Measure tumor latency and tumor burden  

o Tumor latency: Palpation 

o Tumor burden: Histological interpretation of H&E stain 

• Identify morphological differences between treated and untreated mice by 

examination of mammary gland whole mounts from each group 

• Measure proliferative index by immunohistochemistry for the proliferative marker 

Ki67 
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• Measure protein expression of total and phoshorylated AKT, c-Src, ERK1/2 as 

markers of activation of the PI-3 and MAP kinase signaling pathways 

• Measure treatment-induced changes in gene expression by cDNA microarray 

using selective tissue samples from each group 

• Confirm microarray data with real-time RT-PCR and Western blot 

 
Chapter 4—This chapter provide evidence in a pilot-study context that a diet containing a 

1% mixed-isomer CLA formulation promoted tumors in the PyV-Mt transgenic mouse. 

This was accompanied by a significant reduction in visible mammary adipose and 

adipose-related genes and significant downregulation of cytoskeletal- and adhesion-

related genes. The effect on the mammary adipose was confirmed by real-time RT-PCR 

and Western blot for the fatty acid synthase gene product. 
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CHAPTER 2 

STUDY MODEL SYSTEMS 

2.1 PYV-MT TRANSGENIC MOUSE 

Rodents have been extensively utilized as models of breast cancer (132). The 

studies of CLA conducted in rodent models of carcinogen-induced mammary carcinoma 

provided proof of principle for CLA’s potent anti-tumor activity in blocking all stages of 

carcinogenesis (refer to Table 2 references). However, despite of the usefulness of 

carcinogen-induced models, DNA damage induced by high doses of carcinogen does not 

reflect the specific gene and signaling events thought to occur over the years it takes for 

human breast tumorigenesis to evolve (133). 

With the recent identification of a number of breast oncogenes and tumor 

modifiers of human breast tumorigenesis, the genetically engineered mouse, or GEM, has 

become the preferred model system (134). It has been well demonstrated that genetic 

manipulation of the mouse genome can produce a breast tumor biology that closely 

mimics that of human disease (135).  

The PyV-MT mouse is a GEM model of human breast cancer in which expression 

of the Middle T Antigen of the polyoma papovavirus is driven by the mouse mammary 

tumor virus (MMTV) long terminal repeat (LTR) promoter (136). The MMTV promoter 

is a hormonally regulated, mammary gland specific tumor promoter that induces ductal 

and alveolar tumors in infected mice (137). Expression of the PyV-MT oncogene by the 

MMTV promoter results in formation of multi-focal adenocarcinomas throughout the 

mammary tree with pulmonary metastasis (133, 136, 138). It  is a highly aggressive 
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oncogene causing mammary hyperplasias at three to four weeks of age that rapidly 

progress to metastatic adenocarcinomas by five weeks and pulmonary metastasis as early 

as 12 weeks of age (134, 136).  

2.1.1 PyV-mT Mechanism of Transformation 

Although the polyoma virus does not represent a risk to humans and scientist have 

yet to discover a human mammary tumor virus responsible for human breast cancer, the 

PyV-MT mouse has become an attractive model for human disease by virtue of the 

signaling pathways it invokes. The middle T Antigen is a membrane-bound protein that 

interacts with key mitogenic signaling molecules, leading to constitutive tyrosine kinase 

activity that promotes cell growth and proliferation (139-141). Activation of both c-Src and 

PI-3K are required for the PyV-MT transforming effects (138, 140-143). Because these 

pathways are also induced by the HER2/neu oncogene and EGF receptor in human breast 

cancer, the PyV-MT is an appropriate model in preclinical studies of ERBB-overexpressing 

human disease (134).  

2.1.2 Pathology  

The PyV-MT model is also relevant to human disease in its histopathological 

progression and biomarker profile. As in human disease, the PyV-MT mouse progresses 

through four morphologically distinct stages, from premalignant hyperplasia through 

adenoma/mammary intraepithelial neoplasia (MIN) to carcinoma in situ and, finally, 

invasive carcinoma (144). A biomarker profile that includes progressive loss of estrogen 

receptor, upregulation of Cyclin D1, ERBB2, and loss of β-1 Integrin mimics that seen in 

human tumors with poor prognosis (145). 
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Based on CLA’s demonstrated ability to target the PI-3 and MAP kinase pathways 

(53, 83) and influence expression of their downstream targets, including Cyclin- D1 (46, 

146, 147), the PyV-mT model is an appropriate model in which to pursue the stated 

research question. 

2.2 IN VITRO: CELL CULTURE 

2.2.1 SKBr3 

Breast cancer cell lines are widely accepted model systems for the preclinical study 

of human disease (148). The advantage of an in vitro model system is the ability to quickly 

and economically generate large numbers of cells for multiple, replicate experiments that 

are quantifiable and reproducible. Additionally, human cell lines are often regarded as more 

relevant models of human disease than are animals cells due to genetic differences between 

species (148). The SKBr3 cell line was derived from pleural effusions from human invasive 

ductal carcinomas and is estrogen receptor (ER) negative and ERBB2 positive. SKBr3 cells 

are characterized as luminal-cell type and weakly invasive (149). Overexpression of the 

oncogene ERBB2 results from gene amplification at chromosome 17q.  SKBr3 cells are one 

of nine cultured breast cancer cell lines with ERBB2 amplification and one of three ERBB2-

positive cell lines with a demonstrated sensitivity to trastuzumab (150). Their sensitivity to 

trastuzumab is believed to be associated with the protein expression that includes fatty acid 

synthase (FASN), MEK, GRB7, and MAPK (150).  

Previous in vitro studies of CLA and breast cancer prevention have been conducted 

in the MCF-7 or MDA MB231 breast cancer cell lines. The MCF-7 cell line would be an 

inappropriate model system for the stated research question due to its expression of the 
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estrogen receptor. The MDA MB23 cell line is ER negative and expresses low levels of the 

ERBB2 receptor, but overexpress its close relative, the EGF receptor. This cell line would 

also be a relevant model in which to investigate the effect of CLA in ER negative disease 

and ERBB receptor overexpression, and subsequent work should expand the current 

question to this cell line. However, the work presented here represents the first reports of 

CLA in the SK-Br model system and will be uniquely relevant to HER2 overexpressing 

breast cancer.  
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CHAPTER 3 
T10C12 CONJUGATED LINOLEIC ACID SUPPRESSES ERBB2 PROTEIN AND 

ENHANCES APOPTOSIS IN SKBR3 BREAST CANCER CELLS: POSSIBLE 

ROLE OF NF-ΚB  

3.1 ABSTRACT 

ERBB2-directed therapy with the monoclonal antibody trastuzumab (Herceptin®) 

has modestly improved disease-free survival times in 15─30% of ERBB2-positive breast 

cancers, but treatment resistance and disease recurrence emphasize the need for improved 

treatment regimens. Current data suggest that resistance to treatment in ERBB2 disease 

may be a consequence of NF-κB overexpression and increased COX2-derived 

prostaglandin E2 (PGE2) production. Conjugated linoleic acid (CLA) has been shown to 

have anti-tumor properties and to inhibit NF-κB activity and COX2. In this study, the 

ERBB2-overexpressing SKBr3 breast cancer cell line was treated with t10c12 CLA. 

Protein expression of the ERBB2 receptor, nuclear NF-κB p65, and total and 

phosphorylated IκB were examined by Western blot and immunofluorescence. PGE2 

levels were determined by ELISA. Proliferation was measured by metabolism of 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and apoptosis was measured 

by FITC-conjugated Annexin V staining and flow cytometry. Western blots indicated a 

significant decrease in ERBB2 protein expression following treatment with 40 and 80 µM 

t10c12 CLA (p <0.01 and 0.001, respectively). Immunoflourescence showed a loss of 

membrane-associated ERBB2 that was most pronounced at the 80 µM dose. Protein levels 

of nuclear NF-κB p65 were also significantly reduced at the 80 µM dose. This was 

accompanied by a modest decrease in phosphorylated IκB (IκB) protein and a significant 
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decrease in PGE2 levels (p=0.05). Pretreatment with t10c12 CLA significantly enhanced 

TNFα-induced apoptosis and the anti-proliferative action of trastuzumab (p = 0.05 and 

0.001, respectively). These data add to previous reports of an anti-tumor effect of t10c12 

CLA and suggest its ability to inhibit the ERBB2 oncogene, maybe through 

downregulation of NF-κB and COX2-derived PGE2.   

3.2 INTRODUCTION 

Breast cancer is the most commonly diagnosed cancer in American women (2) and 

the leading cause of cancer-related death in women under the age of 54 (3). 

Overexpression of the ERBB2 (Her2/neu) oncogene occurs in 25─30% of breast cancers 

and is associated with treatment resistance, tumor recurrence, and increased risk of 

metastasis (79). ERBB2 overexpression often occurs with estrogen receptor (ER) 

negative disease, making these tumors resistant to hormone-targeted therapies (151). 

Treatment with trastuzumab (Herceptin®), the monoclonal antibody that targets the 

extracellular domain of the ERBB2 receptor, has improved disease-free survival times in 

patients with metastatic breast cancer. However, only 15─30% of ERBB2-positive 

tumors respond to trastuzumab, and of those, 15% will eventually advance to metastasis 

(82). Significant effort is currently directed at improving clinical outcome in ERBB2-

positive disease, using combinations of trastuzumab with traditional anticancer agents as 

well as therapies against additional target molecules such as the receptor tyrosine 

inhibitor lapatinib (151, 152).  

 One rationale for the use of combination therapies is to modulate multiple, 

deregulated tumor targets and thus reduce the likelihood for the development of 
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resistance to the primary therapy. Though the molecular basis for acquired resistance to 

trastuzumab is poorly understood, it is likely to involve ERBB2-independent 

upregulation of PI-3 and MAP kinase pathways, possibly through upregulation of insulin-

like growth factor-1 receptor (IGF-IR) or EGFR ligand activation (153). The upregulation 

of nuclear factor (NF)-κB is often seen in ERBB2 and EGFR overexpression and is 

believed to play a role in the observed resistance to chemo- and radiation-based therapies 

(75, 89).  

NF-κB is a key transcription factor in the regulation of the inflammatory response 

(99). In basal conditions, NF-κB is sequestered in the cytoplasm by the inhibitor (I)κB 

complex (89). Activation occurs when the inhibitor of IkB (IKK) phosphorylates IκB, 

releasing NF-κB to migrate to the nucleus and regulate gene expression (89). 

Dysregulation of NF-κB is seen in a variety of malignancies including cancers of the 

digestive tract, prostate, pancreas, lung and breast, and it results in the upregulation of 

genes involved in tumor promotion and progression such as growth factors, cell cycle 

regulators, anti-apoptotic proteins, stromal remodeling proteases, angiogenic factors, and 

cell adhesion molecules (75, 89, 90, 154). One of the key targets of NF-κB is the 

inducible cyclooxygenase COX2, which is responsible for the conversion of arachadonic 

acid to pro-inflammatory eicosanoids, particularly prostaglandin (PG)E2 (155). COX2 

and PGE2 have been implicated in the progression of breast and other cancers and may 

act to sustain ERBB signaling (62, 109, 156). In recognition of the role NF-κB plays in 

tumor progression, a variety of NF-κB-targeted therapies are currently in development 
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and may ultimately offer treatment options in the adjuvant and metastatic disease setting 

(for review see (89)).  

Conjugated linoleic acid (CLA) belongs to a group of conjugated diene isomers of 

linoleic acid that are predominantly produced in the rumen of ruminant animals. Though 

a number of CLA isomers have been identified, two isomers—the cis9-trans11 (c9t11) 

and trans10-cis12 (t10c12)—have been widely studied for a variety of biological effects, 

including body composition repartitioning, anti-cancer, anti-inflammatory, immune 

enhancing, and cardio-protective benefits (for review see (17, 116)). Here we 

demonstrate an isomer-specific effect of t10c12 CLA on decreased ERBB2 protein 

expression and membrane association in breast cancer cells in vitro, and provide evidence 

that this effect is mediated through an inhibition of NF-κB nuclear translocation and 

prostaglandin (PG) E2 synthesis.  

3.3 MATERIALS AND METHODS 

3.3.1 Reagents 

Trypsin-EDTA, RPMI, PBS, fatty acid─free BSA, and DMSO were obtained from 

CellGrow (Herndon, VA). Fetal bovine serum was obtained from Atlas Biologicals (Fort 

Collins, CO). Penicillin/streptomycin was obtained from GIBCO/Invitrogen (Carlsbad, 

CA). Anti-beta actin, Annexin V-FITC Apoptosis Detection Kit (APOAF), C75, HEPES 

buffer, DTT, MgCl2, NaCl, and KCL were obtained from Sigma (St. Louis, MO). 

