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ABSTRACT 

 
        The chemokine receptor CXCR3 belongs to the G protein-coupled receptor 

family. Chemokine receptors direct the trafficking of hematopoietic cells, but several 

are expressed on malignant cells where they play a role in tumor growth and 

dissemination. CXCR3 binds to the ligands CXCL9, 10, 11 and CXCL4. CXCR3 is 

up-regulated in breast cancers and is associated with poor prognosis, and inhibiting 

CXCR3 can reduce lung metastasis in a preclinical model of breast cancer. The 

detailed molecular mechanisms by which CXCR3 activation promotes breast cancer 

invasiveness remain to be clarified. In addition, the existence of two splice isoforms 

of CXCR3 (CXCR3-A and CXCR3-B) has made the picture more complex. In renal 

cell cancer, CXCR3-A has pro-neoplastic properties such as promoting proliferation 

and migration, whereas CXCR3-B inhibits proliferation and exerts no chemotactic 

effect. CXCR3-A and CXCR3-B are expressed in both normal and malignant 

mammary epithelial cells; CXCR3-B expression was reduced in breast cancer cell 

lines compared to benign cells. We hypothesize that the expression pattern shift 

between the two isoforms contributes to the malignant behavior of breast cancer. The 

purpose of the current study was to characterize the functions of CXCR3 in breast 

cancer cells and to determine how the shift in balance between the two isoforms 

affects the invasiveness of breast cancer cells. 

        We have overexpressed and silenced expression of CXCR3-B in the highly 

metastatic human breast cancer cell line MDA-MB-231. Ectopic CXCR3-B 



 
 

expression resulted in decreased ligand-induced ERK1/2 and p38 phosphorylation, 

compared to enhancement of phosphorylation of the two pathways in parental MDA-

MB-231 cells. Interestingly, suppression of CXCR3-B gene expression did not change 

the signaling response. Likewise, migratory and invasive abilities of MDA-MB-231 

cells were attenuated by CXCR3-B over-expression, but not affected by CXCR3-B 

gene-silencing. These data suggested CXCR3-B may function to antagonize the 

contribution of CXCR3-A to invasiveness of cancer cells. We also identified pro-

tumor activities of CXCR3-B. CXCR3-B gene expression was highly up-regulated in 

breast cancer stem-like cells, and overexpression of CXCR3-B supported 

mammosphere formation. Taken together, these data support a complex role for 

CXCR3-B; inhibiting the migration and invasion role of CXCR3-A but also 

supporting a minority population with tumor-initiating potential.  

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

Functional Characterization of CXCR3 Receptor Isoforms in 

Breast Cancer  

 

 

 

 

By 

Yanchun Li 

 

 

 

 

 

 

Dissertation submitted to the Faculty of the Graduate School of the 

University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 

Doctor of Philosophy 

2012 



 
 

 

 

 

 

 

 

© Copyright 2012 by Yanchun Li 

All rights reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 
 

ACKNOWLEDGMENTS 

 

        My most sincere thanks go to my mentor, Dr. Amy Fulton. With her guidance, 

her inspiration, and her continuous support, she has led me to savor the pleasure of 

scientific research. Throughout my thesis-writing period, she provided encouragement, 

sound advice and inexhaustible patience. This dissertation would not have been 

possible without her mentorship. I am grateful for all that I have learned from her.  

        My gratitude is also extended to the members of my thesis committee: Dr. Anne 

Hamburger, Dr. Bret Hassel, Dr. Jeffrey Winkles, Dr. Paul Shapiro and Dr. Steven 

Zhan. Their insight and suggestions have been tremendously helpful in shaping the 

course of my research project.  

        I am thankful to former and present members of Dr. Fulton’s lab, Dr. Namita 

Kundu, Dr. Xinrong Ma, Dr. Jocelyn Reader, Dr. Dawn Holt and Tyler Kochel. I 

thank them for their support and friendship. Especially, I thank Dr. Reader for her 

help with CXCR3-B gene-silencing.  

        We thank Dr. Steven G. Kelsen from Temple University for generously providing 

us with the CXCR3-B plasmid (pcDNA3-CXCR3-B). I want to express sincere 

gratitude to Dr. Zhan and Dr. Dan Yu from his lab for assistance with Rac activation 

assays. Special thanks are due to Dr. Joseph Kao for his help with the calcium 

mobilization assay.  

        I would like to express my eternal gratitude to my parents for their everlasting 

love and support. 



 

iv 
 

TABLE OF CONTENTS 

 
INTRODUCTION ................................................................................................... 1 

A.  The mammary gland ............................................................................................................ 1 

B.  Breast cancer ........................................................................................................................ 2 

1.  Statistics ............................................................................................................................... 2 

2.  Classifications (taxonomy) .................................................................................................. 4 

3.  Therapies .............................................................................................................................. 8 

C.  The chemokine receptor CXCR3 and CXCR3 ligands ................................................... 14 

D.  CXCR3 ligands in cancer .................................................................................................. 17 

1.  Endogenous ligands ........................................................................................................... 17 

2.  Ectopic ligands ................................................................................................................... 18 

3.  Circulating ligands ............................................................................................................. 19 

E.  CXCR3 receptor in cancer ................................................................................................ 20 

1.  CXCR3 isoforms CXCR3-A and CXCR3-B ..................................................................... 20 

2.  CXCR3 receptor in cancer ................................................................................................. 24 

F.  CXCR3 and CXCR3 ligands in breast cancer .................................................................. 29 

G.  Summary and significance ................................................................................................ 31 

MATERIALS AND METHODS ......................................................................... 33 

Cell lines and human breast cancer specimens .......................................................................... 33 

Real-time PCR ........................................................................................................................... 34 

Generate stable CXCR3-B over-expressing and CXCR3-B gene-silenced cell lines from 
human breast cancer MDA-MB-231 cells ................................................................................. 34 

Generate and characterize stable CXCR3 gene-silenced cell line from murine malignant 
mammary epithelial cell line 66.1 .............................................................................................. 35 

Generate and characterize stable CXCL9-expressing murine tumor cell line 66.1 ................... 36 

Calcium mobilization ................................................................................................................. 36 

Rac activation assay ................................................................................................................... 38 

MTT proliferation assay ............................................................................................................ 38 

Wound healing assay ................................................................................................................. 39 

Transwell Boyden chamber migration and invasion assays ...................................................... 39 

xCELLigence impedance-based real-time proliferation and migration assay ........................... 39 

1. Proliferation assay ............................................................................................................ 40 

2. Migration assay ................................................................................................................ 40 



 

v 
 

Western blot analysis ................................................................................................................. 41 

Detachment induced DNA fragmentation .................................................................................. 42 

Sub-G1 analysis by flow cytometry ........................................................................................... 42 

Colony formation assay ............................................................................................................. 43 

Mammosphere formation assay ................................................................................................. 43 

SPECIFIC AIM 1 .................................................................................................. 45 

Determine the expression profile and molecular and cellular events mediated 
by CXCR3 isoforms in breast cancer .................................................................. 45 

Introduction ............................................................................................................................... 45 

Results ....................................................................................................................................... 47 

Discussion .................................................................................................................................. 85 

SPECIFIC AIM 2 .................................................................................................. 90 

Investigate the role of CXCR3-B in human breast cancer cell migration, 
invasion and development of cancer stem cell-like properties .......................... 90 

Introduction ............................................................................................................................... 90 

Results ....................................................................................................................................... 93 

Discussion ................................................................................................................................ 115 

SUMMARY AND CONCLUSIONS ................................................................. 119 

FUTURE DIRECTIONS .................................................................................... 125 

REFERENCES CITED ...................................................................................... 127 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

vi 
 

LIST OF FIGURES 

 
 

Figure No: 
 

  Page No: 

Figure 1.1 Illustration showing normal human mammary 
gland. 

2 

Figure 1.2 2012 estimates on leading sites of new cancer cases 
and deaths. 

3 

Figure 1.3 Triple negative vs. Basal-like tumors. 7 
Figure 1.4 Significantly mutated genes and correlations with 

genomic and clinical features of four subtypes of 
breast cancer.  

8 

Figure 1.5 Structure of chemokine classes. 15 
Figure 1.6 Human CXCR3 isoforms. 21 
Figure 2.1 Schematic of the xCELLigence Impedance System. 40 
Figure 3.1 CXCR3 expression in murine and human 

mammary epithelial cells. 
48 

Figure 3.2 CXCR3 isoform expression in a human breast 
cancer specimen and cell lines. 

52 

Figure 3.3 CXCR3 ligands induce calcium mobilization and 
Rac activation in human breast cancer cell line 
MDA-MB-231. 

55 

Figure 3.4 Generate and verify stable CXCR3-B over-
expressing and CXCR3-B gene-silenced clones 
from human breast cancer cell MDA-MB-231. 

60 

Figure 3.5 The effect of altered CXCR3-B expression on 
proliferation of breast cancer cell lines. 

62 

Figure 3.6 The effect of CXCR3 ligands on proliferation of 
breast cancer cell lines. 

67 

Figure 3.7 CXCL10 mediates intracellular signaling in murine 
and human breast cancer cell lines. 

70 

Figure 3.8 The effect of CXCR3-B expression changes on 
CXCL10 induced downstream signaling pathway 
patterns. 

72 

Figure 3.9 The role of CXCR3 in soft agar growth of human 
and murine malignant mammary epithelial cells. 

76 

Figure 3.10 The effect of CXCR3-B expression changes on soft 
agar growth in human breast cancer cell line MDA-
MB-231. 

79 

Figure 3.11 CXCR3 protects breast cancer cells from 84 



 

vii 
 

suspension-induced apoptosis. 
Figure 4.1 CXCR3 chemokines promote human and murine 

breast cancer cell migration. 
96 

Figure 4.2 The effect of CXCR3-B expression changes on 
MDA-MB-231 cell migration. 

99 

Figure 4.3 CXCR3 chemokine promotes human and murine 
breast cancer cell invasion. 

102 

Figure 4.4 The effect of CXCR3-B expression changes on 
MDA-MB-231 cell invasion. 

105 

Figure 4.5 Mammosphere formation in CXCR3-B over-
expressing and gene-silenced MDA-MB-321 cells. 

111 

Figure 4.6 CXCR3 ligand treatment and CXCR3-B expression 
changes affect mesenchymal markers. 

114 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

viii 
 

LIST OF ABBREVIATIONS  

 
AIs 

AS 

Aromatase inhibitors 

Alternative splicing 

ALDH Aldehyde dehydrogenase  

BM-MSCs Bone marrow-derived mesenchymal stem cells  

CLDs Chronic lymphoproliferative disorders 

CLL Chronic lymphocytic leukemia  

CNI Calcineurin inhibitor 

CRC Colorectal carcinoma  

CTCL Cutaneous T cell lymphoma 

DCIS Ductal carcinoma in situ 

DCs Dendritic cells 

EGFR Epidermal growth factor receptor  

EMT Epithelial mesenchymal transition  

ER Estrogen receptor  

EREs Estrogen receptor elements  

ERK Extracellular-signal-regulated kinases 

ECM Extracellular matrix 

FACS Flow activated cell sorting 

GAG Glycosaminoglycan 

GPCRs G-protein-coupled receptors  

HER2 Human epidermal growth factor 2  

IBC Inflammatory breast cancer  

IDC Invasive ductal carcinoma  



 

ix 
 

ILC Infiltrating lobular carcinoma  

IP-10 Interferon-inducible protein-10  

I-TAC Interferon-inducible T cell α chemoattracant  

LNs Lymph nodes  

MAPK Mitogen-activated protein kinase  

MC Medullary carcinoma  

MET Mesenchymal-epithelial transition  

Mig Monokine activated by interferon-γ  

MMP Matrix metalloproteinases 

NK  Natural Killer  

PF-4 Platelet factor 4  

PI3K Phosphatidylinositol 3 kinase  

PLC Phospholipase C 

PR Progesterone receptor  

RCC Renal cell carcinoma  

SERMs Selective estrogen receptor modulators  

SMA Smooth muscle actin  

TNF-α  Tumor necrosis factor-alpha  

VEGF Vascular endothelial growth factor  

                                

 

 

 



 
 

1 
 

INTRODUCTION 

 

A. The mammary gland 

        Mammary glands are the exocrine organs that produce milk for the sustenance of 

the young after a pregnancy[1]. The mammary glands consist of lobules that produce 

milk and ducts that transfer milk from lobules to the nipple. Each lobule is composed 

of a group of branched alveoli, which join up to form a lactiferous duct opening on 

the nipple (Figure 1.1). Both the alveoli and the duct are lined with an inner layer of 

luminal epithelial cells surrounded by an outer basal layer of myoepithelial cells. The 

milk-secreting luminal epithelium is the most common origin of breast cancer. The 

contractile myoepithelial cells can respond to stimulation by oxytocin leading to milk 

secretion during lactation. Myoepithelial cells also play an important role in branching 

morphogenesis and tumor suppression[2]. The basal layer also harbors the mammary 

stem cells which give rise to both luminal and myoepithelial cells[3]. 