TritonX-100 was obtained from Pharmacia Biosciences (Piscataway, NJ). Tissue culture 

hardware was obtained form Nalge Nunc (Rochesterm NY). CLA isomers cis9-trans11 

(c9t11) and trans10-cis12 (t10c12) were obtained from Matreya (Pleasant Gap, PA). C75 
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was solubilized in DMSO and maintained at as a stock solution of 20 mM at ─20°C. 

CLA was complexed to FA-free BSA in a 4:1 molar ratio with 1 mM BSA stock. 

Antibodies against ERBB2 were obtained from Abcam (Cambridge, MA) for Western 

blot and from Calbiochem/Oncogene (Gibbstown, NJ) for immunofluorescence. 

Antibodies against NF-κB p65, IκB-α, phospho-IκB-α (Ser32), and p53 were obtained 

from Cell Signaling (Danvers, MA), as were the positive control lysates (#9243) for 

Western blot of NF-κB related proteins. Fluorescent conjugated anti-mouse (Alexa Fluor 

488) and anti-rabbit (Alexa Fluor 564) were obtained from Molecular Probes/Invitrogen 

(Carlsbad, CA). ELISA EIA kit for PGE2 determination was obtained from Cayman 

Chemical (Ann Arbor, MI). The MTT viability assay was obtained from Roche Applied 

Science (Indianapolis, IN). Herceptin® (Genentech, San Francisco, CA) was generously 

supplied by the Arizona Cancer Center Clinic in a stock solution of 21 mg/ml.  

3.3.2 Cell Culture 

The ERBB2-overexpressing cells SKBr3 were obtained from American Type 

Culture Collection (Manassas, VA) and maintained at 37°C and 5% CO2. Cells were 

cultivated in McCoy’s 5A media supplemented with 1.5 mM L-glutamine (Hyclone, 

Logan, UT), 10% FBS and 1% penicillin/streptomycin. Unless otherwise indicated, all 

treatments were performed in growth media. 

3.3.3 Cell Viability/Proliferation/Apoptosis 

Cell viability was determined by trypan blue exclusion using Beckman Coulter 

Counter. Proliferation was determined by metabolic activity and the reduction of MTT 

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole). For 
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proliferation assays, 2.5 x 104 cells/well/100 µl media were seeded in 96-well plates, 

allowed to adhere overnight, then washed and treated with t10c12 CLA or vehicle as 

specified in figures. 10 µl of MTT solution (Roche Diagnostics, Mannheim, Germany) 

was added to each well. After four hours of incubation at 37°C, solubilization solution 

(Roche Diagnostics) was added and plates were incubated overnight at 37°C. The 

absorbance of each well was measured at 580 and 690 nm, using a microplate reader 

(Biotek Synergy 2) in accordance with the manufacturer's protocol. To measure 

apoptosis, 1 x 106 cells/well/3 ml were seeded into six-well plates and allowed to adhere 

overnight, followed by treatments. Both adherent and non-adherent cells were collected 

and centrifuged, washed twice in 1x PBS, and then suspended in 1x binding buffer 

(Sigma APOAF-50TST). Cell suspensions were incubated for 10 minutes with Annexin 

V-FITC Conjugate (0.5 μg/ml) and Propidium Iodide Solution (1.0 μg/ml). Absorbance 

was read by flow cytometry using FACScan (BD Biosciences, San Jose, CA) in 

accordance with the manufacturer’s protocol. 

3.3.4 Preparation of Whole-Cell Lysate 

Cell pellets were washed two times in cold  PBS and centrifuged at 2000 rpm for 

10 minutes, then resuspended in ice-cold RIPA buffer (1 x PBS, 1% NP-40 (nonidet P40, 

Sigma) 0.1% SDS) containing 1 mM phosphatase inhibitor, sodium orthovanadate, and 

HALT protease inhibitor cocktail (Pierce/Thermo Scientific, Rockford, IL). Protein 

concentration was determined by Pierce Micro BCA.  
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3.3.5 Preparation of Nuclear Extracts 

Cells were washed and harvested by trypsinization, centrifuged to remove media, 

and washed twice in cold PBS. The protocol for nuclear extraction has been previously 

described (157). All steps were performed at 4°C.  Briefly, cell pellets were resuspended 

in hypotonic lysis buffer (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCL, 0.5 mM 

fresh DTT, 1x HALT protease inhibitor cocktail, and 0.1% TritonX-100) and transferred 

to microcentrifuge tubes. Tubes were vortexed at 16,000 rpm for 15 seconds and allowed 

to incubate one hour at 4°C on a rocking platform. Cell lysis was confirmed by trypan 

blue staining before tubes were centrifuged at 16,000 rpm for 15 minutes. The 

supernatant containing the cytoplasmic extract was removed and nuclear pellets were 

resuspended in 10 μl/~8-10 x106cells nuclear extract buffer (20 mM HEPES pH7.9, 25% 

glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM fresh DTT, and 1x 

HALT.)  Samples were vortexed at the highest setting for 15 seconds and incubated on 

ice for 30 minutes, vortexing every 10 minutes. Tubes were centrifuges as before. 

Supernatant containing nuclear extracts were diluted 1:4 in storage buffer (20 mM 

HEPES pH7.9, 20% glycerol, 1.5 mM MgCl2, 100 mM KCL, 0.2 mM EDTA, 0.5 mM 

fresh DTT, and 1x HALT.) Protein concentration was determined by Bio-Rad Assay 

(500-0006). Extracts were stored at ─80°C until use.  

3.3.6 Immunoblot  

15─25 μg protein was loaded into 8 or 10% gels and separated by SDS PAGE 

using the Bio-Rad Criterion Gel system (Hercules, CA). Proteins were transferred to 

polyvinylidene difluoride membrane (Amersham Biosciences, Piscataway, NJ) by 
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electroelution. Membranes were immunoblotted using standard protocols. Pierce Super 

Signal Dura West Substrate™ was used for visualization of protein bands. For successive 

antibody probes, blots were stripped using Pierce Restore™ stripping reagent with 

modifications to the manufacturer’s protocol. Removal of both primary and secondary 

antibodies was confirmed by ECL detection before reprobing. Densitometry of bands was 

performed using Scion Image version Alpha 4.0.3.2. Protein levels were expressed as a 

ratio to beta actin.   

3.3.7 Immunofluorescence  

Cells were grown on 12-mm glass coverslips in six-well plates at a seeding density 

of 0.4 x 106 cells/well/3 ml. After overnight adherence, cells were treated with 40 or 80 

µM t10c12 CLA or BSA for 24 hours. Cells were washed briefly in 1x PBS, 0.1% NaN3, 

before fixation in 2% paraformaldehyde (Pierce) for 20 minutes, and were then 

permeabilized in 0.2% Tween 20 (Sigma) for 5 minutes. Coverslips were blocked in 10% 

goat serum for one hour at room temperature and incubated overnight with antibodies 

prepared in blocking buffer (1xPBS, 0.1% NaN3, 10% goat serum, 1% TritonX). After 

incubation of primary antibodies, coverslips were washed 3 x 5 minutes in washing 

buffer (1x PBS, 0.1% NaN3, 1% Tween 20). Dilutions of Alexa Fluor 488 anti-mouse or 

564 anti-rabbit were prepared in blocking buffer at 1:600 and 1:1000, respectively. 

Coverslips were incubated with secondary antibodies for one hour at room temperature. 

Coverslips were washed as before, then fixed in 100% ethanol before being applied to 3 x 

1 mm microscope slides (Fisher Scientific, Pittsburgh, PA ) using Dako (Glostrup, 

Denmark) fluorescent mounting medium. Images were taken at 40x with Applied 
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Precision (Issaquah, Washington) Delta Vision deconvolution microscope with 

SoftwoRX 3.5.0 software. Negative controls were incubated without primary antibody. 

3.3.8 Prostaglandin E2 (PGE2) Determination  

Cells were grown to confluence, harvested by trypsinization, and seeded in six-

well plates at a seeding density of 1.0 x 106 cells/well/3 ml. After adherence overnight, 

cells were treated with t10c12 CLA at the indicated concentrations and time points. One 

hour before harvesting, media was removed and replaced with serum-free media 

containing 15 μM arachadonic acid as substrate for COX2. Supernatant was collected 

after treatment and spun down to remove cellular debris. An aliquot from each treatment 

was stored at ─80°C until use. Supernatant was prepared in three dilutions using culture 

media (1:10, 1:20, and 1:40), and PGE2 concentration was determined by PGE2 ELISA-

based immunoassay (Cayman Chemical, Ann Arbor, MI). Negative controls did not 

receive arachadonic acid. The cells from these treatments were harvested and counted, 

and viability was determined by trypan blue. Cell pellets were then prepared for 

immunoblot.  

3.3.9 Statistics  

Statistically significant differences between treatments were detected using the 

Student T test with a significance level of 0.05. 

3.4 RESULTS 

3.4.1 t10c12 CLA Isomer Significantly Inhibited ERBB2 Expression in SKBr3  

 The SKBr3 breast cancer cell line overexpresses the ERBB2 protein due to 

genomic amplification at chromosome 17q12 (158). Figure 4 shows that t10c12 CLA 
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significantly inhibited ERBB2 protein expression in SKBr3 cells by Western blot 

analysis in a dose-dependent manner (Figure 4A). This effect was not seen with the c9t11 

isomer at the concentrations and time points examined (Inset Figure 4.). In agreement 

with Western blots, immunofluorescence staining of cells treated with t10c12 CLA 

indicated a reduction in surface and membrane ERBB2 protein at both 40 and 80 µM 

treatment (Figure 4B).    

 

Figure 4.  t10c12 CLA Reduces ERBB2 Protein in SK-Br3 Cells 

 

 

 

 

A. Representative western blot of total ERBB2 protein in response to 24 
hr treatment with t10c12 CLA. Values represent the mean +/- std error 
relative to vehicle from 5 independent experiments. Inset: ERBB2 
protein expression following treatment with c9t11 CLA for 24 hours. 

B. Immunofluoresnce of ERBB2 protein in SK-Br3 cells following 24 hr 
treatment with 40μM (middle panel), 80μM (right panel) or vehicle 
(left panel).  Cells were treated as described in Materials and Methods. 
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ERBB2 overexpression has been shown to be associated with an increase in NF-

κB activity (75). Others have demonstrated that suppression of ERBB2 decreases NF-κB 

activity (159). Based on this association and the observed suppression of ERBB2 protein 

by t10c12 CLA, we hypothesized that nuclear localization of NF-κB would be inhibited 

by t10c12 CLA treatment. Nuclear extracts from SKBr3 cells treated with 40 and 80 µM 

t10c12 CLA were isolated and examined for the relative expression of the NF-κB p65 

subunit by Western blot and immunofluoresence. Figure 5A shows a representative 

Western blot of p65 protein expression following 24-hour treatment with t10c12 CLA. 

Nuclear p65 was reduced at both the 40 and 80 µM doses in replicate experiments. The 

effect was statistically significant at 80 µM (p=0.05) when compared to untreated 

controls. Immunofluorescence of anti-p65 in similarly treated cells confirmed an overall 

decrease in the p65 protein with CLA treatment (see Figure 5C).   

Under basal conditions, NF-κB is sequestered in the cytoplasm by the IκB 

proteins. Phosphoryation of IκB by the IκB kinase (IKK) targets the inhibitor for 

ubiquitination and proteosomal degradation, freeing NF-κB for nuclear localization (91). 

To lend support to the data above, total protein was isolated from cells treated with 40 

and 80 µM t10c12 CLA for 24 hours for measurement of phosphorylated IκB-α protein 

expression.  

Figure 5B shows total and phosphorylated protein levels of IκB by Western blot. 

In agreement with the data above, a modest decrease in phosphorylated IκB was observed 

at the 80 µM level across multiple experiments, but did not reach statistical significance.   
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Figure 5.  t10c12 CLA Reduces Nuclear p65 in SKBr3 Cells 

 

 

 

A. Western blots of NFκB p65 in nuclear extracts. Values represent means +/- 
std error relative to vehicle control from 3 independent experiments. 
B. Western blot of total and phosphorylated IkappaB protein. Values represent 
means +/- std dev from 2 independent experiments.  
C. Immunofluorescence of p65. Top panel: vehicle; Middle pane: 40μM CLA; 
Bottom panel: 80μM CLA. Experiments were performed as describe in 
Materials and Methods.  

 

3.4.2 t10c12 CLA Enhances Apoptosis in SKBr3 Cells 

Overexpression of ERBB2 is associated with attenuation of TNFα-induced 

apoptosis through upregulation of NF-κB (160, 161). Others have demonstrated that NF-

κB inhibition sensitizes SKBr3 cells to TNFα (161, 162). Based on the observed 

inhibition of NF-κB by the t10c12 CLA, we predicted that pretreatment with the isomer 

would sensitize SKBr3 to TNFα. Cells were pretreated with 80 µM t10c12 CLA or 
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vehicle control for 12 or 24 hours, media was removed, and cells were exposed to TNFα 

in serum-depleted media (2% FBS) or serum-depleted media alone for an additional six 

hours. Both adherent and non-adherent cells were harvested and stained with FITC- 

Annexin V following the manufacturer’s protocol (Sigma APOAF), and flow cytometry 

was performed to measure Annexin V positive cell fraction. As indicated in Figure 6, 

exposure to 80 µM t10c12 CLA showed a dose-dependent effect on the relative amount 

of Annexin V positive fraction following TNFα treatment that was statistically significant 

in 24-hour pretreatment conditions (see Figure 6).  

3.4.3 Treatment with t10c12 CLA or Celecoxib® Results in Decrease in PGE2 
Levels and Suppression of ERBB2 Protein 

Cyclooxygenases (COX) 1 and 2 are the rate-limiting enzymes in the conversion 

of arachadonic to prostaglandins. Constitutive COX1 is ubiquitously expressed and active 

in normal cellular processes. COX2 is induced in response to a number of stimuli 

including stress, growth factors, cytokines, and oncogenes (156). COX2-derived 

prostaglandin (PG)E2 has been implicated in a number of pathways involved in 

tumorigenesis (156). CLA has also been shown to reduce PGE2 production in a number 

of cell types (58, 111, 115).  Secreted PGE2 levels were measured as described in the 

Materials and Methods section 3.3.8. As indicated in Figure 7A, t10c12 CLA 

significantly inhibited PGE2 in a dose-dependent manner, reaching 50% inhibition at the 

80 µM dose (p<0.05). As positive control for COX2 downregulation, cells were treated 

with the COX2-specific inhibitor Celecoxib® at 20 and 40 µM for 48 hours. 40 µM 

Celecoxib® significantly inhibited PGE2 production by more than 80% (p<0.001). SKBr3 

cells were treated with 40 and 80 µM t10c12 CLA for 24 hours. 
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Figure 6.  t10c12 CLA Enhances Apoptosis in TNFα Treated SKBr3 Cells 

Cells were pretreated with 80µM t10c12 CLA for 12 hours before 
exposure to50 ng/ml recombinant TNFα for 6 hours. Data represent the 
fold change in % Annexin V positive staining cells relative to vehicle 
control from 2 independent experiments +/- std dev. 

 

 

Others have demonstrated a role for PGE2 in regulation of ERBB2 expression 

(62). Figure 7B presents a representative Western blot from each treatment group, 

indicating that reduction of ERBB2 correlated to a reduction in PGE2 synthesis.  



 68

 

Figure 7.  Suppression of ERBB2 and COX2 in SKBr3 Cells 

 A. Inhibition of PGE2 in the same samples. PGE2 levels were 
measured by ELISA and are presented as pg/ml relative to vehicle. 
Cells were treated with t10c12 CLA for 24 hrs or Celecoxib for 48 hrs. 
Values represent the means +/- std dev. from 2 independent 
experiments. 
B. Western blots of ERBB2 following treatment with t10c12 CLA or 
celecoxib.  

 

 

 

 

3.4.4 Co-Treatment with t10c12 CLA and Trastuzumab Decreases Proliferation in 
SKBr3 Cells 

The monoclonal antibody trastuzumab (Herceptin®), which targets the 

extracellular domain of ERBB2, has been shown to inhibit proliferation in ERBB2-
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expressing cells. Inhibition of NF-κB  has been shown to enhance anti-proliferative 

effects of Herceptin® in breast and colon cancer cells (62, 163). Though SKBr3 cells have 

been demonstrated to be sensitive to Herceptin®, anti-proliferative response is not 

generally seen before three days of exposure and is enhanced in combination  with other 

agents (164-166). Based on its inhibition of NF-κB, we hypothesized that t10c12 CLA 

would enhance the effect of Herceptin® in SKBr3 cells. Cells were pretreated with 80 µM 

t10c12 CLA for 24 hours, then co-treated with 10 nM Herceptin® for an additional 24 

hours. The rationale for the pretreatment was based on the observed effect of 80 µM 

t10c12 CLA on NF-κB downregulation in the SKBr3 cells. In preliminary dose escalation 

experiments, we did not detect a measureable effect of Herceptin® on proliferation in 

SKBr3 cells at any dose or exposure times tested (1─10 nM, 12─72 hours) (data not 

shown). However, pretreatment with the t10c12 CLA isomer significantly enhanced the 

anti-proliferative effects of Herceptin® by 25% (p =0.001) compared to Herceptin® or 

CLA alone (Figure 8).   
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Figure 8.  t10c12 CLA Enhances Anti-Proliferative Action of Herceptin in SKBr3 Cell 

 

 

 

Cells were pretreated with 80µM t10c12 CLA for 24 hrs, then co-treated with 
CLA + 10nM Herceptin for an additional 24 hrs. Viability was assessed by MTT 
and absorbance at 580nm. Values represent the mean from 3 experiments +/- std. 
dev.  The combination treatment significantly reduced absorbance compared to 
the vehicle control or Herceptin / CLA alone. 

 

3.5 DISCUSSION 

SKBr3 cancer cells are highly resistant to apoptosis (162, 167), a phenotype that is 

likely due to the overexpression of oncogenes, including ERBB2 (165) as well as anti-

apoptotic transcription factor NF-κB (168). All of these factors induce the constitutive 

activity of the PI-3 kinase/AKT network and pro-survival signaling common in human 

breast tumors (169). 

This study provides evidence that the t10c12 isomer of CLA, at physiologically 

obtainable doses, significantly reduced ERBB2 protein in SKBr3 cells. Consistent  with 
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previous reports of NF-κB inhibition by CLA (63, 65, 102), 80 µM t10c12 CLA 

significantly reduced NF-κB nuclear localization and, to a lesser extent, inhibited the 

phosphorylation of IκBα. These data are noteworthy as they demonstrate the ability of the 

t10c12 CLA isomer to target two key regulators in tumor promotion and treatment 

resistance, the ERBB2 receptor and NF-κB—a mechanism of CLA that has not 

previously been demonstrated in an ERBB2-overexpressing system. 

  Although additional experiments are needed to confirm the direct target of CLA’s 

action, the data presented here support two possible scenarios, as presented in Figure 9.   

 

Figure 9.  Proposed Mechanism of CLA Action in SKBr3 Cells 

 

 

 

 

 

A. This scenario describes a direct effect on IKK by t10c12 CLA. A consequence of 
IKK inhibition is reduced phosphorylation of IκB and nuclear localization of p65. A 
decrease in COX2-derived PGE2 synthesis will result in loss of ERBB2 (as described 
in by Benoit et al, Oncogene, 2004; 23(8):1631).  
B. This scenario describes a direct effect on ERBB2 protein by t10c12 CLA. In this 
scenario, ERBB2 is dissociated from the plasma membrane and targeted for 
ubiquitination and proteosomal degradation. Loss of ERBB2 signaling downregulates 
PI-3 kinase and IKK activity. NFκB is sequestered in the cyotosol by IκB and its 
target genes such as COX2 are not transcribed. 
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The scenario in Figure 9A suggests that CLA is acting to inhibit IKK regulation of 

IκB. In this case, a decrease in ERBB2 protein might also be seen. As illustrated by the 

directional flow of the diagram, inhibition of IKK results in the downregulation of NF-κB 

and COX2-derived prostaglandin synthesis. Based on the evidence for a role of PGE2 on 

ERBB2 expression (62), a decrease in ERBB2 protein might also be observed by this 

mechanism. IKK is activated by PI-3/AKT, and though PI-3/AKT activation was not 

measured here, CLA has been demonstrated to downregulate PI-3 kinase (83). This 

would be an essential experiment to perform in order to confirm a direct action of CLA 

on IKK, as would kinase activity assays for IKK α and β in response to t10c12 CLA 

treatment. 

Alternatively, the data presented here may be explained by Figure 9B. Here it is 

suggested that there is a direct effect of CLA on the membrane-bound ERBB2 protein. 

This may be through a direct action causing downregulation of protein expression, as has 

been demonstrated in the HT29 colon cancer cell line (83), dissociation of ERBB2 from 

its chaperone, HSP90, as has been demonstrated in a gastric cancer model (84), or 

disruption of caveoli or lipid rafts, which has been recently demonstrated in response to 

CLA (170). Any of these scenarios could inhibit IKK through downregulation of the PI-3 

kinase pathway, resulting in decreased nuclear p65 and COX2-induced PGE2 production, 

as is reported here. 

 There is a recognized need to develop non-toxic strategies to improve clinical 

outcome in ERBB2-positive breast cancers. Inhibition of NF-κB in combination with 

ERBB2-targeted therapies may enhance treatment response, as has been demonstrated 
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with anti-COX2 and anti-ERBB2 combined therapies (163, 171-173). The data presented 

here support further investigation into anti-NF-κB agents, such as specific isomers of 

CLA, in combination with trastuzumab in the treatment of a subset of breast cancers that 

are resistant to endocrine-based therapies.  

There is a prevailing interest in the potential of bioactive compounds for their 

efficacy in tumor prevention and treatment. CLA has been demonstrated to have potent 

anti-tumor effects in some animal models of breast carcinogensis (116). Though poorly 

studied in humans for the prevention of breast cancer, studies in body composition have 

determined it to be non-toxic at doses up to 6g/day (23). However, studies reporting 

adverse effects of supplementation with mixed-isomers or the t10c12 isomer alone 

suggest caution, and this is emphasized by recent reports of tumor promoting activity of 

the t10c12 isomer in animal models (120, 174). Our data, however, add to a large body of 

work supporting an anti-tumor effect of the t10c12 CLA isomer and warrants further 

investigation in the prevention and treatment of breast tumors overexpressing Her-2/neu 

and NF-κB. 
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CHAPTER 4 

PILOT STUDY ON THE EFFECT OF DIETARY CONJUGATED LINOLEIC 

ACID ON MAMMARY TUMORIGENESIS AND GENE EXPRESSION 

IN PYV-MT MICE 

4.1 ABSTRACT 

Conjugated linoleic acid (CLA), a class of fatty acids found in beef and dairy 

products, has been shown to inhibit tumorigenesis in a variety of cancer model systems. 

Based on previously well-documented anti-tumor activity of CLA in rodent models of 

breast cancer, a pilot study was initiated to examine the anti-tumor effect of dietary CLA 

in a well-established transgenic model of  highly aggressive, invasive breast cancer. 

Virgin, four-week-old PyV-mT mice were administered a diet of a mixed-isomer CLA 

formulation (1% wt/wt) (N=6) or control AIN96G diet (N=5) for four weeks. 

Measurements of food disappearance, weights, and palpations for tumor presence were 

recorded weekly. All animals were euthanized at eight weeks of age and mammary 

glands resected. Formalin-fixed, paraffin-embedded mammary gland tissue was used for 

H&E and trichrome staining and immunohistochemistry for Ki67. Thoracic mammary 

glands were selected for mammary gland whole mounts. Tissue levels of CLA were 

measured by gas chromatography. Mammary gland whole mounts indicated a loss of 

mammary adipose and extensive lobular-alveolar proliferation in CLA-treated animals.  

cDNA microarray was performed on representative mammary tissues from diet and 

control animals to explore change in gene expression in response to CLA treatment.  

Microarray analysis indicated a significant reduction in cytoskeletal-related and 

adipocyte-specific genes in the CLA group compared to untreated controls. Follow-up of 
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these treatment-related changes included Western blot for the detection of AKT, c-Src, 

ERK1/2, and Cdc24. CLA significantly increased tumor burden (p<0.01) independent of 

an increase in oncogenic signaling.  Reduction of Cdc42, a key regulator of cell adhesion 

and cytoskeletal arrangements, was confirmed at the protein level by Western blot 

(p<0.01). A significant decrease in fatty acid synthase (FASN), a key regulator of lipid 

synthesis, was confirmed by Western blot and real-time RT PCR.  These findings suggest 

that dietary CLA may advance the malignant phenotype by promoting a decrease in 

FASN along with a loss of cell polarity and adhesion in the mammary gland epithelium, 

while modifying the stromal component in the clinical setting of advanced disease. These 

cancer-promoting activities of a mixed-isomer CLA formulation isomers warrant further 

investigation. 