        Both males and females form rudimentary mammary ducts during early 

developmental stages. These ducts are only further developed in females after puberty 

under the influence of hormonal changes. Estrogen is the main hormone that regulates 

mammary gland development, signaling through estrogen receptor (ER) on the 

epithelial cells of mammary glands. Progesterone receptor (PR) and epidermal growth 

factor receptor (EGFR) are the two other important receptors regulating growth and 

function of mammary glands. The mammary gland is unique among all tissues owing 

to continuous morphological changes throughout lifetime, especially during puberty, 
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pregnancy and lactation[4]. It also undergoes cyclic morphological changes during 

each menstrual cycle[5].  

                

                          
Figure 1.1. Illustration showing normal human mammary gland.  
Adapted from http://www.cancercareafrica.org/breast_cancer.html 
The milk-producing lobules of human mammary gland are composed of a group of 
branched alveoli. 

B. Breast cancer 

1.  Statistics 

        Breast cancer is the most common cancer in women, 1 out of 8 women (or 13%) 

will develop breast cancer in their lifetime in the United States[6]. Around 226,870 

women were estimated to be diagnosed with breast cancer in the year 2012 (Figure 

1.2).  
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Figure 1.2. 2012 estimates on leading sites of new cancer cases and deaths 
ACS 2010 Cancer Statistics 

        It is primarily a disease of women, but 1% of breast cancers occur in men. For 

men, the lifetime risk of being diagnosed with breast cancer is about 1 in 1,000[6]. 

Breast cancer is also the second leading cause of death by cancer, following only lung 

cancer. The majority of breast cancer-related deaths are a result of complications from 

metastatic or recurrent disease. Despite the fact that the mortality rate of breast cancer 

declined around 2.3% from 1990 through 2001, due largely to increased awareness, 

earlier detection and improved therapies, approximately 30% of women initially 

diagnosed with early stages of breast cancer eventually develop recurrent advanced or 

metastatic disease. While the causes of breast cancer are not fully known, a number of 

risk factors have been established such as age, family history, genetics, race/ethnicity, 

and obesity.  
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2.  Classifications (taxonomy) 

        There are several types of breast cancer, characterized by whether it arises from 

the ducts or lobules. The two most common breast cancers are ductal carcinoma in 

situ (DCIS) and invasive ductal carcinoma (IDC)[7].  

Ductal carcinoma in situ (DCIS) 

        DCIS is the most common type of non-invasive breast cancer, usually detected 

incidentally or via mammography. It is a malignancy of the epithelial cells lining the 

lactiferous ducts without penetration by these cells of the ductal basement 

membrane.  According to the American Cancer Society, about 60,000 cases of DCIS 

are diagnosed in the United States each year, accounting for about 1 out of every 5 

new breast cancer cases. It is non-invasive; however, it can increase the risk of 

developing an invasive breast cancer.  

Invasive ductal carcinoma (IDC) 

        IDC, also known as infiltrative ductal carcinoma, accounts for 80% of all breast 

cancers. These are of ductal epithelial origin and have invaded into the surrounding 

breast tissue. Although invasive ductal carcinoma can affect women at any age, it is 

more common as women grow older. According to the American Cancer Society, 

about two-thirds of women are 55 or older when they are diagnosed with an invasive 

breast cancer. Invasive ductal carcinoma also affects men. 

Medullary carcinoma (MC) 

        Medullary carcinoma accounts for 15% of all breast cancers. It most frequently 

occurs in women in their late 40s and 50s, presenting with cells that resemble the 
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medulla (gray matter) of the brain. 

Infiltrating lobular carcinoma (ILC) 

        ILC is a malignancy of the milk-producing lobules and has broken through the 

wall of the lobules. This breast cancer type represents 5% of all diagnoses. Often 

positive for estrogen and progesterone receptors, these tumors respond well to 

hormone therapy. Some research has suggested that the use of hormone replacement 

therapy during and after menopause can increase the risk of ILC. 

Tubular carcinoma 

        Making up about 2% of all breast cancers, tubular carcinoma cells have a 

distinctive tubular structure when viewed under a microscope. Typically this type of 

breast cancer is found in women aged 50 and above. It has an excellent 10-year 

survival rate of 95%. 

Inflammatory breast cancer (IBC) 

        Inflammatory breast cancer is a rare and very aggressive type of breast cancer 

that causes the lymph vessels in the skin of the breast to become blocked. It is named 

after its characteristic initial symptoms, which include redness, warmth, and swelling 

of the skin of the breast -- often without a distinctive lump. IBC accounts for 1% to 5% 

of all breast cancer cases in the United States. The average age at diagnosis for IBC in 

the United States is 57 for white women and 52 for African American women. These 

ages are about 5 years younger than the average ages at diagnosis for other forms of 

breast cancer.  

        In addition to the traditional histopathologic classification, gene expression 
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profiling allows the classification of breast cancer into five major molecular subtypes: 

luminal A, luminal B, human epidermal growth factor 2 (HER2) type, basal and 

normal type [8, 9]. These subtypes can be defined by genetic array testing or may be 

approximated using immunohistochemical staining of several molecular markers, 

including ER, PR and HER2[10, 11]. Luminal A and luminal B types express ER and 

PR. The difference lies in the HER2 expression, which is negative in luminal A type 

and positive in luminal B type, rendering the latter subtype more aggressive than 

HER2-negative luminal A type. HER2 type tumors are named for their HER2 

overexpression status, and they tend to be ER and PR negative. HER2+ tumors have a 

fairly poor prognosis and are prone to early and frequent recurrence and metastases. 

Women with HER2+ tumors appear to be diagnosed at a younger age than those with 

other subtypes.  Basal-like tumors have cells with features similar to those of the 

outer/basal cells lining the mammary ducts. Basal-like tumors often are triple negative 

for ER, PR and HER2, and they tend to express HER-1. Most triple negative tumors 

are basal-like and most basal-like tumors are triple negative, and there is an 80% 

overlap. However, not all triple negative tumors are basal-like and not all basal-like 

tumors are triple negative (Figure 1.3).  About 14 to 20 percent of breast cancers are 

triple-negative or basal-like. These tumors tend to occur more often in younger 

women and African American women. In addition, the triple-negative/basal-like 

phenotype is also related to familial breast cancers.  Dominant breast cancer 

susceptibility genes, including breast cancer-associated gene 1 (BRCA1) and breast 

cancer-associated gene 2 (BRCA2), appear responsible for about 5% of all breast 
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cancer. BRCA1 and BRCA2 are important genes regulating DNA repair and the cell 

cycle. Women who harbour germline mutations of BRCA1 or BRCA2 have an 80% 

lifetime risk of developing breast cancer[12]. Most BRCA1 breast cancers and 

many BRCA2 breast cancers are both triple negative and basal-like. Triple 

negative/basal-like tumors are often aggressive and have a poorer prognosis compared 

to the estrogen receptor-positive subtypes (luminal A and luminal B tumors). The 

normal breast-like tumor type is less common and demonstrates morphological 

characteristics of a normal breast[13]. These tumors are most often small and tend to 

have a good prognosis. Normal breast-like tumors are more common among 

postmenopausal women than premenopausal women.  Breast cancer treatment 

selection and outcome prediction largely depend on these classifications.   

                  
Figure 1.3. Triple negative vs. Basal-like tumors. Adapted from 
http://img.medscape.com/fullsize/migrated/editorial/dmeflash/2009/18902/images/slid
e5.png 
 

        Most recently, participants in The Cancer Genome Atlas published their findings 

of the genetic basis and association with clinical characteristics of different subtypes 

of breast cancer. They divided breast cancer into four subtypes instead of the five 
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subtypes we mentioned earlier, which are luminal A, luminal B, HER2-enriched and 

basal-like (Figure 1.4). Notably, they also found genetic similarities between serous 

ovarian and basal-like breast tumors, and this novel finding might lead to new 

therapeutic strategies[14].  

 
 
Figure 1.4. Significantly mutated genes and correlations with genomic and 
clinical features of four subtypes of breast cancer. Adapted from 
http://www.nature.com/nature/journal/v490/n7418/fig_tab/nature11412_F1.html 
Human breast cancer samples are grouped by mRNA subtype: luminal A, luminal B, 
HER2E and basal-like. The left panel shows non-silent somatic mutation patterns and 
frequencies for significantly mutated genes. The middle panel shows clinical features: 
dark grey, positive or T2–4; white, negative or T1; light grey, N/A or equivocal. N, 
node status; T, tumour size. The right panel shows significantly mutated genes with 
frequent copy number amplifications (red) or deletions (blue). The far-right panel 
shows non-silent mutation rate per tumour (mutations per megabase, adjusted for 
coverage). The average mutation rate for each expression subtype is indicated. 

3.  Therapies 

        There are two major therapy options available for breast cancer patients: local 

and systemic. Local therapies include surgery and radiation, and are currently used as 

standard treatment for all localized, well-differentiated breast cancer tumors. Surgery 

can be mastectomy or breast-conserving lumpectomy. Surgery is no longer an option 
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once the tumor has already spread to other sites and become metastatic; under these 

circumstances systemic therapies should be offered. Systemic treatment includes 

chemotherapy, hormone therapy and other targeted therapies.  

Chemotherapy 

        Chemotherapy destroys fast-growing and/or fast-replicating cancer cells, and is 

typically used to treat patients with locally advanced or metastatic breast cancer. It is 

most commonly used in advanced-stage breast cancer in an attempt to control cancer 

growth. It is also used before or after surgery in early-stage invasive breast cancer to 

shrink the cancer or reduce the risk of recurrence[15]. Chemotherapy treatments are 

tailored specifically for each person's unique situation, and more aggressive 

treatments are usually recommended for premenopausal women diagnosed with 

invasive breast cancer. Chemotherapy is almost always recommended if there is 

cancer in the lymph nodes, regardless of tumor size or menopausal status. Cytotoxic 

agents affect the entire body thereby causing serious side-effects. To enhance efficacy 

and minimize side-effects, chemotherapy is usually used in combinations of 2 or 3 

drugs; some of the most common chemotherapy drugs used to treat breast cancer are 

listed below.  

        1) DNA intercalators: The most commonly used group is anthracyclines, 

including doxorubicin (Adriamycin), epirubicin (Ellence), and liposomal doxorubicin 

(Doxil). These agents can also inhibit topoisomerase. Cardiotoxicity is the most 

serious side effect of this type of drug. 

        2) Anti-mitotic agents: The most commonly used are taxanes, including 
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docetaxel (Taxotere), paclitaxel (Taxol) and protein-bound paclitaxel (Abraxane). The 

principal mechanism of action of the taxane class of drugs is the disruption 

of microtubule function, thereby inhibiting the process of cell division — a "frozen 

mitosis". Binorelbine (Navelbine) also targets microtubules.   

        3) Antimetabolites: This class of drug inhibits cancer growth by simulating the 

structure of normal metabolites including folates, purines and pyrimidines, therefore 

interfering with the usage of the normal metabolites. Examples include 

Cyclophosphamide (Cytoxan), Capecitabine (Xeloda), 5-fluorouracil (5-FU), and 

Gemcitabine (Gemzar). 

Hormonal therapy 

        Since its introduction in 1973, hormonal therapy has been a mainstay in breast 

cancer treatment[16]. Hormonal therapy targets estrogen either by lowering the 

production of estrogen or blocking the action of estrogen on breast cancer cells. The 

majority of breast cancers are ER positive and these tumors utilize estrogen for their 

survival and proliferation. In premenopausal women, the main source of estrogen is 

the ovaries. After menopause, estrogens are produced by non-ovarian sources such as 

adipose tissue, muscle, liver, bone, bone marrow, fibroblasts and hair roots[17].  

        The first evidence suggesting hormones as a possible target for breast cancer 

treatment was reported by the British physician Beatson, who demonstrated that the 

removal of ovaries from premenopausal women could cause regression of advanced 

breast tumors[18]. Later studies have solidly confirmed that estrogen influences the 

initiation and progression of breast cancer by binding to ER, which is a nuclear 
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receptor. Upon binding estrogen, ER acts as a transcription factor that binds to the 

estrogen receptor elements (EREs) on promoters, thereby regulating gene 

expression[19, 20]. Several target genes of ER are critical to cell survival, such as 

PgR, cyclin D1, c-myc and Bcl-2[21].  

        Hormonal therapy consists of two types of drugs, antiestrogens and aromatase 

inhibitors (AIs).  

        1) Antiestrogens: Also called selective estrogen receptor modulators (SERMs), 

this class of drugs functions by blocking estrogen binding, thus preventing estrogen 

receptor activation and transcription of estrogen-responsive genes. The most 

prescribed is tamoxifen. It has been used for over 25 years as a standard treatment for 

all stages of hormone receptor-positive breast cancer in premenopausal women [22]. 

The most serious side effect of tamoxifen is related to its agonistic action in the 

endometrium, which increases the risk of endometrial cancer especially with 

prolonged treatment [23].   

        2) Aromatase inhibitors (AIs): Instead of blocking the function of estrogens, 

AIs directly reduce the production of estrogen. Aromatase is the key enzyme that 

catalyzes the conversion of androgens to estrogens[24]. AIs bind to the aromatase 

enzyme reversibly or irreversibly. Steroidal aromatase inhibitors bind to the aromatase 

enzyme irreversibly, such as exemestane (Aromasin); and non-steroidal inhibitors 

bind reversibly, such as anastrazole (Arimidex) and letrozole (Femara) [25]. All of 

them are now widely used as first-line drugs in the endocrine treatment of estrogen-

dependent breast cancer in postmenopausal patients, and for prevention in high risk 
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populations. 