4.2 INTRODUCTION 

The success of tamoxifen (TAM) for the primary and secondary prevention of 

breast cancer in high-risk women indicates that breast cancer is a preventable and 

treatable disease (175). In spite of this progress and proof of concept in breast cancer 

prevention, the undesirable side effects and selectivity for hormone responsive lesions of 

the selective estrogen receptor modulators (SERMs) have generated a need to identify 

novel prevention agents with fewer side effects and with a more broadly acting spectrum. 

CLA refers to a class of non essential fatty acids that are derived from linoleic acid  

by anaerobic bacteria in the rumen of ruminant animals (23). There are no established 

dietary requirements for CLA which is obtained in the diet in trace amounts by the 

consumption of dairy foods and some meats (19). The most abundant form of CLA found 
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in foods is the cis-9, trans-11 (c9t11) isomer (23), but synthetic mixed-isomer 

formulations consisting of approximately equal amounts of the c9t11 and trans-10, cis-12 

(t10c12) isomers are available as over-the-counter supplements (23). 

CLA has received considerable attention as a putative anti-tumor compound 

following a number of reports of anti-tumor activity in vitro and in vivo (for reviews on 

the subject see (4, 116)). In rodent models of chemically induced carcinogenesis, CLA 

has been consistently demonstrated to be protective against mammary tumor 

development (27, 43, 47, 48, 67, 117). Despite consistent in vivo and in vitro support for 

an anti-tumor effect of CLA in carcinogen-induced animal models, recent studies by Ip et 

al. (120, 176) found that dietary supplementation with the t10c12 isomer of CLA 

increased tumor incidence and metastasis in ERBB2-overexpressing transgenic mice. 

In this report, we present data from a pilot study in which a four-week feeding 

regimen of a mixed-isomer CLA diet promoted mammary tumors in the PyV-mT breast 

cancer model system. This effect was characterized by a loss of adipose and an increase 

in epithelial density in the mammary gland that was independent of increased oncogenic 

signaling. cDNA microarray analysis revealed a significant downregulation of 

cytoskeletal  and adipocyte-specific genes in the CLA-treated group compared to 

controls. The data presented here suggest that effects of dietary CLA on the mammary 

adipose and structural and adhesion cellular components may have promoted tumor 

expansion resulting in aberrant epithelial expansion, and potentially advanced the 

malignant phenotype in this model. 
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4.3 MATERIALS AND METHODS 

4.3.1 Animals and Diets 

All protocols and procedures were approved by the University of Arizona 

Institutional Animal Care and Use Committee.  Female FVB mice (Jackson Laboratories, 

Bay Harbor, ME) were crossed with FVB/ PyV-MT males to generate a FVB/ PyV-mT 

female study population. Genotyping was performed according to the Jackson Laboratory 

protocols (http://jaxmice.jax.org/pub-cgi/protocols/protocols). From this population, 2 

sets of four-week-old weanlings were randomized to receive either a control AIN93G diet 

or a diet supplemented with 1% CLA. In Group One, five control-fed and six CLA-fed 

animals were maintained on the diets for four weeks and euthanized at eight weeks of 

age. This group represents the primary study group in which all tumorigenesis related 

measurements were obtained. In Group Two, 10 animals received either the control diet 

or a diet supplemented with 1% CLA plus 0.167g/kg Sulindac for nine weeks. This group 

was sacrificed at 12 weeks of age, and was not included in any tumorigenesis anlyses, but 

was used for mammary gland tissue fatty acid analysis to validate retention of CLA 

isomers in the mammary glands of the animals receiving the CLA supplemented diet. The 

analysis of tissue fatty acids in this subset as validation for tissue retention in the eight-

week group is justified by an earlier report in rats in which CLA retention was reported to 

peak and plateau within four weeks of feeding (67). All diets were initiated at four weeks 

of age. Food disappearance and animal weights were recorded weekly. Animals were 

palpated three times a week, and the tumor area (length x width) was measured by 

caliper. Only palpable masses with an area >/= 0.5 cm2 were considered established 
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growths. Animals were euthanized at eight weeks of age by CO2 inhalation. Mammary 

glands from eight-week-old animals (n=5 and 6 for control and CLA treatments, 

respectively) were resected for tissue histology and analysis of mRNA and protein 

expression.  

AIN93G was obtained from Harlan Teklad (Madison, WI). CLA, in mixed isomer 

formulation, was obtained from NuChek Prep (Elysian, MI) and preparation of the 1% 

CLA-supplemented chow was done by Harlan Teklad Laboratories. Mixed isomer 

composition was c9t11: 39.1%, t10c12: 40.7 %, other CLA isomers: 20.2% as verified by 

high-pressure liquid chromatography analysis provided by the supplier. All diets were 

stored at –20°C until use. Table 5 lists the composition of the AIN93G and CLA-

supplemented diets as provided by the manufacturer. 

4.3.2 Chemicals and Reagents 

Antibodies against Akt, phospho-Akt (Ser 473), and c-Src, phospho-c-Src (Tyr 

527), p44/42 MAPK, and phospho-p44/42 were purchased from Cell Signaling (Danvers, 

MA). Anti-FASN was purchased from BD Biosciences (San Jose, CA). Antiobodies 

against cdc42 and secondary anti-mouse and anti-rabbit antibodies were obtained from 

Santa Cruz Biotechnology (St. Louis, MO); anti-beta actin was obtained from Sigma 

Aldrich; anti-GAPDH was obtained from Chemicon International (Temecula, CA.); anti-

ERBB2 was obtained from Abcam (Cambridge, MA); and anti-Ki67 was purchased from 

Vision Systems (Norwell, MA). ). PCR primers for quantitative real-time RT- PCR were 

obtained from Applied Biosystems (Foster City, CA) as inventoried primer/probe kits for 
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the following genes: GAPDH, fatty acid synthase (FASN), and Acetyl CoA Carboxylase 

(ACC). PCR primers for genotyping were obtained from Qiagen (Valencia, CA).  

4.3.3 Genotyping 

DNA was obtained from mouse tail tips using Qiagen DNeasy™ protocol and 

amplified by polymerized chain reaction (PCR), then probed for the mouse mammary 

tumor (MMTV) gene per Jackson Laboratory protocols (http://jaxmice.jax.org/pub-

cgi/protocols/protocols). 0.2 μg/μl PCR product was separated by electrophoresis in 1.2% 

agarose gel in 0.5% TBE and 10 μg/ml ethidium bromide, and visualized by ultraviolet 

fluorescence.  

4.3.4 Whole-Mount Fixation 

Thoracic (#3) mammary glands from all animals in Group One were selected for 

whole-mount fixation and carmine staining as previously described (177). Briefly, glands 

were mounted onto glass slides, fixed with 1:3 glacial acetic acid: absolute ethanol, and 

defatted in acetone. Slides were washed in 95%, then 70% ethanol, and were stained with 

carmine aluminum overnight, then washed and de-stained and stored at room temperature 

in glycerol. Whole-mount images were obtained using the Leica MZFLIII dissection 

stereomicroscope with digital imaging (Leica Microsystems Inc., Bannockburn, IL).   

4.3.5 Fat Extraction and Fatty Acid Analysis of Mammary Tissue 

Mammary glands from twelve-week-old animals receiving either 1% CLA-

supplemented or control AIN96G diet in Group Two were analyzed by gas 

chromatography to estimate the tissue exposure in the eight-week-old animals. This 

subset analysis to compare CLA retention in the eight-week group is justified by an 
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earlier report in rats in which CLA retention was reported to peak and plateau within four 

weeks of feeding (67). Total fat was extracted from the mammary tissue using a modified 

Folch method as described in (178).  Briefly, a 2:1 chloroform: methanol solution was 

added to tissue, vortexed for 5 minutes and centrifuged (400 x g). Supernatant was 

filtered through a Buchner funnel using a #1 Whattman paper. To filtrate, 0.58% NaCl 

solution was added, mixed, re-centrifuged (400 x g) and the top layer was removed and 

discarded. The lower layer was dried under N until less than 8 mL remained, then 

transferred to a pre-weighed extraction tube and dried down completely.  

 Fatty acid methyl esters were prepared using the transmethylation procedure 

described in (179), and were quantified using a gas chromatograph (Hewlett Packard GC 

system 6890; Wilmington, DE) equipped with a flame ionization detector and a CP-7489 

fused silica capillary column (100 cm ±0.25 mm i.d. with 0.2-mm film thickness; Varian, 

Walnut Creek, CA).  Peaks in the chromatogram were identified and quantified using 

pure methyl ester standards (GLC60, GLC68, cis-9, trans-11 and trans-10, cis-12 CLA; 

Nuchek Prep, Elysian, MN).  Average CLA concentration in the mammary glands of 12-

week-old, CLA-fed animals was 2.63% of total fatty acids (1.29% c9t11, 0.54% t10c12, 

and 0.89% other isomers) compared to 0.29% in the animals not exposed to dietary CLA 

(p>0.005). 

4.3.6 cDNA Microarray 

Total RNA from four control mammary gland samples (representing two 

independent animals) and six CLA-treated mammary gland samples (representing four 

independent animals) See Table 7) was hybridized to Affymetrix (Sacramento, CA) 
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Mouse 430 2.0 GeneChips according to the manufacturer's instructions. The analysis of 

microarray data was performed by the Arizona Cancer Center Bioinformatic Core. Briefly. 

Bioconductor packages and R statistical tools were used to analyze the expression data. A 

quality control analysis was carried out for all the 10 chips using the affyQCReport 

package (http://www.bioconductor.org) and all were selected as suitable for analysis. 

Affymetrix cel files were read into R, and background adjustment and normalization of 

individual probe signals both within and between arrays were performed using the RMA 

method (180). A list of outlier genes that were changed between control and CLA-treated 

samples was determined by a rank order analysis. This is a non-parametric method of 

assessing the differential gene expression among the control and the CLA-treated samples. 

RankProd method in bioconductor was used to perform the analysis (181). This analysis 

identifies genes that are consistently ranked higher in replicate experiments. A rank 

product of each gene is calculated using all the experiments and selection of up- and 

downregulated genes is based on the assigned p value and the percentage of false positive 

prediction (pfp). Table 8 shows the gene list of downregulated genes along with their fold-

change pfp and p value. Lists were obtained using the pfp cutoff of 0.05. 

The heat map shown as Figure 14 represents the genes that were significantly 

downregulated in at least five of the six CLA-treated samples analyzed compared to the 

control group. Annotations for gene lists were obtained from Annotation package from 

bioconductor, from website www.biorag.org, and Pathway Miner. A pathway analysis of 

downregulated genes was performed using the Biorag web site (http://www.biorag.org). 

 



 82

Microarray files are available through the NCBIs Gene Expression Omnibus (GEO) as 

series accession number GSE13553 (GEO,http://www.ncbi.nlm.nih.gov/geo/). 

4.3.7 Real-Time PCR 

Mammary gland tissue was processed with Qiagen (Valencia, CA) RNeasy™. 

Total RNA was quantified at 260 nm and quality determined by resolving 0.2 μg/μl RNA 

in 1.2% formaldehyde agarose gel. cDNA was obtained using Applied Biosystems (ABI) 

(Foster City, CA) reverse transcription kit (N8080234) per manufacturer’s protocol.  PCR 

reactions were performed using Applied Biosystems Taqman universal Master Mix on 

ABI Prism 7700 Sequence Detection System (Foster City, CA). All reactions were 

performed in 50 μl volumes using 40 cycles and an annealing temperature of 57°C and 

elongation at 72oC.  Quantification of the target gene (normalized to GAPDH) was 

performed using the comparative CT method according to manufacturer’s protocols. The 

calibrator for the calculation was unaffected mammary gland tissue (designated as 

“normal”) from a control animal. 

4.3.8 Immunohistochemistry and Histology 

Immunohistochemistry and histology was performed by the Arizona Cancer 

Center Tissue Acquisition Cell and Molecular Anaylsis Shared Services (TACMASS). 