Other targeted therapies 

        Multiple dysregulated pathways have been implicated in cancer initiation and 

progression. Targeted therapies address these aberrant pathways by utilizing small 

molecules and/or monoclonal antibodies. Broadly speaking, hormonal therapy is also 

targeted therapy which blocks estrogen signaling. Other important targets in breast 

cancer treatment include the following: 

        1) HER2 pathway 

        HER2 (Human Epidermal Growth Factor Receptor 2), also known as Neu and 

ErbB-2, is a 185 kDa receptor tyrosine kinase with intrinsic kinase activity. HER2 is 

the second member of the epidermal growth factor receptor (EGFR/ErbB) family, 

comprised of EGFR, ErbB2, ErbB3, and ErbB4. First identified as an oncogene in 

breast cancer in 1986[26], the HER2 gene is amplified in 25-30% of breast cancers 

and is also indicated as a predictive marker in endocrine resistance[27, 28]. HER2 

overexpression has been implicated in promoting cell proliferation, angiogenesis and 

metastatic potential [29, 30]. Recently, studies have shown that HER2 induces the 

mammary stem/progenitor cell population, underlying its contribution to 

chemotherapy resistance [31, 32]. Researchers have developed two major strategies to 

interfere with HER2 signaling: the small molecule tyrosine kinase inhibitor lapatinib 

(Tykerb) and the monoclonal antibody trastuzumab (Herceptin). In addition to 

antagonizing HER2, trastuzumab also controls cancer cell growth via an antibody-

dependent cellular cytotoxicity mechanism[33].  
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        2) Angiogenesis 

        Angiogenesis, the formation of new blood vessels, plays an essential role in both 

local tumor growth and distant metastasis in breast cancer[34]. Vascular endothelial 

growth factor (VGEF) has been identified as the major player in the process of 

angiogenesis and upregulated expression is associated with a higher risk of breast 

cancer initiation, a greater likelihood of metastasis, and a poorer prognosis[35, 36]. 

Increased VEGF expression is also associated with impaired response to tamoxifen or 

chemotherapy in patients with advanced breast cancer[37].  

        The classical clinically used antiangiogenic agent is bevacizumab (Avastin), 

which is a humanized monoclonal antibody directed against the VEGF-A ligand. 

Avastin was approved by the U.S. Food and Drug Administration (FDA) in 

combination with Taxol (paclitaxel) in February 2008 to treat patients with metastatic 

HER2-negative breast cancer who have not yet received chemotherapy. However, in 

November 2011, the FDA removed the breast cancer indication from Avastin due to 

the lack of overall survival advantage despite the improvement in progression-free 

survival [38]. The medicine is still on the market for metastatic colorectal cancer, 

advanced nonsquamous non–small cell lung cancer, metastatic renal cell carcinoma 

and glioblastoma. Clinicians can still choose to use Avastin to treat metastatic breast 

cancer based on their medical discretion.  

        In addition to bevacizumab, which is specifically designed to disrupt 

angiogenesis, some other agents, such as tamoxifen and several chemotherapeutic 

agents, also exert antiangiogenic activity. Tamoxifen, not merely a competitive 
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inhibitor of estradiol, may inhibit VEGF and fibroblastic growth factor–stimulated 

embryonic angiogenesis[39]. Treatment with tamoxifen resulted in a more than 50% 

decrease in the endothelial density of viable tumor and an increase in the extent of 

necrosis in MCF-7 tumors growing in nude mice[40]. Several routinely used 

chemotherapeutic agents in breast cancer treatment have known antiangiogenic 

activity. However, maximal antiangiogenic activity typically requires prolonged 

exposure to low drug concentrations, so-called metronomic therapy, exactly counter to 

maximum tolerated doses administered when optimal tumor cell kill is the goal[41].  

C. The chemokine receptor CXCR3 and CXCR3 ligands 

        Chemokines are a family of small (8-14 kDa) chemotactic cytokines which are 

currently classified into four subgroups: CXC, CC, CX3C and C (where C is cysteine 

and X is any amino acid) (Figure 1.5). They are produced locally in tissues and exert 

their function by binding to cognate G-protein-coupled receptors (GPCRs) on the 

respective target cells[42]. The classical role of chemokines is to recruit and activate 

leukocytes during innate and adaptive immune responses, and inflammation [42-44]. 

Approximately 50 chemokines have been identified, and these chemokines interact 

with some redundancy with 20 chemokine receptors. Upon ligand binding, Gα and 

Gβγ are released from GPCRs and tranduce downstream signaling cascades. Typically, 

chemokine receptors initiate a wide variety of signaling pathways, such as calcium 

mobilization[45], p42/p44 mitogen-activated protein kinase (MAPK) / extracellular-

signal-regulated kinases (ERK1/2) pathway, p38 MAPK pathway and 

AKT/phosphatidylinositol 3 kinase (PI3K) pathway[46], which result in diverse 



 
 

15 
 

physiological responses such as modulation of cell proliferation, cell migration and 

gene expression.  

                               
Fig 1.5.  Structure of chemokine classes. Adapted from 
http://upload.wikimedia.org/wikipedia/commons/1/10/ChtxChemokineStruct.png 
Members of the chemokine family are divided into four groups depending on the 
spacing of their first two cysteine residues. The two N-terminal cysteines of CXC 
chemokines are separated by one amino acid, represented in this name with an "X". 

        The CXCR3 receptor is specific for CXC family chemokines: monokine 

activated by interferon-γ (Mig/CXCL9), interferon-inducible protein-10 (IP-

10/CXCL10), and interferon-inducible T cell α chemoattracant (I-TAC/CXCL11)[47, 

48]. These ligands are closely related to each other with an amino acid sequence 

identity of about 40%. In addition to the common binding site, each ligand also 

possesses its unique binding residues, thus partially explaining their differences in 

binding affinity and activating potency[49]. Although some studies have revealed that 

CXCL11 has the highest binding affinity of the three, other studies have demonstrated 

that CXCL10 and CXCL11 are of comparable binding affinity. CXCL9 is always the 

weakest binder in all these studies [48, 50-52]. Despite discrepancies in the literature 

concerning the differences in potency among the three CXCR3 ligands, the generally 
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agreed rank order is CXCL11>>CXCL10>CXCL9[53-55]. Besides the typical 

CXCR3 ligands, platelet factor 4 (PF4)/CXCL4 was initially identified in 2003 as 

specific to CXCR3-B, which is a splice isoform of classical CXCR3[56]. However, 

later studies have suggested that CXCL4 also binds to CXCR3-A[57, 58].  

        The CXCR3 receptor is a typical GPCR commonly linked to the Gαi subunit or 

less often to Gαs. The major downstream signaling transduction includes MAPK, Src 

and PI3K pathways[59-61]. In common with other chemokines, CXCR3 activation 

requires a two-step mechanism. Tyrosine sulfation of the N-terminus is required for 

binding to all three known ligands, and residue R216 in the second extracellular loop 

is commonly utilized for the subsequent receptor activation[49, 55]. Chemotaxis and 

calcium mobilization induced by all three CXCR3 ligands is dependent on the 

CXCR3 carboxyl terminus and the DRY motif in the third trans-membrane 

domain[62]. Cell surface CXCR3 can be internalized after ligand binding or in the 

absence of ligand, degraded and replenished at the cell surface by de novo synthesis 

of receptor[63]. 

        CXCR3 ligands are basic proteins and can also function through the binding of 

negatively charged glycosaminoglycan (GAG)-containing molecules, such as 

proteoglycans. It is generally accepted that GAGs help sequester and retain 

chemokines on the endothelium and extracellular matrix (ECM), thus facilitating 

presentation of chemokines to their receptors [64-66]. Furthermore, CXCL10, 

together with certain other chemokines, has been demonstrated to oligomerize on 

GAGs at physiological and low nanomolar concentrations, at which they would 
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otherwise be present as monomers [67-69]. Some studies also demonstrated that 

CXCL10 influences the behaviors of certain non-immune cells, such as endothelial 

cells and fibroblasts, through binding to cell surface GAGs in a CXCR3-independent 

manner[70, 71].  

        Originally, CXCR3 was detected on T lymphocytes and natural killer cells (NK 

cells) and, like other chemokine receptors, was shown to be involved in leukocyte 

trafficking during immune responses and inflammation[47, 72, 73]. In addition, 

endothelial cells and mesangial cells also express CXCR3[74, 75]. Recently, growing 

evidence indicates that CXCR3 is expressed on a range of malignant cells, including 

melanoma, basal cell carcinoma, prostate cancer, neuroblastoma, osteosarcoma, B cell 

lymphoma, renal cell carcinoma, colon cancer and breast cancer cells, and that 

elevated expression of CXCR3 is associated with metastasis of melanoma, colon 

cancer, osteosarcoma and breast cancer [76-82]. Accordingly, the expression pattern 

of CXCR3 ligands, orchestrated with CXCR3, affects tumor behavior as well[83]. 

D. CXCR3 ligands in cancer 

1.  Endogenous ligands 

        Endogenous CXCR3 ligands have been detected in many tumors, and their 

expression levels are generally associated with less aggressive disease. In renal cell 

carcinoma, mRNA levels for CXCL9 and CXCL10 were elevated in malignant versus 

normal tissues, however in tumor tissues higher expression predicted a more favorable 

prognosis[84]. A similar protective role of CXCR3 ligands has been suggested in 

melanoma, T cell lymphoma, colorectal cancer and lymphocyte-rich gastric 
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carcinoma, likely through attraction of  antitumor CXCR3+ T cells and/or NK cells to 

the local tumor site[71, 85-88]. In addition, CXCR3 ligands have been reported to be 

strongly correlated with another favorable prognostic factor, angiostatic guanylate 

binding protein-1, in colorectal cancer[89]. An inverse correlation between intratumor 

CXCL9 and CXCL10 expression and microvessel density was also demonstrated in 

renal cell carcinoma[84]. Taken together, these studies suggest that an antiangiogenic 

mechanism, together with immune surveillance, may also underlie the positive 

outcome observed with higher CXCR3 ligand expression. 

2.  Ectopic ligands 

        Similarly, exogenous CXCR3 ligands at primary tumor sites also lead to tumor 

inhibition in many cancer models. Early in 1993, high levels of CXCL10, produced 

by genetically engineered plasmocytoma and breast cancer cell lines, was found to 

have an anti-tumor effect[90]. Transfer of the MIG and IP-10 genes into murine 

neuroblastoma with a poly [D,L-2,4-diaminobutyric acid] (PDBA)-mediated gene 

delivery system significantly inhibited tumor growth[91]. Transducing human 

CXCL10 gene into tumor cells inhibited the growth of human melanoma xenografts 

and Burkitt’s lymphoma as well [92, 93]. Studies in our lab have shown that in a 

murine model of metastatic breast cancer, overexpression of CXCL9 either induced 

by IL-10 treatment or by direct transduction of CXCL9 cDNA into tumor cells not 

only inhibits local tumor growth, but also reduces lung metastasis [94, 95]. Similarly, 

IL-7 induced antitumor activity in a syngeneic lung cancer model was also mediated 

by CXCL9 and CXCL10[96].  
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        Instead of genetically modifying tumor cells to overexpress the ligands, direct 

intratumor injection of recombinant CXCL9 or CXCL10 also controls the growth of 

Burkitts lymphoma[93]. The third way to deliver exogenous CXCR3 ligand is via 

antigen-presenting dendritic cells (DCs), which are used as brain tumor vaccines. 

Improved vaccine potency was documented in type 1 polarizing DCs which express 

high levels of CXCL10 constitutively, or when DCs were transduced with the 

CXCL10 gene [97, 98]. 

        Several mechanisms underlie the observation of antitumor activity of CXCR3 

ligands delivered to tumor sites. Many studies have confirmed an essential role of 

tumor-infiltrating T lymphocytes [90, 91, 95]. Other studies suggest that CXCR3 

ligands mediate tumor inhibition through their angiostatic properties[92, 93, 99]. 

Finally, our lab also has proposed that the chemokine gradient is reversed by inducing 

relatively higher intratumor chemokine concentrations, resulting in decreased escape 

of CXCR3-positive tumor cells from the primary tumor[100].   

3.  Circulating ligands 

        Circulating ligands may exert different functions than the same chemokine 

detected at the local tumor site. Serum CXCL10 was elevated in nasal NK/T 

lymphoma patients compared to healthy controls; however, this elevation was 

reversed after treatment-induced remission[101].  Advanced cutaneous T cell 

lymphoma (CTCL) was associated with selective and substantial inhibition of 

CXCR3-dependent T cell migration to the tumor site. Although the total CXCR3 

levels on patient CD8+ T cells remained unchanged or elevated compared to controls, 
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elevated serum levels of CXCR3 ligands sequestered CXCR3 in the cytoplasm, 

leading to diminished surface CXCR3 expression. The cytotoxic effector T cells 

hence remain in peripheral blood, but are virtually absent from CTCL tumor lesions, 

indicating an inability to extravasate into lymphoma tissue. Thus, excess circulating 

CXCR3 ligands may represent a novel mechanism of immune escape by 

compromising cytotoxic immune cell recruitment to local tumor lesions[102]. An 

impaired chemotactic gradient from plasma to tumor has also been suggested to 

underlie the detrimental effect of high circulating levels of CXCR3 ligands in a renal 

cell carcinoma model[99]. 

E. CXCR3 receptor in cancer 

1.  CXCR3 isoforms CXCR3-A and CXCR3-B 

        Human CXCR3 has three splice isoforms, termed CXCR3-A, CXCR3-B and 

CXCR3-alt, with CXCR3-A being the classical isoform and the most intensively 

studied. Murine CXCR3 is 86% identical to the human amino acid sequence, however 

no splice isoform has been reported for murine CXCR3[70, 103]. CXCR3-alt is 

generated by posttranscriptional exon skipping, resulting in a truncated C-terminus 

with predicted four- or five-transmembrane domains. Although lacking several 

transmembrane domains, CXCR3-alt remains at the cell surface and mediates a 

functional response to CXCL11 by a pertussis-toxin sensitive mechanism. CXCR3-alt 

co-expresses with CXCR3-A but at a very low level[104].  

        Generated from alternative splicing (AS), CXCR3-B is another major splice 

isoform in addition to CXCR3-A. CXCR3-B utilizes a novel acceptor site 151-bp 
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upstream of that of CXCR3-A while sharing the same donor site with CXCR3-A 

(Fig1.6). The translated 415-amino acid receptor contains a longer N-terminal 

extracellular domain than 368-amino acid CXCR3-A. The first 4 amino acid residues 

of CXCR-A and the first 51 amino acid residues of CXCR3-B are different and the 

remaining 312 amino acid sequence is identical in both isoforms[56].  

 
Figure 1.6. Human CXCR3 isoforms. Adapted from 
http://atlasgeneticsoncology.org/Genes/CXCR3ID40224chXq13.html and 
http://ars.els-cdn.com/content/image/1-s2.0-S0090825811004318-gr1.jpg  
Compared with CXCR3-A mRNA, which is transcribed from exon 1 and exon 3, 
CXCR3-B mRNA utilizes exon 2 instead of exon 1. CXCR3-alt results from exon 
skipping, resulting in a 337 bp deletion of mRNA. 

        Alternative splicing of pre-mRNAs is a nearly ubiquitous and flexible point of 

gene control in cancer biology.  The alternatively spliced exons give rise to the 

production of protein isoforms with differing functions encoded by the same 

gene[105]. The flexibility offered by AS allow cancer cells to subvert the process to 

produce proteins that suit the needs of growing and spreading tumor. Several aspects 

of cancer genesis and progression are affected by changes in AS, including 

metabolism, apoptosis, cell cycle control, angiogenesis, invasion and metastasis[106, 

107]. Two high-throughput studies have identified more than 100 AS events in breast 
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cancer, approximately 40% are subtype specific[108, 109]. Alternative splicing is 

regulated by splicing factors, such as serine/arginine-rich (SR) and hnRNP proteins, 

which control the joining of two exons accompanied by the removal of intronic 

sequence[110]. Fox1/Fox2 family proteins have been implicated in regulation of AS 

associated with breast cancer[109]. CD44 splice isofrom switching was demonstrated 

regulating epithelial to mesenchymal transition and breast cancer progression, and this 

process is controlled by the splicing factor epithelial splicing regulatory protein 

1[111]. So far, the splicing factors regulating CXCR3 remain to be identified.  

        Of the cell types known to express CXCR3, primary cultures of human 

mesangial cells  selectively express CXCR3-A, whereas in primary cultures of human 

microvascular endothelial cells, only CXCR3-B can be detected[56]. However, most 

cell lines express both CXCR3-A and CXCR3-B[56, 112-115]. Like CXCR3-A, 

CXCR3-B binds to CXCL9-11 but with a 100-fold lower affinity. Unlike CXCL9-11, 

which bind to both receptors, PF4/CXCL4 was reported to be specific for CXCR3-B 

based on earlier studies[56], however, recent studies have demonstrated that CXCL4 

also binds to CXCR3-A[57, 58]. Among the three classical CXCR3-A ligands, 

CXCL10 and CXCL11 are of higher binding affinity, while CXCL9 is a relatively 

weak binder[56]. Consistent with the different binding properties, our previous work 

also showed that CXCL10 and CXCL11 are more potent inducers of  calcium 

mobilization than CXCL9 in murine mammary tumor cell line 66.1[81]. However, 

CXCL11 also binds to CXCR7 in addition to CXCR3, making it a less specific tool 

for studying CXCR3 in breast cancer cells, which express both CXCR3 and 
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CXCR7[116]. Therefore, we used IP-10/CXCL10 as the primary ligand for CXCR3 in 

the studies described in this dissertation. 

        Contrary to the well-known function of CXCR3-A in promoting proliferation and 

migration of a variety of cell types, CXCR3-B has been shown to inhibit growth and 

motility of vascular endothelial cells, and to enhance apoptosis at the same time[56]. 

This probably explains the angiostatic property of CXCR3 ligand first reported nine 

years prior to the identification of CXCR3-B[117]. CXCR3-B is the predominant 

isoform present in primary cultures of salivary gland epithelial cells, where it acts as a 

decoy receptor, scavenging CXCL10 without inducing calcium influx or chemotaxis, 

and thereby preventing CXCL10-mediated inflammatory infiltration[118]. This 

protective function of CXCR3-B is impaired in Sjogren Syndrome, suggesting a 

critical role of CXCR3-B in the pathogenesis of this disease[118]. Similar to salivary 

gland epithelial cells, CXCR3-B is also the primary CXCR3 isoform in human airway 

epithelial cells and human type II pneumocytes. CXCR3-B over-expressing cells 

exhibited no chemotactic response to CXCR3 ligands[115, 119]. 

        Distinct functions of CXCR3 isoforms are likely linked to different G protein 

coupling. CXCR3-A is coupled to Gi in vascular endothelial cells[56], human type II 

pneumocytes[115] and T cells[120], whereas CXCR3-B exhibits coupling to Gs 

proteins in vascular endothelial cells[56]. Accordingly, in endothelial cells and T cells, 

CXCR3-B induces increased intracellular cAMP levels whereas CXCR3-A does not; 

ligation of CXCR3-A elicits calcium mobilization[56, 121]. The signaling pathways 

downstream of G proteins also differ between CXCR3-A and CXCR3-B; both 
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responses are cell type-specific. CXCR3 agonists activate ERK1/2, AKT and 

phospholipase C (PLC) pathways in CXCR3-A dominant T cells, however only PLC 

activation is indispensible in CXCR3-mediated chemotaxis[120]. In human vascular 

pericytes, both ERK and AKT pathways regulate CXCR3-induced chemotactic and 

mitogenic effects[46]. Although CXCR3-B mRNA is expressed in greater abundance 

than CXCR3-A in human type II pneumocytes, the chemotactic responses are 

mediated by CXCR3-A, possibly through calcium activation of both MAPK and AKT 

pathways[115]. In human airway epithelial cells, CXCL11-induced chemotaxis is 

dependent on the p38 and AKT pathways in a calcium-independent manner, while 

ERK activation does not contribute to increased motility[59]. In colon cancer cells, 

CXCL10 treatment induces phosphorylation of ERK1/2 and AKT/PKB. AKT 

activation at Ser473 appears crucial for micrometastatic foci to survive and grow in a 

mouse colon cancer model [122, 123]. Using CXCR3-B over-expressing HEK-293 

cells, Petrai et al. showed that the growth-inhibitory action through CXCR3-B is 

dependent on the p38 pathway [113].  

2.  CXCR3 receptor in cancer 

        The first study to implicate chemokine receptors in tumor pathogenesis detected 

CXCR4 and CXCR7 expression in melanoma and breast cancer without detection of 

CXCR3[124]. However, since then, many studies have documented the expression of 

CXCR3 in a wide range of malignancies.  

        Several human melanoma cell lines and melanoma cells in infiltrated lymph 

nodes express CXCR3[125]. CXCL9 triggers melanoma cell chemotaxis through 
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activation of small GTPases RhoA and Rac1 and modulates integrin-dependent cell 

adhesion to fibronectin [125]. p44/42 and p38 MAPK pathways are activated by 

CXCL9 binding to melanoma cells as well. The first linkage between CXCR3 and 

tumor metastasis was demonstrated in melanoma. In a mouse model CXCR3 

expressing melanoma cells were directed to lymph nodes (LNs) with increased 

CXCL9 and CXCL10 levels induced by inflammatory responses. Metastatic 

frequency was markedly reduced after CXCR3 gene silencing on melanoma cells[80]. 

CXCR3 was also detected in a small number of human melanoma tissue samples. 

More recently, CXCR3 expression was immunohistochemically examined in a larger 

series of melanoma patients. A positive correlation of CXCR3 tumor cell 

immunoreactivity with tumour thickness >1  mm and absence of intratumoral 

lymphocytic infiltration was observed, implicating CXCR3 in the progression of 

cutaneous malignant melanoma[126]. 

        Besides its role in melanoma, CXCR3 also promoted colon cancer metastasis to 

lymph nodes in a mouse xenograft model[122]. In the same study, CXCR3 was 

detected in 34% of clinical colon cancer samples and most of the CXCR3-positive 

samples were associated with lymph node metastasis. Importantly, patients with 

CXCR3-positive cancer showed significantly poorer prognosis than those without 

CXCR3, or those expressing CXCR4 or CCR7. A later study demonstrated that 

systemic CXCR3 antagonism with AMG487, a small molecule antagonist of CXCR3, 

markedly inhibited implantation and growth of human and mouse colorectal 

carcinoma (CRC) cells within the lungs without affecting that in the liver[127]. The 
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authors suggested that the increased CXCR3 ligand levels within lung nodules 

compared with liver tumors may account for the distinct responses of the two organs. 

All three known CXCR3 isoforms were detected in CRC cells and CXCL10 treatment 

induced ERK1/2 dephosphorylation. Importantly, CXCL10 significantly promoted 

invasion-related properties in CRC cells including migration, adhesion and matrix 

metalloproteinase (MMP) production, without affecting cell proliferation or 

production of angiogenic factors [128]. 

        CXCR3 also regulates prostate cancer cell adhesion to endothelium and ECM. 

Interestingly, CXCR3 surface expression levels differed in the following order: 

LNCaP>DU-145>PC-3, where PC-3 is the most invasive and LNCaP the least 

malignant cell line. The authors postulate that shifting CXCR3 from the cell surface to 

the cytoplasm might activate pro-tumoral signaling events and indicate progression 

from a low to a highly aggressive phenotype[76]. Normal prostate epithelial cells 

produce lower amounts of angiogenic CXC chemokines (GRO-alpha, IL-8) and 

higher amounts of angiostatic chemokines (CXCL10, CXCL11) as compared to 

prostate cancer cells (CA-HPV-10 and PC-3). Overexpression of CXCL10 in LNCaP 

cells induced CXCR3 expression and inhibited cell proliferation[129].  

        CXCR3 expression has also been detected in other malignancies. In a murine 

model of osteosarcoma, CXCR3 antagonism with AMG487 inhibits lung metastasis. 

Treatment of osteosarcoma cells in vitro with AMG487 led to decreased migration, 

MMP activity, and proliferation/survival, and an increase in caspase-independent 

deaths [130]. CXCR3-A was upregulated both in endometriosis and ovarian cancers; 



 
 

27 
 

whereas, CXCR3-alt was upregulated and CXCR3-B was downregulated in cancers 

compared with endometriosis. CXCL11 was upregulated only in the cancers with 

elevated CXCR3-alt and CXCL4 was downregulated in the cancers with suppressed 

CXCR3-B. In situ hybridization demonstrated preferential expression of CXCR3-A in 

cancer cells and infiltrating lymphocytes. CXCR3-B and CXCR3-alt were detectable 

mainly in microvessels[131]. An earlier ovarian cancer study showed that increased 

CXCR3 and ligand expression was accompanied by decreased CXCR3+ infiltrating 

lymphocytes, suggesting that during tumor progression, the role of CXCR3 ligands is 

shifted from anti-tumor to pro-tumor progression[132]. 

        Contrary to the tumor-promoting role of CXCR3 in the majority of cancer types, 

CXCR3 likely has anti-tumor properties in renal cell carcinoma. 96% of the tumor 

specimens of 154 renal cell cancer patients stained positive for CXCR3, and lower 

CXCR3 expression were associated with a significantly worse prognosis. Multivariate 

analysis identified CXCR3 as an independent prognostic factor[133]. This seemingly 

perplexing observation may be partially explained by different roles of CXCR3 

isoforms, which are not distinguished by the antibody used for imunohistochemical 

staining. A more recent study has specifically demonstrated that CXCR3-B, not 

CXCR3-A mRNA expression, correlates with tumor necrosis extension in renal cell 

carcinoma[134]. Down-regulation of CXCR3-B by calcineurin inhibitor (CNI), used 

to prevent allograft rejection, resulted in increased proliferation and migration of renal 

cancer cells even when CXCR3-A expression remained unchanged. CNI-mediated 

cell proliferation may involve signaling through Gi, probably via unchecked CXCR3-
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A[114]. However, these authors also reported that renal cancers had higher CXCR3-A 

and lower CXCR3-B mRNA levels compared to normal kidney tissues. More studies 

need to be done before we can safely ascribe the possible protective role to any of the 

CXCR3 isoforms. 