Mouse mammary tissues were harvested, fixed in 10% neutral buffered formalin for 24 

hours, processed and embedded in paraffin. Routine hematoxylin and eosin (H&E) and 

trichrome stains were performed on three micron sections of tissue cut from the formalin 

fixed, paraffin-embedded (FFPE) blocks. Immunohistochemistry (IHC) was performed 

using antibodies against Ki-67 (1:500) and HER2/neu (1:20, 1:50, and 1:100) on a 
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Discovery XT Automated Immunostainer (Ventana Medical Systems, Inc., Tucson, 

Arizona). Images were captured using an Olympus BX50 and Spot (Model 2.3.0) camera 

and standardized for light intensity. IHC staining was graded by a trained veterinary 

pathologist (D. Besselsen, DVM, Ph.D.). Interpretations of H&E were based upon the 

systems described in (145) and conformed to the guidelines for mouse models of 

mammary cancer described in (135). Briefly, sections were classified into one of the 

following categories: Alveolar Hyperplasia (intact basement membrane, no nuclear atypia 

or inflammation); Adenoma/MIN (intact basement membrane, minimal nuclear atypia, 

mild inflammation, no necrosis); Early Carcinoma (loss of intact basement membrane, 

neoplastic epithelial cell invasion of stroma, and inflammation); and Late Carcinoma 

(nuclear atypia, apoptosis/necrosis, inflammation, and increased mitotic index).  

4.3.9 SDS PAGE and Immunoblot  

30–100 mg of tissue was diced and placed in 200 μl ice-cold lysis buffer (20 mM 

HEPES pH 7.0, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA, pH 8.0, 2 mM EGTA, 

pH 8.0) plus phosphatase inhibitors (2 mM sodium ortho vanadate, 50 μM ammonium 

molybdate, 10 mM sodium fluoride) and HALT proteinase inhibitor cocktail (Pierce, 

Rockford, IL, # 78415). Iced samples were sonicated for 10–15 seconds and incubated on 

ice for 30 minutes, centrifuged at 10,000 rpm at 4°C for 20 minutes. Final supernatant 

was stored at –80°C. Protein determination was performed using Pierce Micro BCA 

assay. SDS PAGE was performed on 25 μg of protein separated in 4–12% acrylamide gel 

using BioRad (Hercules, CA) Criterion System.  Western blots were performed according 

to standard protocols. Pierce Dura West Super Signal ECL detection was used for 
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visualization of protein bands. Blots were stripped for successive antibody probes using 

Pierce Restore™ stripping reagent with modifications to manufacturer’s protocol. 

Removal of both primary and secondary antibodies was confirmed by ECL detection 

before reprobing. Densitometry of bands was performed using Scion Image version 

Alpha 4.0.3.2. Protein levels were expressed as a ratio to GAPDH expression.   

4.3.10 Statistics 

Differences in tumor burden between groups were determined from interpretation 

of H&E stains with early to late carcinoma being used an indication of tumor. The total 

number of tumors per animal was pooled for a comparison between CLA-treated and 

untreated animals by student T test. Correlation coefficient between tumor burden and 

percent atypia or presence of desmoplasia was determined by Cramer's V. Difference in 

protein expression between groups was determined by student’s T test with a significance 

level of 0.05.  

 



 85

Table 5 
Diet Composition 

Diet Component (g/kg) AIN93G 1% CLA 

Casein 200 200 

L-Cystine 3 3 

Corn Starch 397 397 

Maltodextrin 132 132 

Sucrose 100 100 

Soybean Oil 70 60 

CLA 0 10 

Cellulose 50 50 

Mineral Mix (AIN93G-MX) 35 35 

Vitamin Mix (AIN93G-VX) 10 10 

Choline Bitartrate 25 25 

TBHQ (Antioxident) 0.014 0.014 
 

4.4 RESULTS 

4.4.1 Dietary CLA Significantly Enhanced Tumor Burden in PyV-mT Mice 

Fatty-acid analysis of mammary glands from a subset of 12-week-old animals receiving 

either 1% CLA-supplemented diet or AIN93G control diet confirmed retention of the 

major isomers in the mammary gland (see Table 6 Top). This subset analysis to estimate 

CLA retention in the eight-week group is justified by an earlier report in rats in which 

CLA retention was reported to peak and plateau within four weeks of feeding (67). Table 

6 (bottom) presents the food consumption, weight as well as tumor burden for the two 

groups.  Based on food disappearance data, there were no differences in caloric intake 

between groups, and although CLA has been shown to cause weight loss in some models 

systems (182), the four week feeding intervention with 1% CLA did not affect total body 
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weight in this model system. There were no differences in time to tumor as measured by 

palpation as animals in both groups presented with at least one palpable mass (0.5 cm2 by 

caliper measurement) at the time of sacrifice (eight weeks of age).  

Table 6  
Mammary Gland Retention of CLA Isomers and Weight and Tumor Statistics 

CLA Concentration as % of total fatty acids   

CLA Isomer Controls CLA  p-value 
c9t11 0.8 +/- 0.01 1.2 +/- 0.16 < 0.001 
t10c12 ND 0.54 +/- 0.1 < 0.001 
Other CLA  0.21 +/- 0.10 0.89 +/- 0.26 < 0.001 
Total CLA 0.29 +/- 0.1 2.63 +/- 0.5 <0.02 

 

 
Food 

Disappearance Body Weight TTT* Tumor  
Group gm/day/animal  (g)  (days) Burden** p- value 
Control (N=5) 2.66 +/- 0.31 21.02 +/- 0.9 48 +/- 4.3 0.8 +/- 0.37  
CLA (N=6) 2.59 +/-  0.88 22.7 +/- 0.6 48 +/- 1.0 3 +/- 0.52 0.009 

 

 

 

 

 

 

Top. Tissue fatty acid analysis of 12 week old mice fed diet containing 1% CLA in 
mixed isomers or control AIN 95G diet. Values represent mean percent of total fat 
from 10 mammary glands/animal (5 animals per group)+/- std dev. P values indicate 
significant differences in mammary gland CLA between treatment and controls.   
ND:  Below limit of detection of 0.05 
Bottom. Statistics on food disappearance, body weight, tumor latency (TTT), and 
tumor burden. All animals were sacrifice at 8 weeks of age. *TTT: time to tumor 
represents time to first palpable mass. **Tumors/animals determined by interpretation 
of H&E staining of multiple lesions per animal. Tumor burden is significantly 
different in CLA treated animals compared to controls. 
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Tumor burden was derived from the interpretation of H&E staining of multiple 

glands from each animal (Figure 10) and was determined to be statistically significant 

(p<0.01) in the CLA-fed animals compared to controls (Figure 11).  

 

 

Figure 10  H&E Phenotypic Classification of Mammary Glands from Eight-Week-Old 
Control and CLA-fed Animals 

 

 

 

A: Preneoplastic hyperplasia in untreated PyV-MT. Arrows point to intact basement 
membrane.  B: Adenoma/Min from CLA fed animal. Basement membrane is intact, 
nuclear atypia is minimal. Inset is digitally enlarged in Bi. C: Early carcinoma in CLA 
fed animal is characterized by local invasion through the basement membrane. Inset is 
digitally enlarged in Ci.  Arrows highlight mitotic figures.  D: Late carcinoma from 
CLA fed animal is characterized by a sheet-like appearance and diffuse nuclear atypia. 
Arrowheads indicate areas of tumor vascularization. Arrows indicate mitotic bodies. 
A, B and D were taken at 20x, C was taken at 40x. 
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Figure 11.  Quantification of Tumor Burden by H&E Phenotypic Classification 

 

 

 

H&E staining of multiple mammary gland tissue sections from each animal 
indicated that the majority of mammary tissues in the CLA treated group had 
advanced to the malignant stage, while the majority of tissues from the 
control group were in a pre-neoplastic stage. Histology and staining 
interpretation were performed as described in Materials and Methods.  

 

Consistent with the tumor burden data, carmine-stained mammary gland whole 

mounts revealed distinctive morphological differences between treatment and control 

groups (Figure 12). Overall, there was a progressive loss of a discernable ductal 

architecture and adipose fraction in CLA-fed animals that was generally not observed in 

the controls. Animals maintained on the control diet exhibited terminal end bud 

proliferation and increased ductal branching that is characteristic of this model at eight 

weeks of age. In contrast, the CLA-fed animals presented with large, solid masses of 

lobular-alveolar proliferation that filled the mammary gland and displaced the mammary 

fat pad.  
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Figure 12.  Mammary Gland Whole Mounts in 
 Treated vs. Untreated Eight-Week-Old Mice 

 

 

 

 

A. Wild-type virgin FVB mouse. B-C. Untreated transgenic PyV-MT,  
D-F. CLA fed transgenics. Thoracic (#3) glands were selected and 
prepared as described in Materials and Methods. Slides are representative 
of general phenotypic characterizations within groups. All images are 
taken at 10x  except for D which was taken at 4x to fit the whole gland 
into the field. PM: pectoral muscle. 

Though evidence of active mitosis, detected with H&E stain supported the general 

observation of hyperproliferation in the glands from the CLA-fed animals, immuno-

histochemistry against the proliferative marker Ki67 showed no differences in patterns of 

nuclear staining between groups (data not shown). 
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4.4.2 Molecular Markers of Oncogenic Signaling Were Not Significantly Altered by 
the CLA Diet 

The middle T Antigen is a membrane-bound protein that interacts with key 

mitogenic signaling molecules leading to constitutive tyrosine kinase activity that 

promotes cell growth and proliferation (139-141). Activation of c-Src, PI-3K, and MAP 

kinase pathways is associated PyV-MT-induced transformation (138, 140-143, 183). 

Protein expression of c-Src, AKT, and ERK1/2 was examined by Western blot for 

detection of increased oncogenic signaling to explain the tumor-promoting effects of 

CLA. No differences were observed in activation of any of the pathways explored. 

However, a trend was noted towards increased activation of c-Src in CLA-treated animals 

when compared to control expression of the phosphorylated protein Figure 13.   

 

Figure 13. Growth Factor Signaling in CLA-treated vs Control Animals 

 

 

Protein expression of total and phosphorylated p42/44 MAPK, -Src, and AKT in 
CLA-treated (lanes 2–5) and control animals (lanes 6–9). Lane 1. WT: FVB 
mouse. Values represent the mean +/- std. dev from at least three independent 
experiments. 
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4.4.3 Gene Expression Profiling Indicates Decrease in Cell Adhesion and Polarity 
Markers 

cDNA microarray was performed on randomly selected tissues from control and 

CLA-fed animals (n= 2 or 4, respectively) to explore gene changes that may be attributed 

to CLA exposure. Table 7 presents the breakdown of glands selected for microarray 

analysis. In agreement with protein expression of PyV-mT-associated signaling 

pathways, no differences were detected in genes related to these pathways. Significant 

increases in gene expression varied widely across samples, with no consistent pattern to 

suggest a treatment effect (data not shown).  In contrast, over 100 genes were decreased 

by >2 fold in at least five out of the six CLA-treated samples compared to the median 

expression of controls Table 8.   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

92

Table 7 
Selected Samples for Microarray 

Sample Gland Histological Interpretation ID 
Control 1 Right inguinal Hyperplasia  C4 

  Left thoracic Late carcinoma C1 

Control 2 Right cervical Adenoma/MIN C3 

  Left thoracic Early carcinoma C2 

CLA 1 Left thoracic Adenoma/MIN T1 

  Left cervical Early carcinoma T2 

CLA 2 Right inguinal Late carcinoma T3 

CLA 3 Right thoracic Adenoma/MIN T4 

CLA 4 Right inguinal Early carcinoma T5 

  Right cervical Early carcinoma T6 
 

 

 

Microarray was performed on arbitrarily selected tissue samples 
from the control and CLA-treated group. cDNA derived from 
total RNA from four samples from the control group 
(representing two animals) and six samples from the CLA-
treated group (representing four animals) was hybridized to 
Affymetrix mouse genome chips. Sample selection was based 
on quality and quantity of RNA needed for successful 
hybridization Verification of RNA quality and microarray 
analysis was performed as described in Materials and Methods. 
ID: reference ID as labeled on heat map. 
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Table 8 
cDNA Microarray of Gene Expression Fold Changes in 