        As in renal cell cancers, a contradictory role of CXCR3 has also been reported in 

malignant B cells. CXCR3 expressed on malignant B cells from chronic 

lymphoproliferative disorders (CLDs), particularly in patients with chronic 

lymphocytic leukemia (CLL), induced chemotaxis in response to CXCL9 or CXCL10, 

indicating a promalignant role of CXCR3[135]. However, a recent study drew the 

opposite conclusion. In multivariate analysis, lower CXCR3 levels, measured by flow 

activated cell sorting (FACS), was an independent predictor of poor outcome in CLL 

patients[136].  

Table 1. Comparison of CXCR3-A and CXCR3-B 

 CXCR3-A CXCR3-B 

Structure 368 AA 415 AA, has a longer NH2-
terminal extracellular domain 
different from the CXCR3-A 
sequence in the first 51 amino 
acid residues, whereas the 
remaining protein is identical. 

Ligand CXCL9, CXCL10, CXCL11 CXCL9, CXCL10, CXCL11, 

CXCL4 

G protein coupling Gαi --- Calcium flux Gαs---AC activation, cAMP  

Function Cell proliferation  

Migration               

 

Cell growth       

Apoptosis          

No chemotactic response 
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F. CXCR3 and CXCR3 ligands in breast cancer  

        A gene expression profiling study identified serum CXCL9 as one of the 

candidate biomarkers for breast cancer screening, including ER-negative tumors[137]. 

Microarray-based expression profiling identified six genes, including CXCL9, within 

breast cancer specimens that were strongly associated with prolonged disease-free 

survival in two patient sets (19 and 51 patients), who underwent surgery and received 

adjuvant therapy with cyclophosphamide, methotrexate and 5-fluorouracil. This report 

agrees with previous findings of our lab. We have demonstrated that in a mouse model, 

breast cancer lung metastasis is significantly inhibited by introducing ectopic 

expression of CXCL9 on murine mammary epithelial cell line 66.1. The enhanced 

intra-tumor levels of CXCR3 ligands recruit more CXCR3+ host NK and T cells to 

the tumor site and also presumably reverses the plasma-tumor chemokine gradient, 

thus preventing tumor cell escape out of the primary site along the chemokine 

gradient[95].   

        CXCR3 mRNA and protein expression have been widely detected in murine and 

human breast cancer cell lines and primary breast cancer cells [79, 81, 112, 138]. 

Human breast adenocarcinoma cell lines MDA-MB-231, MCF-7 and T47D express 

CXCR3 receptor and ligand CXCL10 concomitantly, and the receptor expression can 

be induced by serum-starvation. Notably, unlike many other chemokine receptors, 

CXCR3 expression was promoted, rather than being down-regulated, by exposure to a 

high concentration (500 ng/ml) of exogenous ligand CXCL10[79]. 

        Previous studies in our lab implicated CXCR3 in promoting breast cancer 
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metastasis. In a murine model of metastatic breast cancer, either systemic 

administration of a small molecule antagonist of CXCR3, AMG487, or pretreatment 

of metastatic murine mammary tumor cell line 66.1 with AMG487 inhibited 

experimental lung metastasis[81]. CXCL9, CXCL10, CXCL11 induce calcium flux 

and migration in murine malignant mammary epithelial cell line 66.1, with CXCL10 

and CXCL11 demonstrating higher potency than CXCL9. Consistent with these data, 

gene silencing of tumor cell expressed CXCR3 also limited metastasis[138].  

        A recent study reported that bone marrow-derived mesenchymal stem cells (BM-

MSCs), which are often recruited to solid tumor stroma, can secrete CXCL9, 

CXCL10 and CXCL11 upon TNF-α treatment. CXCL9-11 enhanced the migration 

and invasive motility of MDA-MB-231 breast cancer cells, through activation of 

small GTPase of Rho family proteins, such as RhoA and Cdc42, and through MMP-9 

production [139].  

        Using immumohistochemical staining of a tissue microarray containing samples 

from seventy-five early stage breast cancers, we found elevated expression of CXCR3 

in malignant epithelium as compared to normal epithelium[138]. We also detected 

significantly more expression of CXCR3 in the cytoplasm than on the surface of 

tumor cells, a pattern observed with other malignant and normal cells as well[119]. 

Furthermore, the expression level is positively associated with poor prognosis of 

patients. 

        Although the role of CXCR3 in tumorigenesis and metastasis has been well 

established in a variety of malignancies, the relative contribution of the two major 
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splice isoforms, especially CXCR3-B, remains to be clarified. In recent years, 

mounting evidence suggests that CXCR3-B, in contrast to CXCR3-A, could play a 

tumor-inhibitory role. In renal cell carcinoma (RCC) patients, CXCR3-B expression 

correlates with tumor necrosis, which is a good prognostic determinant factor in 

RCC[134]. Another study found that CXCR3-A is up-regulated in renal cancer tissues 

and cell lines while CXCR3-B expression is markedly reduced[114]. The same group 

also observed a similar relationship in human breast cancer cell line MDA-MD-435, 

where Ras induced down-regulation of CXCR3-B, resulting in increased cell 

proliferation, likely through the withdrawal of the inhibitory signal conferred by 

CXCR3-B[112]. The possible melanocyte origin of MDA-MB-435 cells has 

somewhat confused the issue [140]. More investigation regarding how CXCR3-B 

functions in breast cancer needs to be conducted. 

G.  Summary and significance 

        CXCR3 has emerged as a critical biomarker for breast cancer metastasis; 

however, little is known about the downstream molecular and cellular processes after 

receptor activation in mammary epithelial cells. Furthermore, the presence of two 

major splice isoforms exhibiting different functions justifies research to determine the 

relative contribution of each isoform to breast cancer pathogenesis. Since our 

preclinical studies indicate that CXCR3 blockade inhibits metastasis, it would be 

important to determine which CXCR3 isoform could be used as a proper target to 

develop a clinical therapy based on inhibition of CXCR3 molecules.  
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HYPOTHESIS AND SPECIFIC AIMS 

 

        We hypothesize that CXCR3 activation mediates molecular and cellular events 

which enhance the migration, invasion and tumor-initiating ability of breast cancer 

cells. The shift in the balance between CXCR3-A and CXCR3-B isoforms will 

change the signaling pattern and hence the behavior of breast cancer cells. 

        In order to test this hypothesis we carried out the following specific aims: 

        Specific Aim 1: Determine the expression profile and molecular and cellular 

events mediated by CXCR3 isoforms in breast cancer.  

        Specific Aim 2: Investigate the role of CXCR3-B in human breast cancer cell 

migration, invasion and development of cancer stem cell-like properties. 
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MATERIALS AND METHODS 

 

Cell lines and human breast cancer specimens  

        1. Murine cell lines. EpH4 is an immortalized murine normal epithelial cell line, 

66.1 and 410.4 are two triple-negative cell lines derived from a spontaneously 

occurring mammary adenocarcinoma in a Balb/cfC3H mouse. Murine cell lines are 

grown in Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10% fetal 

bovine serum (FBS; Gemini Bioproducts, Woodland, CA), 1.5 mg/ml sodium 

bicarbonate, 2 mM L-glutamine, 100 µM nonessential amino acids, 100  units/ml 

penicillin, and 100 units/ml streptomycin under 10% CO2 atmosphere, 95% humidity 

and 37°C. 

        2. Human cell lines. MCF-10A is an immortalized nontumorigenic epithelial cell 

line derived from a reduction mammoplasty. MCF-7, MDA-MB-231, and MDA-MB-

468 are tumor cell lines derived from the pleural effusions of patients with breast 

adenocarcinomas, whereas T47D is a tumor cell line derived from the pleural effusion 

of a patient with ductal breast carcinoma. All the human cell lines, except MCF-10A, 

are maintained in the growth medium described for murine tumor cell lines but in a 5% 

CO2 atmosphere. MCF-10A cells are grown in DMEM/F12 (Gibco) supplemented 

with 5% horse serum, insulin (5 µg/ml), EGF (20 ng/ml), hydrocortisone (500 ng/ml), 

penicillin-streptomycin (100 µg/ml each), and L-glutamine (2 mM).  

       3. Human breast cancer specimens. Under an Institutional Review Board 

approved protocol, we obtained primary breast cancer specimens from the University 
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of Maryland Greenebaum Cancer Center Pathology Biorepository.  

Real-time PCR 

        For cell lines, total RNA was extracted using TRIZOL. For tissue samples, total 

RNA was isolated using RNeasy mini Kit (Qiagen, German). SYBR Green dye (BIO-

RAD) PCR was performed following the manufacturer’s protocol. The following 

primers were used: CXCR3-A: forward 5’-CAACCACAAGCACCAAAGC-3’; 

reverse 5’-AACCTCGGCGTCATTT AGC-3’. CXCR3-B: forward 5’- 

GCGGATGGAGTTGAGGAAG-3’; reverse 5’- TGTGATTGA 

GTCTGATTTAGTCTG-3’. As an internal control, glyceraldehyde-3-phosphate 

dehydrogenase (GADPH) mRNA was amplified and analyzed under identical 

conditions using specific primers. Melting point analysis was done in all cases to 

confirm the right amplification of the expected gene. Ct (the cycle number at which 

emitted fluorescence exceeded an automatically determined threshold) for the gene of 

interest was corrected by the Ct of GAPDH and expressed as ∆Ct. Data was measured 

as fold changes of mRNA amount, which was calculated as follows: (fold changes) = 

2X [where X = ∆Ct (for control group) - ∆Ct (for experimental group)]. The 

subsequent amplicons were determined by gel electrophoresis in 1.5% agarose gel.  

Generate stable CXCR3-B over-expressing and CXCR3-B gene-silenced cell lines 

from human breast cancer MDA-MB-231 cells 

        1. Over-expression of CXCR3-B. CXCR3-B retroviral overexpressing plasmid 

(pcDNA3-CXCR3-B) was a gift from Dr. Steven G. Kelsen (Temple University, 

Philadelphia, PA). The cells were transfected with the expression plasmids with 
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Lipofectamine-2000 (Invitrogen, Carlsbad, CA). The stable clones were selected 

using G418 (1000 µg/ml). Multiple clones were characterized by quantitative real-

time PCR and Western blots for mRNA and protein expression, respectively. Two 

CXCR3-B over-expressing clones were selected for further characterization. 

        2. Gene-silencing of CXCR3-B. Four different lentiviral CXCR3-B shRNA 

plasmids, vector and non-silencing scramble plasmids were purchased from Origene 

(Rockville, MD), and transfected with Lipofectamine-2000 into 293T-derived 

Phoenix cells (Allele Biotechnology, San Diego, CA). At 48 hours and 72 hours after 

transfection, virus containing supernatants were collected and mixed. Filtered viral 

medium (0.5 ml) was added dropwise to MDA-MB-231 cells. At 72 hours post-

infection, cells were subjected to puromycin selection (1µg/ml) and single-cell clones 

from each construct were generated. Multiple clones were characterized by 

quantitative real-time PCR and Western blots for mRNA and protein expression. Two 

CXCR3-B gene-silenced clones (from two different constructs) were selected for 

further characterization. 

Generate and characterize stable CXCR3 gene-silenced cell line from murine 

malignant mammary epithelial cell line 66.1 

        The CXCR3 gene-silenced 66.1 cells were generated and characterized in our lab, 

as previously described[138]. Briefly, line 66.1 tumor cells were transfected using 

Lipofectamine (Invitrogen), with control plasmid (p5m2c, MSCV-retroviral vector 

expressing a nonsilencing shRNA) or two different plasmids expressing shRNAs 

directed to murine CXCR3 (all from Open Biosystems, Inc.) and selected in 
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puromycin (Sigma Chemical Co.). Multiple stable transfectants were analyzed for 

expression of CXCR3 mRNA by standard reverse transcription-PCR protocols using 

CXCR3 primers (forward, 5′-AAAACAGCACCTCTCCCTA-3′; reverse, 5′-

TCTGAACTTCACTCCCACA-3′) or glyceraldehyde-3-phosphate dehydrogenase–

specific primers. Cell lysates were prepared and immunoblotted with rabbit antibody 

to CXCR3 (Zymed Invitrogen). 

Generate and characterize stable CXCL9-expressing murine tumor cell line 66.1 

        The CXCL9 over-expressing 66.1 cells were generated and characterized in our 

lab, as previously described[95]. Briefly, recombinant virus expressing CXCL9 cDNA 

was kindly provided by Dr. Charles S. Tannenbaum, Cleveland, OH. CXCL9 cDNA 

was amplified from IFN-γ–stimulated murine peritoneal macrophages and cloned into 

the EcoR1 sites of the Pbabe retroviral vector. High titer recombinant viral 

supernatants were used to transfect the parental 66.1 tumor cell line. Stable clones 

over-expressing CXCL9 were selected by puromycin and CXCL9 in the conditioned 

medium was detected by ELISA. 

 Calcium mobilization  

        MDA-MB-231 human breast cancer cells plated on 25-mm diameter coverslips 

were loaded with fluo-2 indicator by incubation with 2 µM fluo-2 AM (Teflabs, 

Austin, TX) at 37°C in HBSS for 45 minutes. Thereafter, the coverslip was mounted 

in a custom stainless steel culture chamber and immersed in 3 ml HBSS. The cells 

were analyzed by wide-field fluorescence imaging on an inverted microscope (TE200, 

Nikon) equipped with an oil-immersion objective (×40, 1.30 NA, CSI S Fluor, Nikon). 
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Excitation light at 488 nm was generated by a PolyChrome II illumination system 

(TILL Photonics, GmbH, Munich, Germany) and delivered through a fibreoptic cable 

into the microscope. Fluorescence emission was passed through a barrier filter 

(BA520-560, Nikon) before capture by a CCD camera (CoolSnap HQ, Photometrics, 

Tucson, AZ). Image acquisition and analysis was performed using MetaFluor 

software (Molecular Devices, Sunnyvale, CA). 

        Thirty seconds of baseline images were acquired before stimulation. CXCL10 or 

CXCL11 was then bath-applied and image acquisition was continued for additional 4 

minutes. Thereafter, ionomycin, a Ca2+ ionophore, was applied as a positive control. 

At the end of each experiment, the cells were permeabilized by adding digitonin to 

permit cytosolic fluo-2 to escape into the bulk medium. The steady-state fluorescence 

intensity recorded after cell permeabilization was used for background correction. The 

time series of images were analyzed by defining a region of interest (ROI) centered on 

each cell in the image, and the average fluorescence intensity per pixel in the ROI was 

computed. This yielded a raw fluorescence intensity verse time trace for each cell. 

The traces could be analyzed singly or after averaging. Raw fluo-2 fluorescence 

intensity records were corrected by subtracting the background fluorescence intensity, 

and measured after cell lysis with digitonin (20 µM). Calcium transient amplitudes 

were reported as changes in fluorescence intensity normalized to the baseline 

fluorescence intensity immediately preceding the transient (F/F0). 
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Rac activation assay 

        Rac activity was measured based on an established protocol [141]. MDA-MB-

231 cells were serum-starved overnight before treatment with CXCL10 at 100 ng/ml 

for 5 minutes and 15 minutes. The lysates from MDA-MB-231 cells were collected by 

addition of ice-cold lysis buffer (5 mM Tris (pH 7.4), 100 mM NaCl, 1% Nonidet P-

40, 10% glycerol, 2 mM MgCl2, 2 mM phenylmethylsulfonyl fluoride, and 5 μg/ml 

each of aprotinin, leupeptin and pepstatin). Extracts were cleared by centrifugation. 

The bacterially produced Rac/cdc42 binding domain of Pak (PBD)-GST fusion 

protein was extracted and used to coat glutathione sepharose (GST) beads. GST-PBD-

coupled beads were then incubated with extracts for 30 minutes on a rotating platform 

at 4 °C. The active Rac protein pulled-down by PBD binding domain was detected in 

a Western blot analysis with anti-Rac antibody (Millipore).  Total Rac before pull-

down was used as the loading control. 

MTT proliferation assay 

        A total of 2.5×103 murine 66.1 cells were plated in 0.2 ml growth medium in 96-

well flat bottom plates with or without the presence of CXCL9, CXCL10 or CXCL11 

at different concentrations. After 72 hours growth, 20 μl of 5 mg/ml MTT solution in 

PBS was added to each well. After 3-4 hours, medium was removed and 200 μl of 

DMSO was added to each well to dissolve the formazan crystals. The absorbance at 

540 nm was determined using a plate reader. Experiments were conducted in triplicate. 
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Wound healing assay 

        Cultured cells were allowed to form a confluent monolayer in a six-well plate in 

growth medium. The wound was made by scraping a conventional P200 pipette tip 

across the monolayer. The cells were allowed to heal for 24 hours. Pictures of 

representative wells were taken under the microscope at 0, 18 and 24 hours after 

wounding. The relative distance traveled by the leading edge from 0 to 24 hours was 

assessed using Image J. 

Transwell Boyden chamber migration and invasion assays 

      Migration and invasion studies were performed using BD migration or Matrigel 

invasion chambers (8.0 µm pore size, BD Biosciences) in 24-well plates, with the 

lower well containing DMEM supplemented with 0.5% FBS alone, plus CXCL9, 

CXCL10 or CXCL11. 5% FBS was used as the positive control. Cells were serum-

starved overnight before the assay, and were seeded at 5×104 cells/well in triplicate.  

After 24 hours, the cells on the upperside of the membrane were scraped off, and the 

cells on the bottom surface of the membrane were fixed, stained with crystal violet 

and inspected by microscopy. Alternatively, the cells on the bottom surface were 

labeled with fluorescent dye calcein AM and trypsinized and measured for 

fluorescence at 485 nm. The results are expressed as fluorescence intensity, which is 

proportional to the number of cells migrated. 

xCELLigence impedance-based real-time proliferation and migration assay 

        Cell migration and proliferation was assessed utilizing the xCelligence RTCA SP 

real-time cell sensing device (Roche Applied Science). xCELLigence cell index (CI) 
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impedance measurements were performed according to the instructions of the supplier, 

using a label-free cell detection system. The principle of xCELLigence impedance-

based system is illustrated in Figure 2.1. 

 

Figure 2.1. Schematic of the xCELLigence Impedance System 
Adapted from http://www.sciencedirect.com/science/article/pii/S0109564109002887  

1. Proliferation assay 

        MDA-MB-231 cells were resuspended in medium and subsequently adjusted to 

6×104 cells/ml. After seeding 100 µL of the cell suspensions into the wells of the E-

plate 16 (ACEA Biosciences, Inc., San Diego, CA), cells were monitored every 15 

minutes for a period of up to 72 hours by the xCELLigence system. Data expressed as 

cell index, which was derived from measured cell-electrode impedance that correlates 

with number of cells. Increasing impedance is a measurement of cell proliferation.  

2. Migration assay 

        MDA-MB-231 cells were resuspended in medium and subsequently adjusted to 

1×105 cells/ml. 100µl of the cell suspensions was plated in the upper wells of the 

CIM-plate 16 (ACEA Biosciences, Inc., San Diego, CA) , with the lower well 
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containing DMEM medium with 0.5% FBS alone, or plus CXCL10. 5% FBS was 

used as the positive control. Cells were allowed to migrate for 48 hours. The cells that 

have migrated to the lower chamber were monitored every 15 minutes. Data 

expressed as cell index, which was derived from measured cell-electrode impedance 

that correlates with number of cells migrated to the underside of the insert. 

Western blot analysis  

        Protein extracts were prepared using RIPA lysis buffer (150 mM NaCl, 1 mM 

EDTA, 20 mM Tris pH 7.5, 0.5% Triton X-100) containing 1 mM 

phenylmethylsulphonyl fluoride (PMSF), 1% protease inhibitor (Sigma), 1 mM 

sodium orthovanadate, 1 mM NaF. Protein concentration of the resultant supernatant 

was determined by the Bradford method and 30-40 μg of cellular lysate was subjected 

to 10% SDS–polyacrylamide gel electrophoresis and then electrotransferred onto a 

polyvinylidene difluoride membrane. Membranes were blocked using 5% non-fat 

milk for 1 hour in Tris buffered saline with 0.1% Tween-20 (TBS-T). Membranes 

were incubated with primary antibody diluted in TBS-T with 5% non-fat milk 

overnight at 4°C followed by incubation with horseradish peroxidase-conjugated anti-

mouse or anti-rabbit secondary antibodies (1:10000, Jackson Immunochemicals) 

diluted in 5% non-fat milk for 1 hour at room temperature. Membranes were then 

washed with TBS-T and the signal visualized using the enhanced chemiluminescence 

(ECL) detection system (Thermo Scientific, IL). The primary antibodies used for 

experimentation include CXCR3 (R&D Systems, MN), CXCR3-B (Creative Biomart, 

NY), Ser 473 pAKT (Cell Signaling, MA), total AKT (Cell Signaling, MA), 
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pERK(Sigma-Aldrich, MO), total ERK (Cell Signaling, MA), phospho-p38 (Santa 

Cruz, CA), total p38 (Millipore, MA), vimentin (Cell Signaling, MA), E-cadherin 

(BD Biosciences,CA), alpha-smooth muscle actin (α-SMA) (Sigma-Aldrich, MO), 

Twist (Cell signaling, MA)  and β-actin (Sigma-Aldrich, MO) as loading control.  

Detachment induced DNA fragmentation 

      Cells were plated into Corning Ultra-Low 6-well plates to prevent cell attachment 

and treated with CXCL10 for 24 hours or 48 hours before the cytoplasmic fractions of 

cell lysates were collected. DNA fragmentation was analyzed using the Cell Death 

Detection ELISA kit (Roche, CA) which can detect the mono- and oligonucleosomes 

resulting from apoptosis.  Data was expressed as enrichment factor calculated by 

dividing the absorbance value of the indicated time point by the absorbance value of 

time zero (before forced suspension). 

Sub-G1 analysis by flow cytometry  

      Apoptosis was estimated as the Sub-G1 fraction determined by staining DNA with 

propidium iodide (Sigma). Briefly, 1×105 cells were seeded in a 6-well plate and 

treated with CXCL10 for 24 hours and 48 hours. Cells were then washed in PBS, 

fixed in 70% ice-cold ethanol overnight, after which they were resuspended in PBS 

containing 40 mg/ml propidium iodide, 0.1 mg/ml RNase (Sigma), and 0.1% Triton 

X-100 at 37°C for 30 minutes. The cell cycle distribution and sub-G1 population were 

detected by flow cytometry (FACScan; Becton-Dickinson) and analyzed by using a 

ModFit software package (Becton–Dickinson). 
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Colony formation assay 

      Five×103 cells/well were seeded in six-well plates in growth medium containing 

0.35% agarose overlying a 0.5% bottom layer. Cells were treated with CXCL10 alone 

or in combination with ERK inhibitor (EMD Milliproe). This ERK inhibitor blocks 

ERK-mediated phosphorylation of protein sbustrates, while exhibiting little effect on 

ERK1/2 phosphorylation by MEK1/2. CXCL10 and ERK inhibitor were diluted into 

0.35% agarose. Every 7 days, fresh medium containing treatment reagents was added. 

After 3 weeks of incubation, the colonies were stained with 0.005% crystal violet, 

colony images were photographed on a Bio-Rad Imager, and the colonies were 

counted using Image J. Alternatively, 2,500 cells were plated in quadruplicate in 0.4 

ml of 0.33% low-melting agarose, seeded in a 24-well plate over a layer of 0.4 ml of 

0.5% agarose. The plate was maintained at 37 °C in 5% CO2 for 12 days and stained 

with 1 mg/ml iodonitrotetrazolium chloride (Sigma). Colonies consisting of >50 cells 

were counted by an automatic colony counter, and the density and size of the colonies 

were analyzed. 

Mammosphere formation assay 

        Mammosphere formation assay is widely used to measure mammary stem cells 

under a suspension culture condition. Mammospheres were developed as described by 

Ponti et al. [142], except that the culture medium used was serum-free MammoCult® 

medium (Stem Cell Technology, Vancouver, Canada). Briefly, culture cells were 

harvested in trypsin-EDTA and carefully resuspended in single cell suspension and 

plated at 1×104 cells per well of a six-well ultra low-attachment plate (Corning, 
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Lowell, MA). Experiments were done in triplicate. The mammospheres were cultured 

for 10 days, and fresh medium was added at day 7. At day 10, mammospheres in each 

well were harvested and centrifuged at 350 g for 5 minutes with the brake off. The 

pellet was resuspended in 500 ul MammoCult® medium, 50 ul sphere suspension was 

added to 96-well plates and counted manually under the microscope. For serial 

passages, mammospheres were collected by gentle centrifugation (350 g) and 

dissociated enzymatically (10 minutes in 0.05% trypsin, 0.53 mM EDTA) and 

mechanically by repeated pipetting with a 23-gauge needle. The single-cell 

suspension was re-plated into MammoCult® as described before and allowed to grow 

for 10 days before the next passaging.  
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SPECIFIC AIM 1:  

Determine the expression profile and molecular and cellular events 

mediated by CXCR3 isoforms in breast cancer 

Introduction 

        Chemokine receptors have been implicated in tumor invasion. Upon binding to 

ligands, multiple pathways are activated, resulting in enhanced chemotaxis[46]. The 

gradient sensing ability of cells expressing chemokine receptors allows them to crawl 

up the chemoattractant gradient, explaining the preference of tumor cells to migrate to 

specific organs of higher ligand expression[124]. Accumulating data show that 

chemokine receptors CCR5, CCR7, CCR9, CXCR2, CXCR3 and CXCR4 contribute 

to tumor progression and metastasis in a variety of tumor types. Among them, 

CXCR3, CXCR4 and CCR7 play a role in breast cancer[143]. CXCR3 plays an 

important role in breast cancer metastasis to the lung. Expression of CXCR3 is up-

regulated in human breast cancer, which correlates with a worse prognosis[138]. 

Inhibiting CXCR3 with the small molecule CXCR3 antagonist AMG487 or shRNA 

gene-silencing can reduce lung metastasis in a murine model of breast cancer [81, 

138].  