CLA-treated Animals vs. Untreated Animals 

Affy Probe ID(s) Gene ID RefSeq Description AVG FC PFP P- value 
1417273_at Pdk4 NM_002612 Carbohydrate metabolism 8 <.0001 <.0001 
1424063_at Abpa NM_002040 Extracellular 7.36 <.0001 <.0001 
1417956_at Cidea NM_001279 Lipid metabolism, apoptosis 7.3 <.0001 <.0001 
1435370_a_at Ces3 NM_024922 Acyl-CoA metabolism 7.2 <.0001 <.0001 
1423439_at Pck1 NM_002591 Carbohydrate metabolism 6.18 <.0001 <.0001 
1418197_at Ucp1 NM_021833 Mitochondrion, integral to membrane, PPAR 

signaling  
6.14 <.0001 <.0001 

1427026_at myh4 NM_010855 Cytoskeleton organization and biogenesis 6 0.005 <.0001 
1424357_at tmem45b NM_138788 Cytoskeleton organization 5.68 <.0001 <.0001 
1427868_x_at, 1427520_a_at myh1 NM_005963 Cytoskeleton organization 5.6 0.005 <.0001 
1427735_a_at Acta1 NC_000074 Cytoskeleton organization 5.26 <.0001 <.0001 
1417867_at Cfd NM_001928 Immune response, extracellular 4.86 <.0001 <.0001 
1417464_at Tnnc2 NM_009394 Structural constituent of cytoskeleton 4.64 <.0001 <.0001 
1417741_at Pygl J03080 Carbohydrate metabolism 4.33 <.0001 <.0001 
1427446_s_at, 1444083_at, 
1427445_a_at 

Ttn NM_133378 Structural constituent of cytoskeleton 4.2 <.0001 <.0001 

1419312_at ATP2a1 NM_004320 Ion transport, metabolic process, integral to 
membrane, muscle contraction 

4.1 <.0001 <.0001 

1452651_a_at Myl1 AK003182 Regulation of actin cytoskeleton 4.09 <.0001 <.0001 
1422651_at Adipoq NM_004797 Energy metabolism,  I-kappaB kinase/NF-kappaB 

cascade, PPAR signaling  
4 0.001 <.0001 

1426225_at Rbp4 NM_006744 Extracellular, transport, retinal binding 4 <.0001 <.0001 
1449182_at Retn NM_020415 Extracellular, hormone activity 4 <.0001 <.0001 
1416889_at, 1438609_x_at tnni2 NM_003282 Structural constituent of cytoskeleton 3.86 <.0001 <.0001 
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Affy Probe ID(s) Gene ID RefSeq Description AVG FC PFP P- value 
1418595_at S3-12 XM_170901 Plasma membrane 3.83 0.001 <.0001 
1450118_a_at Tnnt3 NM_011620 Structural constituent of cytoskeleton 3.8 <.0001 <.0001 
1449396_at Aoc3 NM_003734 Electron transport, inflammatory response, cell 

adhesion, plasma membrane 
3.67 <.0001 <.0001 

1443823_s_at, 1452308_a_at, 
1434893_at, 1455136_at 

ATP1a2 NM_000702 Ion transport, regulation of muscle contraction, 
membrane 

3.62 <.0001 <.0001 

1448371_at Mylpf NM_016754 Cytoskeleton organization 3.54 <.0001 <.0001 
1452260_at Cidec NM_022094 Induction of apoptosis, intracellular 3.53 <.0001 <.0001 
1417614_at Ckm NM_007710 Phosphocreatine metabolism 3.39 <.0001 <.0001 
1427306_at Ryr1 J05200 Ion transport, integral to membrane, T-tubule, 

muscle contraction 
3.36 <.0001 <.0001 

1446284_at Mtss1 BB157298 Cell adhesion, actin cytoskeleton 3.33 <.0001 <.0001 
1422678_at, c Dgat2 NM_032564 Lipid metabolism, integral to membrane 3.3 <.0001 <.0001 
1455918_at Adrb3 NM_000025 GPCR signaling, thermogenesis, adenylate cyclase 

activation, MAPKKK cascade, integral to 
membrane 

3.1 <.0001 <.0001 

1448602_at Pygm NM_005609 Carbohydrate metabolism, insulin signaling 3.1 0.01 <.0001 
1435184_at Npr3 NM_000908 Integral to membrane, GPCR activity 3 0.001 <.0001 
1433532_a_at,1456228_x_at Mbp NM_001025

081 
Structural constituent of myelin sheath 3 <.0001 <.0001 

1449218_at Cox8b NM_007751 Mitochondrion, electron transport, integral to 
membrane 

2.97 <.0001 <.0001 

1450884_at, 1423166_at, 
1450883_a_at 

Cd36 NM_000072 Integral to membrane, transport, cell adhesion, 
PPAR/adipocytokine signaling  

2.97 <.0001 <.0001 

1434752_at Zfp207 NM_011751 Transcription factor activity, intracellular 2.91 0.001 <.0001 
1418095_at Smpx NM_014332 Striated muscle contraction 2.88 0.010 <.0001 
1443983_at, 1436737_a_at, 
1440311_at, 1428471_at, 
1425826_a_at 

Sorbs1  
NM_009166 

Transport, insulin receptor signaling, glucose 
transport,  focal adhesion, stress fiber 

2.86 <.0005 <.0001 
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Affy Probe ID(s) Gene ID RefSeq Description AVG FC PFP P- value 
1424266_s_at  AU018778 Carboxylesterase, esterase and/or hydrolase  

activity 
2.83 <.0001 <.0001 

1424155_at, 1425809_at, 
1451263_a_at, 1417023_a_at 

Fabp4 NM_001442 Cytokine production, inflammatory response, 
protein kinase inhibitor, cholesterol homeostasis, 
lipid binding 

2.79 <.0010 <.0001 

1424393_s_at Adhfe1 NM_144650 Metabolism 2.73 <.0001 <.0001 
1457435_x_at Myom2 AV241307 Structural constituent of cytoskeleton 2.71 0.010 <.0001 
1455490_at, 1450060_at pigr NM_002644 Integral to membrane 2.62 0.015 <.0001 
1422598_at Casq1 NM_001231 Mitochondrion, muscle contraction 2.62 <.0001 <.0001 
1449577_x_at Tpm2 NM_003289 Cytoskeleton 2.61 0.010 <.0001 
1418221_at Csn1s2b NR_003721 Transporter activity, extracellular 2.56 0.010 <.0001 
1417951_at Eno3  

NM_007933 
Metabolism 2.56 0.010 <.0001 

1420444_at Slc22a3 NM_021977 Ion transport, integral to membrane 2.5 <.0001 <.0001 
1447071_at, 1429427_s_at Tcf7L2 NM_030756 Wnt receptor signaling pathway, beta-catenin 

binding 
2.46 <.0001 <.0001 

1418155_at Myot NM_006790 Cytoskeleton 2.45 0.020 <.0001 
1423828_at Fasn NM_004104 Fatty acid biosynthetic process 2.44 0.010 <.0001 
1450783_at Ifit1 NM_001548 Immune response 2.44 0.010 <.0001 
1423405_at Timp4 NM_003256 Enzyme inhibitor activity 2.4 <.0001 <.0001 
1422582_at Lep NM_000230 Glucose and lipid metabolism, signal transduction, 

hormone activity 
2.34 0.010 <.0001 

1425153_at Myh2 NM_017534 Cytoskeleton organization and biogenesis 2.28 0.020 <.0001 
1419043_a_at, 1419042_at Iigp1  NC_000084 GTPase activity 2.24 0.015 <.0001 
1420715_a_at Pparg NM_005037 Inflammatory response, fat cell differentiation, 

steroid hormone receptor activity 
2.24 0.010 <.0001 

1427312_at Cmya5 NM_153610 Cardiomyopathy associated 5 2.16 0.030 <.0001 
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Affy Probe ID(s) Gene ID RefSeq Description AVG FC PFP P- value 
1422478_a_at, 1422479_at Acss2 NM_018677 Acetyl-CoA biosynthesis, integral to membrane, 

cytoplasm 
2.1 0.015 <.0001 

1417889_at Apobec2 NM_006789 mRNA editing 2.1 0.030 <.0001 
1448327_at Actn2 BC047901, 

NM_001103 
Focal adhesion, regulation of actin cytoskeleton 2.1 0.030 <.0001 

1449534_at Sycp3 NM_153694 Cell cycle, inhibition of apoptosis 2.1 0.010 <.0001 
1451510_s_at, 1424855_at olah NP_001034

791 
Fatty acid biosynthesis 2.1 0.015 <.0001 

1426731_at Des NM_001927 Cytoskeleton 2 0.040 <.0001 
1418373_at pgam2 NM_000290 Metabolism 2 0.030 <.0001 
1424815_at Gys2 NM_021957 Glycogen biosynthesis, insulin signaling  2 0.010 <.0001 
1418677_at Actn3 NM_001104 Focal adhesion, regulation of actin cytoskeleton 2 0.030 <.0001 
1420693_at Myom1 NM_003803 Cell adhesion, structural constituent of 

cytoskeleton 
2 0.040 <.0001 

1426144_x_at trdn U18985 Integral to membrane, receptor binding 2 0.030 <.0001 
1418709_at Cox7a1 NM_009944 Electron transport, cellular respiration, 

mitochondrion 
1.93 0.030 <.0001 

1418328_at Cpt1b NM_152246 Fatty acid metabolism, mitochondrion, integral to 
membrane 

1.9 0.030 <.0001 

1417244_a_at Irf7 NM_001572 Regulation of transcription, Ig mediated immune 
response, intracellular 

1.75 0.040 <.0001 

1447615_at Fmn1 BM249512 Actin cytoskeleton organization and biogenesis 2.12 0.04 0.001 



 

 

97

 

Adipocyte 
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Figure 14.  Heat Map of Gene Probe Intensity in  
CLA-treated (T1-6)  vs. Untreated Controls (C1-5) 

 

 

 

Heat map of absolute probe expression in CLA-treated (T1-6) vs. 
untreated controls (C1-5). The genes represented here down at least 2 
fold in 5 out of  6 CLA treated samples. Microarray was performed as 
described in Materials and Methods.  

 

The heat map in Figure 14 represents the absolute probe intensities of the genes in 

Table 8. Included in this group are the apipocyte-specific markers, PPARγ, adiponectin 

(adipoq), resistin (rtn), and leptin, as well as the key lipogenic enzymes fatty acid 

synthase (fasn) and acetyl CoA carboxyase (acaca). The effect on adipocyte markers and 

lipogenic enzymes supports the observed loss of adipose in the mammary gland whole 

mounts and in agreement with previous reports of CLA’s affect on adipose (184-187) . A 
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significant decrease in FASN protein and gene expression was confirmed by Western blot 

and real-time RT-PCR, respectively (Figure 15).  

 

Figure 15.  Downregulation of FASN Protein and mRNA by CLA 

 

 

 

 

A. Western blot from whole cell lysates from control (lanes 1-5) and CLA 
fed (lanes 6-10) animals. Positive control is SKBr3 breast cancer cell 
whole cell lysate. WT: wild type FVB mouse. Electrophoresis and 
immunoblot were performed as described in Materials and Methods.  
B. mRNA expression of FASN. Real time RT-PCR was performed as 
described in Materials and Methods. Values represent the mean fold 
change +/- std dev in FASN expression relative to a normal mammary 
gland reference tissue sample from the untreated group. 

 

Of particular interest was the effect of CLA on cytoskeletal and adhesion-related 

genes (Figure 14 and highlighted area in Figure 16). Included in this list are the structural 

genes alpha actinin 3 (Actn3), titin, diaphanous homologue 1 (Diap1), and disc large 

homologue 1(Dlg1), and genes involved in GTPase signaling such as guanine nucleotide 
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binding protein 1 (Gnai1), GPI-anchored membrane protein 1 (Gpiap1), guanine 

nucleotide binding protein (Gnaq), regulator of G-protein signaling 5 (Rgs5), and Cdc42.  

. 

 

Figure 16.  Microarray Pathway Analysis 

 

 

 

Nodes represent genes that were downregulated by CLA. The lines connecting the 
nodes indicates a relationship between the genes. Thickness of the lines depicts the 
number of pathways the nodes share. cDNA Microarray was performed as 
described in Materials and Methods. Pathway analysis was done using Pathway 
Miner software at www.biorag.org. 
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The Rho GTPases Cdc42, Rho, and Rac are known to play a key role in cell 

polarity through the regulation of adhesion proteins and cytoskeleton dynamics (188, 

189). Loss of cell polarity is a key event in carcinogenesis and is associated with 

epithelial-mesechymal transition and metastasis (190). Downregulation of genes involved 

in GTpase signaling suggests that CLA suggests may have targeted one or more of the 

Rho protein. As a means of validating the effect of CLA on cytoskeletal components, 

protein expression of Cdc42 was examined by Western blot. In agreement with the 

microarray data, CLA significantly reduced Cdc42 protein levels (p<0.01) (Figure 17).  