        Receptor expression level is not the only determinant of function. The presence 

of three splice isoforms of CXCR3 has made the picture more complex[104]. The two 

major isoforms CXCR3-A and CXCR3-B may behave in opposing ways. Unlike the 

pro-growth and pro-metastatic CXCR3-A, CXCR3-B has been shown to signal 

growth inhibition. CXCR3-B does not mediate a chemotactic response in human 
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vascular endothelial cells[56]. In renal cell carcinoma, CXCR3-A is up-regulated 

while CXCR3-B is down-regulated. Without altering CXCR3-A, reduced CXCR3-B 

alone can enhance proliferation and migration of tumor cells, indicating that the 

relative expression of the two CXCR3 splice isoforms determines the final functional 

response to CXCR3 ligands[114]. Dysregulation of CXCR3-B has also been 

implicated in the development of human breast cancer, where Ras can down-regulate 

CXCR3-B in the human breast cancer cell line MDA-MB-435[112].  

        The different functions of CXCR3-A and -B are likely due to their distinct 

signaling pathways. CXCR3-A is coupled to Gi protein, while CXCR3-B is coupled 

to Gs in endothelial cells[56]. The signaling pathways downstream of G proteins also 

differ between CXCR3-A and CXCR3-B, and may be cell type specific[46, 113, 120, 

122, 123]. Both CXCR3-A and -B interact with CXCL9-11, but CXCR3-A has a 

much higher affinity for their common ligands CXCL9, 10, 11. CXCL4 may be a 

specific ligand for CXCR3-B[56]. No detailed examination of CXCR3 signaling in 

mammary epithelial cells has been reported. 

        We herein hypothesize that CXCR3-A and CXCR3-B transduce different 

molecular and cellular signals in human mammary epithelial cells. We also 

hypothesize that the loss of balance between CXCR3-A and CXCR3-B affects the 

phenotype and the response of breast cancer cells to the same CXCR3 ligand. A shift 

to CXCR3-A may render the cells more malignant, but tilting the balance back to 

CXCR3-B may revert cells to a less invasive phenotype. In the proposed study, we 

will further delineate the relative contribution of each isoform to breast cancer 

behavior.  
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Results 

CXCR3 expression in murine and human mammary epithelial cells 

        We examined the levels of CXCR3 protein expression in five human and three 

murine mammary epithelial cell lines by Western blot. The antibody recognizes 

murine CXCR3 and both human CXCR3-A and CXCR3-B. MCF-10A is an 

immortalized normal human mammary epithelial cell line. MCF-7 is a human breast 

adenocarcinoma cell line derived from a pleural effusion, which is ER and PR 

positive. T47D is a human ductal carcinoma cell line derived from a pleural effusion, 

which is ER and PR positive. MDA-MB-231 is a highly metastatic human breast 

adenocarcinoma cell line derived from a pleural effusion, which is ER negative, PR 

negative and HER2 negative. MDA-MB-468 is another metastatic triple-negative 

human breast adenocarcinoma cell line derived from a pleural effusion. EpH4 is an 

immortalized murine normal epithelial cell line, 66.1 and 410.4 are two triple-

negative cell lines derived from the same spontaneously occurring mammary 

adenocarcinoma in Balb/cfC3H mice[144, 145]. For murine cell lines, total CXCR3 

protein levels were elevated in tumor cell lines 410.4 and 66.1 compared to normal 

EpH4 cells, with more metastatic 66.1 cells having more abundant CXCR3 then 410.4 

cells (Figure 3.1A).  For human cell lines, total CXCR3 protein expression was 

increased in all four tumor cell lines MCF-7, T47D, MDA-MB-231 and MDA-MB-

468 as compared to normal cell line MCF-10A (Figure 3.1B).  
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A. 

                             

B. 

                                
Figure 3.1.  CXCR3 expression in murine and human mammary epithelial cells. Cells were grown 
in complete medium to approximately 80% confluency, protein lysates were prepared, quantified and 
subject to 10% Tris–glycine sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) 
for CXCR3 expression by immunoblot with a CXCR3 antibody (R&D Systems, MN) recognizing both 
A and B isoforms. Equal protein loading was verified by stripping the blots and reprobing with β-actin 
antibody. Shown is one representative western blot out of three. A) Total CXCR3 protein expression in 
murine tumor cell lines 410.4 and 66.1 as compared with murine normal epithelial cell line EpH4. B) 
Total CXCR3 expression levels in human breast cancer cell lines MCF-7, T47D, MDA-MB-231 and 
MDA-MB-468 as compared with immortalized normal human mammary epithelial cell line MCF-10A.   
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Differential expression of CXCR3-A and CXCR3-B in primary human breast 

cancer and human normal and malignant mammary epithelial cell lines 

        There are two major splice isoforms of human CXCR3, and the two isoforms of 

CXCR3 have been reported to play different roles in cellular function[56]. Therefore, 

we first sought evidence for the presence of both CXCR3-A and CXCR3-B mRNA in 

primary human breast cancer specimens by RT-PCR. Both CXCR3-A and CXCR3-B 

mRNAs were detected confirming that the two isoforms are also present in primary 

human breast cancer (Figure 3.2A). CXCR3-A and CXCR3-B mRNA expression 

patterns were examined in five human mammary epithelial cell lines by quantitative 

real-time PCR. All four malignant cell lines showed a trend of elevated CXCR3-A 

expression compared to MCF-10A cells (Figure 3.2B). In contrast, the expression 

level of CXCR3-B was decreased in MDA-MB-231 and MDA-MB-468 as compared 

to MCF-10A cells. CXCR3-B expression was slightly but not significantly increased 

in MCF-7 and T47D relative to MCF-10A cells (Figure 3.2C). When the CXCR3-

B/CXCR3-A ratio was computed (Figure 3.2D), immortalized normal MCF-10A cells 

had more B than A (CXCR3-B/A ratio: 1.88), but in the four malignant cell lines, B 

was significantly less abundant than A (p<0.05), with ratios of 0.57 for MCF-7, 0.43 

for T47D, 0.13 for MDA-MB-231 and 0.38 for MDA-MB-468. Interestingly, the 

CXCR3-B/CXCR3-A ratio was the lowest in the most metastatic cell line, MDA-MB-

231, suggesting that the switch of CXCR3 isoform expression may play an important 

role in breast cancer progression. Using an antibody that specifically recognizes 

CXCR3-B, we compared CXCR3-B expression in these cell lines (Figure 3.2E).  
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CXCR3-B protein was reduced in MCF-7, MDA-MB-231 and MDA-MB-468 tumor 

cell lines compared with MCF-10A. CXCR3-B expression was not reduced in T47D 

cells. Because there is no amino acid sequence unique to CXCR3-A, it is not possible 

to generate an antibody that specifically recognizes the CXCR3-A isoform, so the 

relative levels of CXCR3-A protein cannot be determined. These data formed the 

basis of our hypothesis that CXCR3-B antagonizes the pro-metastatic function of 

CXCR3-A and is lost during tumor progression. 
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D. 

                                

E. 

                            
Figure 3.2. CXCR3 isoform expression in a human breast cancer specimen and breast cell lines. A) 
After total RNA extraction, RT-PCR was followed by 1.5% agarose gel to detect the presence of 
mRNA of CXCR3-A and CXCR3-B in a human breast cancer specimen. B) Real-time quantitative 
PCR was used to measure CXCR3-A mRNA levels, after nomalizaiton to the GAPDH control gene, the 
fold changes of CXCR3-A mRNA expression in human malignant mammary cells MCF-7, T47D, 
MDA-MB-231 and MDA-MB-468 were calculated as compared with immortalized normal human 
mammary epithelial cell line MCF-10A (assigned a value of 1 for reference). C) Real-time quantitative 
PCR was used to measure CXCR3-B mRNA levels, after normalization to the GAPDH control gene, 
the fold changes of CXCR3-B mRNA expression in human malignant mammary cells MCF-7, T47D, 
MDA-MB-231 and MDA-MB-468 were calculated as compared with immortalized normal human 
mammary epithelial cell line MCF-10A (assigned a value of 1 for reference). D) The ratio of CXCR3-
B:CXCR3-A mRNA level in MCF-7, T47D, MDA-MB-231 and MDA-MB-468 cells versus MCF-10A 
cells. Each experiment was done at least three times. Data represent mean ± SE. * p<0.05 vs MCF-10A. 
E) Western blot showing CXCR3-B protein expression levels in MCF-7, T47D, MDA-MB-231 and 
MDA-MB-468 compared with MCF-10A. Cells were grown in complete medium to approximately 80% 
confluency, protein lysates were prepared, quantified and subjected to 10% Tris–glycine sodium 
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) for CXCR3-B expression by 
immunoblot with a CXCR3-B specific antibody (Creative Biomart, NY). Equal protein loading was 
verified by stripping the blots and reprobing with β-actin antibody. Shown is one representative western 
blot out of three. 
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CXCR3 ligands induce calcium mobilization and Rac activation in human breast 

cancer cell line MDA-MB-231  

                Calcium mobilization is an important intracellular event triggered by 

chemokines and contributes to cell motility. Our previous studies have shown that 

CXCR3 is implicated in calcium flux in the murine malignant mammary epithelial 

cell line 66.1[81]. To investigate the role of CXCR3 in calcium mobilization in human 

breast cancer cells, we examined calcium flux in MDA-MB-231 cells treated with 

CXCL10/IP-10 or CXCL11/I-TAC. As shown in Figure 3.3A, both ligands induced a 

transient calcium flux in MDA-MB-231 cells. The small GTPase Rac interacts with 

cytoskeleton proteins and has been shown to promote breast cancer cell migration and 

invasion [146]. We hypothesize that CXCR3 activation involves Rac activation in 

human breast cancer cells. To investigate the involvement of Rac in CXCR3 signaling 

transduction, we also performed a Rac activation assay in MDA-MB-231 cells after 

CXCL10 treatment.  This assay can pull down active Rac protein by binding to the 

PBD domain coupled to GST beads. Active Rac is identified by immunoblot[141]. As 

shown in Figure 3.3B, CXCL10 (100 ng/ml) induced Rac activation at 5 minutes. 

Activation was waning at 15 minutes.  
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Figure 3.3.  CXCR3 ligands induce calcium mobilization and Rac activation in human breast 
cancer cell line MDA-MB-231. A) CXCR3 ligands CXCL10/IP-10 and CXCL11/I-TAC induced 
calcium influx in the human breast cancer cell line MDA-MB-231. MDA-MB-231 tumor cells were 
loaded with the fluorescent indicator fluo-2 AM and stimulated with 1 µg/ml CXCL10 or CXCL11, 
and fluorescent images were collected. Ionomycin (Iono) served as the positive control agonist. B) 
CXCL10 treatment for 5 minutes activates Rac small G protein in MDA-MB-231 cells. The lysates 
from serum-starved MDA-MB-231 cells treated with 100 ng/ml CXCL10 for 5 or 15 minutes were 
subjected to a pull-down assay using GST-PBD. The active Rac protein was detected in a Western blot 
analysis with anti-Rac antibody.  Total Rac prior to pulldown was used as the loading control. 
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Generate and verify stable CXCR3-B overexpressing and CXCR3-B gene-

silenced clones from human breast cancer cell MDA-MB-231 

        MDA-MB-231 is a highly metastatic human triple-negative breast cancer cell 

line expressing both CXCR3-A and CXCR3-B, and based on our data, expression is 

shifted to CXCR3-A. To determine the function of each isoform, we engineered 

MDA-MB-231 cells to overexpress CXCR3-B and we also created cells with reduced 

CXCR3-B expression.  

        CXCR3-B retroviral overexpressing plasmid (pcDNA3-CXCR3-B) was a gift 

from Dr. Steven G. Kelsen (Temple University, Philadelphia, PA). The cells were 

transfected with the expression plasmids with Lipofectamine-2000 (Invitrogen, 

Carlsbad, CA). The stable clones were selected under G418 (1000 µg/ml). Multiple 

clones were characterized by quantitative real-time PCR and Western blotting for 

mRNA and protein expression. As shown in Figure 3.4A, all the clones (hereafter 

named MDA-MB-231 R3B cl) showed elevated CXCR3-B expression, ranging from 

200-fold to 2000-fold, compared with the vector control (hereafter named MDA-MB-

231 R3B Vec). The CXCR3-A expression was also assessed and some slight changes 

were observed in several clones (Figure 3.4B). In clones 20 and clone 22, the 

CXCR3-A mRNA expression remained unchanged compared with vector control 

while CXCR3-B levels were raised by 300-fold and 800-fold, respectively (Figure 

3.4A and B). Western blot showed that, consistent with the mRNA data, CXCR3-B 

protein expression levels were upregulated in most of the clones (Figure 3.4C). 

Therefore, clones 20 and 22 were selected for further experiments. 
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        Four different lentiviral CXCR3-B shRNA plasmids, the vector plasmid, and a 

plasmid with a scramble sequence were purchased from OriGene (Rockville, MD), 

and transfected with Lipofectamine-2000 into 293T-derived Phoenix cells (Allele 

Biotechnology, San Diego, CA). At 48 hours and 72 hours after transfection, virus 

containing supernatant were collected and mixed. Filtered viral medium (0.5 ml) was 

added dropwise to MDA-MB-231 cells. At 72 hours post-infection, cells were put 

under puromycin selection (1 µg/ml) and single-cell clones (hereafter named MDA-

MB-231 shR3B cl) from each construct were generated. Multiple clones were 

characterized by quantitative real-time PCR and Western blotting for mRNA and 

protein expression, respectively. Clones 32, 33 and 35 were derived from shRNA 

construct B, and clones 38, 41, 45 and 46 were derived from shRNA construct C. As 

shown in Figure 3.4D, the majority of the clones showed 1.5~22-fold decrease in 

expression of CXCR3-B as compared with the vector and scramble controls (hereafter 

named MDA-MB-231 shR3B Vec and MDA-MB-231 shR3B Sc, respectively).  