 

 

Figure 17.  Cdc42 Expression in Mammary Glands from Control and CLA-treated Mice 
 

Western blot from mammary gland tissue from 8 week-old control (n=5) and CLA 
treated (n=6) mice. CLA significantly reduced protein expression of Cdc42 
compared to untreated mice. Each lane of the blot represents a single animal. C1-5: 
controls, T1-6: CLA treated. WT: FVB. Electrophoresis and western blot were 
performed as described in Materials and Methods. 
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4.5 DISCUSSION 

Our short-term feeding protocol of a mixed-isomer CLA diet promoted mammary 

tumor development in the PyV-mT model system. Data from mammary gland whole 

mounts and cDNA microarray suggest that CLA’s effect may have been through 

modulation of the mammary gland stroma and tissue architecture.  Mammary gland 

whole mounts showed a significant loss of the mammary fat pad in the CLA-treated 

group compared to controls, and cDNA microarray data indicated a significant 

downregulation of cytoskeletal and adipocyte-specific genes.  CLA-induced effects on 

adipose have been previously reported to be specific to the t10c12 CLA isomer (185, 186, 

191, 192), suggesting that this isomer may be the more potent isomer in a mixed 

formulation and may have promoted tumorigensis in this model. Others have identified 

t10c12, but c9t11 CLA to exert tumor promoting activity in a similar transgenic model 

(176). 

Our results of dietary supplementation with CLA in the Py-MT mouse background 

contradict a large body of evidence favoring anti-tumor activity of CLA in cell culture 

and animal models of chemical carcinogenesis (for reviews on the subject, see (4, 116)),  

but support recent reports of a tumor-promoting effect in a similar transgenic model of 

mammary tumorigenesis (120, 176). Ip et al. reported an isomer-specific effect in an 

ERBB2-overexpressing mouse model in which diet supplemented with the t10c12 CLA 

isomer was found to promote mammary tumors through upregulation of the PI-3 and 

MAP kinase pathways that are active in the PyV-mT model system (139). In these 
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reports, Ip and colleagues also observed a significant effect of CLA on mammary adipose 

that is consistent with CLA’s lipolytic acitivity (120, 176, 192).  

Differences in outcome between in vivo chemical carcinogenesis studies and the 

use of transgenic models likely reflect different events along the carcinogenesis 

continuum. While studies in models of chemically induced carcinoma are relevant to 

initiation and early events in promotion, studies in transgenic models reflect post-

initiation events of promotion and progression (133, 137). Transgenic models, while not 

without limitations, provide the opportunity to assess the effect of agents on tumors that 

arise from the manipulation of key molecular events, such as constitutive activation of 

growth factor pathways, thought to occur in human disease (133). Differences observed 

between the anti-tumor effects of CLA in vitro and the unexpected promotional effects in 

the PyV-mT model may well represent non-epithelial and complex tissue effects not 

measurable in monolayer cell culture systems. 

The PyV-MT mouse is a validated model of human breast cancer (137). Its tumor 

pathology and biomarker profile closely mimic that of human breast cancer, increasing 

the fidelity of the model to human disease (144, 145). The histopathological progression 

of disease in the PyV-mT presents a multi-stage process through an intraepithelial 

neoplastic stage similar to that observed in human breast cancer (145). Additionally, the 

Polyoma viral middle T antigen activates key oncogenic signaling cascades involved in 

many human cancers including c-Src (138),  Shc (193), PI3 kinase (PI3K) (143), and 

ERBB2/Her2 (194), making it similar to the ERBB2-overexpressing model for which 

similar tumor-promoting activity was independently observed. (120). 
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The adipocytes represent the largest component of the mammary stroma, but their 

role in human breast cancer development is not well understood. The mammary fat pad is 

a highly active endocrine organ and source of hormones, growth factors, and adipokines 

that influence mammary gland growth, development and differentiation (195). Several 

lines of evidence exist that support a role for adipocyte-derived molecules and tumor 

promotion in the breast incuding evidence in mice that the fat pad is required for normal 

ductal development (196) and promotes the dissemination of transplanted tumor cells 

(197).  In humans, the subject of adipose and breast cancer is most often discussed in the 

context of adiposity, usually measured by body mass index (BMI), which has been 

associated with an increased risk of breast cancer, particularly in post-menopausal 

women (198, 199). This effect may be related to the opposing effects of the adipokines 

leptin, which is tumor promoting (200) and adiponectin which is protective (201), as well 

as a complex array of adipocyte-secreted factors that promote systemic inflammatory 

conditions (195).    

The apparent tumor promotion in the presence of a significant CLA effect on 

adipose (e.g., loss of adipocytes in the mammary tissue and loss of FASN gene 

expression) supports a role of mammary adipose as a barrier in mammary tumor 

development. A role for a biochemical effect is supported by prior evidence that 

adiponectin, which was significantly downregulated at the gene expression level in the 

CLA-treated group (Figure 16), has been shown to inhibit breast tumor cell growth in 

vitro and has been reported to be low in the serum of patients with breast and other 

tumors (201-203). Other adipocyte-specific factors affected by CLA treatment that may 
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play a role in the observed tumor-promoting effect include PPARγ. PPARγ has been 

demonstrated to be tumor protective by inducing differentiation and  apoptosis in breast 

cancer cells (204, 205), but is also the major transcription factor regulating adipocyte 

differentiation (206). Downregulation of PPARγ may have directly influenced tumor 

promotion in the epithelium and altered the stromal cytokine environment. Additionally, 

loss of Caveolin 1, though not investigated here, may have played a rol in tumor 

promotion. Caveolin 1 is the major protein in membrane caveolia and is highly expressed 

in adipocytes  (207)  It’s role in as a tumor suppressor is believed to involve the 

sequestration of signaling proteins including c-Src, which is major signaling factor 

induced by the Polyoma virus middle T antigen (141, 208). 

The observation that CLA suppressed the expression of cytoskeletal and adhesion-

related genes in the presence of tumor promotion in the mammary gland is a novel 

finding. Currently, only one other group has reported an effect of CLA on the 

cytoskeleton. Miglietta et al. recently described a role for CLA in altering cell adhesion 

and cytoskeletal arrangements in a colon cancer cell line (209). This was accompanied  

by downregulation of the Wnt signaling pathway and was associated with growth 

inhibitory rather than tumor-promoting effects (209). While supporting an effect of CLA 

on cell adhesion molecules, differences between model systems may reflect more potent 

in vivo effects of CLA on the stromal compartment, particularly the highly sensitive 

adipocyte component. Further investigation of the in vivo effects of CLA on mammary 

stroma in relation to tumor development is warranted by these apparent inconsistencies. 
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In our study, we observed a tumor-promoting effect with mixed-isomer CLA in the 

diet of PyV-mT mice, with the most striking feature being the loss of mammary adipose. 

These results are consistent with those reported for the ERBB2 overexpressing transgenic 

model (120, 176).  Unlike the report by Ip et al., who found a differential isomer-specific 

effect on tumor promotion and metastasis, our mixed-isomer diet precluded the 

identification of the responsible isomer (120, 176). 

 This is the first report of a significant effect on cytoskeletal and adhesion factors 

by CLA that was associated with tumor promotion in an in vivo model. Although 

metastasis was not an endpoint in this pilot study, loss of cell polarity and adhesion are 

evidence of a malignant phenotype that is characterized by anchorage-independent 

growth and motility. Additional studies are necessary to confirm a disruption in tissue 

architecture that is suggested by the effect on cytoskeletal and adhesion-related genes, to 

identify whether there was an association between the significant loss of adipose and 

disruption of tissue architecture, and to clarify the tissue-specific downregulation of 

FASN by CLA.   
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CHAPTER 5 

GENERAL DISCUSSION, CONCLUSIONS, FUTURE DIRECTIONS 

5.1 SUMMARY 

Conjugated linoleic acid (CLA) has been the subject of considerable research for 

its anti-tumor activity. Its ability to target multiple tumor-associated pathways may be 

applicable to cancer prevention. The overall objective of this dissertation research was to 

investigate the chemopreventive properties of CLA that might be relevant to a subgroup 

of women at risk of developing ER negative breast cancer. ER negative breast cancer is 

associated with oveerexpression of the ERBB2 oncogene or EGFR, a member of the 

same growth factor family of proteins. Based on this association, this research question 

was pursued in an ERBB2-overexpressing in vitro model system and a transgenic mouse 

model of breast cancer with constitutive activation of the PI-3 and MAP kinase pathways 

that are known to be upregulated by both the ERBB2 and EGF receptors in breast cancer. 

5.2 HYPOTHESIS 1 

   CLA will downregulate ERBB2 through an NF-κB mechanism 

The t10c12 CLA isomer significantly inhibited ERBB2 protein levels in SKBr3 

breast cancer cells, as demonstrated by Western blot, and loss of the membrane-

associated receptor was confirmed by immunofluoresence. NF-κB is known to be 

regulated by ERBB2 (210), and downregulation of ERBB2 should result in an inhibition 

of NFκB activity. Nuclear localization of NFκB p65 is a surrogate measurement for 

NFκB transcriptional activity. Western blots demonstrated a decrease in nuclear 

localization of p65 that was supported by a significant decrease in COX2-derived PGE2 
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production. There is evidence from previous studies that support a role for NF-κB in 

ERBB2 expresssion through a COX2-derived PGE2 mechanism (62) and, based on this 

evidence, two scenarios are presented as possible mechanisms for the observed 

downregulation of ERBB2. One model suggests that the downregulation of ERBB2 was a 

consequence of CLA-induced inhibition of IKK based on a decrease of phosphorylated 

IκB (p-IκB) protein demonstrated by Western blot. This effect would result in a decrease 

in COX2-derived PGE2, as was observed, and could potentially downregulate ERBB2 

protein (62). CLA has previously been shown to indirectly inhibit IKK activity  through 

downregulation of PI-3 kinase in a moue model of chemically induced skin neoplasia 

(64) and by causing dissociation from its chaperone HSP90 in a gastric cancer cell model 

(84). A direct effect of CLA on IKK activity has not been demonstrated. We observed 

was a consistent trend in a decrease of p-IκB across experiments suggesting a 

downrgulation of IKK by CLA.  

In model two, CLA is proposed to act directly on the membrane-associated 

receptor. This is a very plausible explanation based on CLA’s ability to alter membrane 

phospholipid composition (58), possibly impacting the stability of the ERBB2 receptor in 

a manner that promotes internalization and degradation (78). An alternative mechanism 

for direct activity on the receptor and resultant internalization might be the 

disengagement of the receptor from its chaperone Hsp90. Others have demonstrated that 

treatment of ERBB2-overexpressing cells, including SKBr3, with the HSP90 inhibitor 

geldanamycin causes receptor internalization and degradation (211). 

Immunopreciptiation assays in a gastric cancer cell system have shown that CLA has 
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caused dissociation of HSP90 from its client protein, IKK. The consequences of this were 

a downregualtion of NFκB activity (84). Based on these observations, if CLA were 

targeting HSP90 in our system, it would have dual effects, downregulation of NFκB and 

ERBB2.  

To more accurately assess the target of CLA’s action, it would be necessary to 

directly measure the activities of NF-κB and IKK in response to CLA treatment, and to 

rule out the possibility that CLA-induced inhibition of ERBB2 was responsible for the 

observed effects on NF-κB activity. In this study, activity of NF-κB was measured 

indirectly by nuclear localization of the p65 subunit. Future studies might include the use 

of electrophoretic mobility shift assay (EMSA) to measure the DNA binding activity of 

NFκB in response to t10c12 CLA. This is a more standard measurement of transcription 

factor activity that is based on direct DNA interactions, and would be necessary to 

substantiate the Western blot data. Because the trend towards a decrease in the 

phosphorylation of IκB by CLA was not statistically significant, additional studies are 

necessary to confirm that the effect on p-IκB are a consequence of CLA-induced 

inhibition of IKK activity and not just artifact. Measurement of kinase activity of IKK in 

response to t10c12 CLA would determine whether CLA is acting directly on IKK. 

Because activation of IKK requires phosphorylation of serine residues that is inhibited by 

protein phosphatase 2A (PP2A) (91), these experiments should be conducted in the 

presence of the PP2A inhibitor, okadaic acid. Since ERBB2 regulation of NFκB is 

through PI-3 kinase activity, protein levels of phosphorylated AKT and PTEN would 

indicate whether CLA is upstream of IKK. CLA has been demonstrated to target this 
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pathway (64, 83), and it would be important to rule out that the apparent downregulation 

of IKK is not a consequence of a CLA-induced inhibition of AKT.   

To distinguish between the two potential targets, IKK or ERBB2, it would be 

informative to assess ERBB2 internalization and degradation. Several strategies could be 

applied to achieve this. Because ERBB2 downregulation begins at the plasma membrane, 

immunoflourescence staining for ERBB2 and clathrin would indicate whether the 

receptor is being internalized in response to CLA exposure. However, because 

immunoflourescence is qualitative and often difficult to interpret, this should be followed 

by co-immunoprecipitation (Co-IP) assays to determine direct association of ERBB2 with 

endosomal proteins.   

The hypothesis that CLA caused dissociation of ERBB2 from its chaperone 

HSP90 may be more challenging to determine. Immunoflourescence of HSP90 and 

ERBB2 could provide information on the level of membrane association of the two 

proteins. An attempt was made to determine HSP90 membrane association by 

immunoflourescence, but the ubiquitous expression of HSP90 made it difficult to 

interpret the staining. A competitive binding assay would be one way to resolve this by 

providing a measurement of free HSP90, but again, HSP90’s ubiquitous expression and 

binding promiscuity may make this difficult to validate.  

5.3 HYPOTHESIS 2 

   A 1% CLA diet will reduce tumor burden and increase tumor latency in a 

           four-week pilot study in the PyV-mT transgenic model system. 
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This hypothesis was disproven in the PyV-mT animal model, as CLA significantly 

increased tumor burden as measured by histological analysis of mammary glands. CLA’s 

promotion of mammary tumors was not accompanied by a measureable increase in other 

growth parameters assessed, including proliferation (determined by Ki67 staining) or 

oncogenic signaling (determined by Western blot of key signaling proteins activated by 

expression of the middle T antigen). A significant loss of mammary gland adipose was 

observed in mammary gland whole mounts and confirmed by downregulation of key 

adipocyte markers including PPARγ, adiponectin, fatty-acid binding protein-4 (FABP4), 

and fatty-acid synthase (FASN) by cDNA microarray. Decreases in FASN were 

additionally confirmed by real-time RT-PCR and Western blot.  

It is difficult to ascertain from the current data whether downregulation of FASN 

was specific to the adipose. While the downregulation of FASN supports the observed 

loss adipose, it would be important to clarify the cell specificity of the CLA effect.  

Inhibition FASN in the epithelium would be a significant and important finding in the 

context of what is known about the requirement for endogenous lipogenesis by tumor 

cells (212). FASN has become an attractive tumor target of chemotherapy based on this 

unique requirement by tumor cells, and inhibition of FASN has been well documented to 

inhibit tumor cell growth both in vitro and in vivo (213-220). Downregulation of FASN 

in tumor cells in the presence of tumor promotion would contradict the current paradigm 

for FASN’s role in tumor promotion and should be investigated with immuno-

histochemistry to clarify the tissue-specific expression of this key oncogenic enzyme. 
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cDNA microarray revealed a novel effect of CLA on tissue architecture that has 

not been previously demonstrated. While there was no evidence for a treatment effect on 

expression of oncogene, tumor suppressor, cell survival, or apoptotic genes, there was a 

significant downregulation of cytoskeletal and adhesion-related genes in the CLA 

treatment group compared to controls. This was associated with weaker effects on 

components of the Rho GTPase and Wnt signaling pathways. The microarray data was 

partially confirmed by Western blot for Cdc42, a key regulator of cytoskelelal 

arrangements, polarity, cell adhesion, and migration (221). Since cell polarity and 

adhesion are essential to tissue integrity, the effect of CLA on tumor promotion may have 

been a result of cytoskeletal dysregulation. Currently only one other study has reported an 

effect of CLA on cytoskeletal components. CLA was shown to downregulate the Wnt 

signaling pathway through effects on cell adhesion and cytoskeletal arrangements in a 

colon cancer cell line (209), and while these data support our observations, the outcome 

resulted in a growth inhibitory rather than promoting effect. These inconsistencies may 

indicate a tissue-specific effect of CLA or that CLA’s effect on the stroma, in this case, 

the mammary adipose is highly relevant to its tumor action and cannot not be captured in 

a monolayer system. 

In order to confirm that the downregulation of cytoskeletal and adhesion-related 

genes observed in this sample set translated into disruption of tissue architecture and 

influenced tumorigenesis, it would be necessary to determine changes at the cellular 

levels. Immunoflourescence or immunohistochemistry for cytoskeletal or adhesion 

proteins would be appropriate methods by which to pursue these questions. Two 
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candidate proteins are E-cadherin and β-catenin (222). The cadherin/catenin complexes 

act to maintain cell polarity and tissue architecture, but also link the plasma membrane 

and extracellular matrix to cellular components via the actin cytoskeleton and associated 

proteins (223, 224). E-cadherin is tethered to the actin cytoskeleton by interactions with 

β- and α-catenin (224). Loss of E-cadherin from the adherens junctions is a marker of 

aggressive disease and metastatic potential (225). There were no changes in E-cadherin at 

the gene expression level, but that fact would not necessarily reflect alternative 

mechanisms of E-cadherin downregulation such as post-translational phosphorylation of 

gene methylation that would influence its stability and functionality at the membrane 

(225).  The relevance to β-catenin is not only in its role with E-cadherin in adherens 

junctions, but also its role as a transcription factor in the Wnt signaling pathway. 

Disruption of the adherins junction by cytoskeletal rearrangements may result in 

increased free β-catenin that can then interact with transcription factors LEF/TCF and 

activate genes in cell survival pathways, including c-Myc, Cyclin D1,  c-jun, and 

urokinase-type plasminogen activator receptor (uPAR) (226-228). 

 A major limitation to this work is the small sample size which may prevent the 

detection of statistically significant changes induced by CLA on the cytoskeleton or other 

parameters of tumor progession, including cell signaling pathways and metastasis. To 

fully understand and characterize CLA’s effect on tumor promotion in this model system, 

a larger sample size would be required. To be powered for statistical significance, future 

studies may require up to 30 animals per group for the evaluation of certain outcomes. 

Additional studies in the animal model should include effects on metastasis using both 
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mixed-isomer and purified-isomer diets. Others have recently demonstrate that the t10c12 

isomer promoted tumors and increased metastasis in a similar transgenic model (120, 

176), but these studies did not examine early changes in tissue architecture as influences 

on tumor progression. Another potential limitation of this work is the use of a highly 

aggressive model in which to test the effect of a dietary fatty acid. It is possible, though 

difficult to explain, that the transgene expression potentiated the tumor promoting effects 

of CLA. Future studies in a similarly relevant, but less aggressive, in vivo model may be 

more appropriate to fully assess the effects of CLA in mixed or purified isomer 

formulations. A recently developed model system may emerge as a standard for studying 

breast cancer progression in vivo. The MIN-outgrowth cell lines are derived from 

premalignant mammary intraepithelial neoplasias in the PyV-mT mouse. These cells 

represent a model of human ductal carcinoma in situ (DCIS) and have been successfully 

utilized in transplantation protocols in the investigation of the efficacy of 

chemotherapeutics, such as SERMs and the mTOR inhibitor rapamycin,  in inhibiting 

tumor progression (229, 230). Because this model progresses more slowly than the PyV-

mT transgenic, it may be a preferred model system in which to investigate the activity of 

CLA and to identify where CLA is acting within the continuum of carcinogenesis.  

5.3.1 Conclusions and Perspectives 

A large body of preclinical evidence, both in vitro and in vivo, has supported a role 

for CLA in breast cancer prevention. As a result, a growing interest has emerged in the 

relevance of the preclinical data to human cancers, particularly of the breast. It is not until 

recently that doubt has been cast on the tumor protective effect of CLA in breast cancer 
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models. These observations correspond with a transition from models of chemically 

induced tumors to models that represent more spontaneous tumorigenesis resulting from 

genetic alterations, such as ERBB2 overexpression, that are known to play a role in 

human breast cancer. 

The conflicting results between the in vitro and in vivo sections of the current work 

may reflect the inherent differences between model systems and the difficulty in 

extrapolating from in vitro to in vivo systems and across species. While tissue culture 

systems allow us to measure very specific effects of a treatment in a controlled and 

reproducible manner, the common two-dimensional, monolayer systems in which cells 

are grown on plastic do not mimic the tumor microenvironment, and the influence of 

stromal interactions is lost. A very good example of this is the in vivo effect of CLA on 

the mammary adipose observed in the mouse model. Although it is difficult to ascertain 

from this work how CLA’s effect on the adipose influenced tumorigenesis, it is likely to 

have involved changes in the adipokine and cytokine profile of the stroma, and these 

effects would be challenging to measure in vitro.  Additionally, though the PyV-mT 

model is a well-characterized and validated model for human breast cancer, there are key 

differences in mouse mammary gland physiology compared to human that may indicate 

that the results presented here are specific to the mouse model and would not necessarily 

be observed in human breast. Specifically, the lobules of the mouse mammary gland are 

surrounded by a fat pad and very little connective tissue (135). This is in contrast to the 

human mammary lobules which rest within a loose connective stroma that is encased in a 

denser connective tissue (231). The proximity of the fat pad to the epithelium in the 
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mouse model my have augmented CLA’s influence on the tumor by removing that 

barrier.  

In interpreting the relevance of this work to human exposures, it is important to 

note that dietary exposure to CLA from dairy foods and meats is typically less than 1 g/d 

in Western diets and consists predominantly of the c9t11 isomer (19, 232). Experimental 

doses (both in tissue culture and animal models) range from physiologically relevant to 

supraphysiological and pharmaceutical doses. Most of the preclinical data have been 

obtained from exposures in the upper end of this spectrum, with a particular interest in 

the t10c12 isomer, making the relevance to human diet exposures difficult to ascertain. 

Data in animals and humas indicate that certain risks, particulary fatty liver and insulin 

resistance, are associated with high intakes of the mixed isomers or purified t10c12 ((21, 

233-236)) and references within).  Of particular interest to the current work are data that 

suggest caution in CLA supplement use in post-menopausal women. Tholstrup et al. 

recently reported that a mixed-isomer supplementation (5.5 g/d over a 16-week period) 

increased the total cholesterol:HDL ratio, serum triglycerides and C-reactive protein, and 

increased lipid peroxidation in healthy, post-menopausal women (237). These effects on 

lipid and inflammatory markers were not observed with supplementation of equal 

amounts of the c9t11 isomer (237). An additional potential risk associated with high 

exposure to the t10c12 isomer in this population is illustrated by the findings of a tumor 

promoting effect of this isomer in an ERBB2 model of breast cancer previously discussed 

(120, 176). 
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In addition to data on CLA’s anti-tumor activity, there has been a growing interest 

in its effect on body composition and fat metabolism. The finding that the t10c12 CLA 

isomer modulates body composition by increasing muscle mass and causing adipocyte 

delipidation has spurred the marketing of over-the-counter supplements of mixed isomers 

for weight loss and body definition. Weight-loss supplements represent the largest 

segment of dietary supplement use and women are the most frequent consumers (238). 

One might imagine that post-menopausal women might be attracted to this type of 

“natural” supplement to manage menopause-associated weight gain. Though moderate 

over-the-counter CLA supplement use would be unlikely to induce harm (23), 

overzealous supplemention could quickly convert a harmless exposure to an 

unpredictable pharmaceutical dose of a nutrient.  

The dietary dose of mixed CLA isomers in the animal study presented here would 

be physiologically obtainable with supplementation, and was maintained over a relatively 

short time (four weeks, representing the stage from pre-neoplastic to carcinoma in situ in 

this model (145)). What is particularly alarming is that this acute exposure had dramatic 

effects on tumor promotion in a model of pre-initiated cancer.  

For a subgroup of women who carry a higher risk of breast cancer or present with 

a particular tumor phenotype, an acute exposure to commercially available supplements 

of mixed CLA isomers may have adverse effects on their risk or clinical outcome, 

respectively. In closing, the potential benefit of CLA in the prevention of breast cancer 

and other chronic diseases cannot be overlooked. At present, however, there is still much 

to be learned about its complex interactions and, based on the inconsistent findings 
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between model systems, over-the-counter supplement use should be discouraged, 

particularly in women.  
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