CXCR3-A mRNA expression was slightly increased in some clones (Figure 3.4E). In 

clone 33 and 38, CXCR3-A expression remained unchanged compared with vector 

and scramble control, while clones 33, 35 and 38 exhibited substantial decrease of 

CXCR3-B protein levels (Figure 3.4F). Clones 33 (derived from construct B) and 38 

(derived from construct C) were selected for further experiments. 
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F. 

 
Figure 3.4.  Generate and verify stable CXCR3-B over-expressing and CXCR3-B gene-silenced 
clones from human breast cancer cell MDA-MB-231. MDA-MB-231 cells were stablely transfected 
with CXCR3-B retroviral overexpressing plasmid (pcDNA3-CXCR3-B), or CXCR3-B lentiviral 
shRNA plasmids or respective vector/scramble controls. Total RNA was extracted for CXCR3-B and 
CXCR3-A mRNA expression measurement and whole cell lysates were prepared to determine CXCR3-
B protein expression by Western blot. A and B) Real-time quantitative PCR measurement of CXCR3-
B and CXCR3-A mRNA expression in different stable CXCR3-B over-expressing MDA-MB-231 
clones as compared with vector control (assigned a value of 1 for reference). C) Western blot showed 
CXCR3-B protein expression in different CXCR3-B overexpressing MDA-MB-231clones. D and E) 
Real-time quantitative PCR measurement of CXCR3-A and CXCR3-B mRNA expression in different 
stable CXCR3-B gene-silenced MDA-MB-231 clones as compared with vector control (assigned a 
value of 1 for reference).  F) Western blot of CXCR3-B protein expression in different CXCR3-B gene-
silenced clones.  
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The effect of altered CXCR3-B expression on proliferation of MDA-MB-231 

breast cancer cells 

        In endothelial cells and renal cancer cells, CXCR3-B inhibited cell proliferation. 

This inhibitory effect was different from the growth promoting signal mediated by 

CXCR3-A in a variety of cell types[56, 114]. Little is known about the role of 

CXCR3-B in human breast cancer cell growth and whether altering CXCR3-B 

expression could affect cell proliferation. We hypothesized that CXCR3-B inhibits 

proliferation or exerts no effect on cell growth in human breast cancer cells. To test 

this hypothesis, real-time xCelligence proliferation assays were performed for 72 

hours comparing CXCR3-B over-expressing and gene-silenced MDA-MB-231 cells 

to the relevant vector control cells. Cell index values were calculated and compared. 

As shown in Figure 3.5A, compared to the vector transfected cells, both CXCR3-B 

over-expressing clones showed lowered proliferation; this difference was detected 

within the first 24 hours. However, there was no obvious difference in growth rate 

observed when comparing the two CXCR3-B gene-silenced clones with vector 

transfected MDA-MB-231 cells during 72 hours of monitoring.  
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A. 

 

 

B.  

 
Figure 3.5.  The effect of altered CXCR3-B expression on proliferation of breast cancer cell lines. 
A) Comparison of proliferation among two CXCR3-B over-expressing MDA-MB-231 clones (clone 20 
and clone 22) and the vector transfected control. Cells were grown in complete medium for 72 hours 
and proliferation was monitored in real-time by xCELLigence impedance-based assay. B) Comparison 
of proliferation among two CXCR3-B gene-silenced MDA-MB-231 clones (clone 33 and clone 38) and 
the vector transfected control. Cells were grown in complete medium for 72 hours and proliferation 
was monitored in real-time by xCELLigence impedance-based assay. * p�0.05 vs vector control. 
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The effect of CXCR3 ligands on proliferation of breast cancer cell lines 

        Depending on cell type, CXCR3 activation has been reported to have different 

regulatory effects on cell proliferation by promoting, inhibiting or exhibiting no 

effects on cell growth. To determine the role of CXCR3 ligands in breast cancer cell 

growth, we first examined the effects of CXCL9-11 treatment on murine 66.1 cell 

proliferation by MTT assay.  66.1 were plated in 10% FBS media supplemented with 

CXCL9, CXCL10 or CXCL11 at 0, 10,100, or 200 ng/ml. Proliferation was quantified 

72 hours after ligand treatment. As shown in Figure 3.6, by day 3 all three ligand 

concentrations slightly but significantly inhibited the proliferation of 66.1 cells. No 

dose response was observed. We then examined the effect of CXCL10 on cell growth 

of MDA-MB-231 cells. In contrast to the modest inhibition seen in murine 66.1 cells,       

proliferation of human MDA-MB-231 cells was enhanced by the ligand (Figure 3.6B). 

Proliferation of immortalized normal MCF-10A cells was not affected by CXCL10 

(Figure 3.6C).  

        The different responses in MDA-MB-231 versus MCF-10A cells may be related 

to the differences in CXCR3-B expression. To test this we determined how altered 

CXCR3-B expression could affect MDA-MB-231 cell growth in response to CXCL10 

treatment. Real-time xCelligence proliferation assays were performed and cell index 

values were calculated and compared. We used CXCR3-B over-expressing clone 22 

and CXCR3-B gene-silenced clone 33 for this experiment. CXCR3-B over-expressing 

cells were unable to respond to CXCL10 treatment. No difference in proliferation was 

observed in the absence or presence of ligand (Figure 3.6D). Reduced CXCR3-B did 
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not affect the pro-proliferative response to CXCL10 (Figure 3.6E). We interpret these 

data as follows: in CXCR3-B overexpressing cells, the pro-proliferative response 

induced by ligand is blunted by excess CXCR3-B. Endogenous CXCR3-B, which is 

expressed poorly in metastatic cells, does not override the CXCR3-A response, so 

gene-silencing of CXCR3-B has no detectable effect on proliferation.  
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Figure 3.6. The effect of CXCR3 ligands on proliferation of breast cancer cell lines. A) 
Proliferation of 66.1 cells by MTT assay after 72-hour treatment with CXCL9, CXCL10 or CXCL11 at 
10, 100 and 200 ng/ml added to 10% FBS media. B) Proliferation of MDA-MB-231 cells determined 
by means of real-time impedance-based xCelligence assay over 72-hour treatment with CXCL10 at 100 
ng/ml added to complete growth media. C) Proliferation of MCF-10A cells over 72-hour treatment 
with CXCL10 at 100 ng/ml added to complete growth media. D) Proliferation of CXCR3-B over-
expressing MDA-MB-231 cells (clone22) over 72-hour treatment with CXCL10 at 100 ng/ml added to 
complete growth media. E) Proliferation of CXCR3-B gene-silenced MDA-MB-231 cells (clone33) 
over 72-hour treatment with CXCL10 at 100 ng/ml added to complete growth media. * p�0.05 vs 
control. 
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CXCL10 mediates intracellular signaling in murine and human breast cancer 

cell lines 

        AKT, p38 MAPK and ERK1/2 pathways play important roles in maintenance 

and regulation of normal cellular functions and are often aberrant in cancer cells. 

CXCR3 is linked to these pathways in normal cells [59, 120]. We examined the 

activation of these major signaling pathways in response to CXCR3 ligand 

stimulation in normal and malignant mammary epithelial cell lines by Western blot. 

EpH4 is an immortalized murine mammary epithelial cell line, 410.4 is a murine 

adenocarcinoma cell line; human MCF-10A and MDA-MB-231 cells were also 

examined. After overnight serum-starvation, the cells were treated with 100 ng/ml 

CXCL10/IP-10 for various times, then the cell lysates were collected and AKT, p38 

MAPK and ERK1/2 pathway activation was assessed using phospho-specific 

antibodies to AKT, p38 MAPK and ERK1/2. In both murine 66.1 and human MDA-

MB-231 tumor cells, ERK1/2 is robustly activated in response to CXCL10 

stimulation (Figure 3.7A and B). Peak activation was observed at 5 minutes, declining 

thereafter. The same pathway is inhibited in murine normal EpH4 cells and human 

normal MCF-10A cells treated with CXCL10. The p38 MAPK pathway has been 

implicated in both suppression[147] and promotion of cancer progression[148]. p38 

activation was involved in CXCR4 mediated lung metastasis[149]. Likewise the p38 

pathway is activated in murine 410.4 tumor cells and decreased in murine normal 

EpH4 cells after CXCL10 stimulation. Thus, for both ERK and p38 MAPK pathways, 

CXCR3 triggers different downstream responses in malignant versus normal cells. 
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The phosphorylation patterns of AKT pathway were different in each cell line. In 

EpH4 and MCF-10A cells, there was increased phosphorylation, and in 66.1 cells, 

there was a biphasic decrease; while in MDA-MB-231 cells, a slight decrease of 

phosphylation was observed after CXCL10 treatment. No clear conclusion could be 

drawn regarding AKT activation patterns between normal and tumor cells. 
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A.  

 

B.   

 

Figure 3.7.  CXCL10 mediates intracellular signaling in murine and human breast cancer cell 
lines. After overnight serum-starvation, cells were treated with CXCL10 100 ng/ml for 5 minutes, 15 
minutes, 30 minutes and 60 minutes and cell lysates were collected. Total ERK1/2, AKT and p38 were 
used as loading controls for phosphorylated p-ERK1/2, p-AKT and p-p38, respectively. Shown is one 
representative western blot out of three. A) Activation patterns of ERK1/2, p38 and AKT pathways in 
murine EpH4 and 410.4 cells. B) Activation patterns of ERK1/2, p38 and AKT pathways in human 
MCF-10A and MDA-MB-231cells.  
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Effect of CXCR3-B expression changes on CXCL10 induced downstream 

signaling pathway patterns 

        As suggested in our earlier study, the different signaling patterns of ERK and p38 

pathways after CXCR3 ligand stimulation between normal and malignant breast 

cancer cell lines might be due to their different expression patterns of CXCR3-A and 

CXCR3-B isoforms. We further asked if changing the balance of CXCR3-A/CXCR3-

B expression in MDA-MB-231 cells will affect the responses of these two pathways 

to CXCL10 treatment. After overnight serum-starvation, CXCR3-B over-expressing 

and gene-silenced cells, together with their respective vector controls were treated 

with 100 ng/ml CXCL10/IP-10 for various lengths of time, then the cell lysates were 

collected, and p38 MAPK and ERK1/2 pathway activation were examined by Western 

blot. As observed in parental cells, MDA-MB-231 R3B vector control cells responded 

to ligand stimulation by ERK and p38 activation (Figure 3.8A). In CXCR3-B over-

expressing MDA-MB-231 R3B cells, both ERK1/2 and p38 phosphorylation were 

inhibited in response to ligand treatment. Interestingly, in CXCR3-B gene-silenced 

MDA-MB-231 shR3B cells, the activation patterns of both ERK1/2 and p38 remained 

unchanged compared with vector control (Figure 3.8B).  Activation of ERK1/2 and 

p38 was comparable in MDA-MB-231 vector versus MDA-MB-231 shR3B cells. 
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A.  

 

B.  

 
Figure 3.8.  Effect of CXCR3-B expression changes on CXCL10 induced downstream signaling 
pathway patterns. MDA-MB-231 cells were stablely transfected with CXCR3-B retroviral 
overexpressing plasmid (pcDNA3-CXCR3-B), or CXCR3-B lentiviral shRNA plasmids or respective 
vector/scramble controls. After overnight serum-starvation, cells were treated with CXCL10 100 ng/ml 
for 5 minutes, 15 minutes, 30 minutes and 60 minutes before the cell lysates were collected. Total 
ERK1/2, and p38 were used as loading controls for their phosphorylated forms p-ERK1/2 and p-p38, 
respectively. A) Activation patterns of ERK1/2 and p38 pathways in CXCR3-B over-expressing MDA-
MB-231 clone 22 compared with vector transfectants. B) Activation patterns of ERK1/2 and p38 
pathways in CXCR3-B gene-silenced MDA-MB-231 clone 33 compared with vector transfectants. 
Shown is one representative western blot out of three. 
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The role of CXCR3 in soft agar growth in human and murine malignant 

mammary epithelial cells 

       The soft agar colony formation assay has an established correlation with 

tumorigenicity, which measures the cell’s ability to proliferate without attachment to a 

substratum, also termed anchorage-independent growth[150]. CXCR4 was reported to 

enhance colony formation of cancer cells in soft agar; no investigation of the role of 

CXCR3 in breast cancer colony formation has been reported. We hypothesized that 

CXCR3 promotes soft agar growth of breast cancer cells. To test this hypothesis, we 

conducted a soft agar assay using human breast cancer cell lines MDA-MB-231 and 

MDA-MB-468. We also compared murine 66.1 cell growth in soft agar before and 

after CXCR3 silencing. For human MDA-MB-231 and MDA-MB-468 cells, CXCL10 

was used to examine the effect of CXCR3 activation on anchorage-independent 

growth. As the previous data (Figure 3.7) showed robust activation of ERK1/2 in 

tumor cells, we used an ERK inhibitor in combination with CXCL10 to investigate if 

the ERK pathway is involved in the modulation of soft agar growth through CXCR3. 

This ERK inhibitor blocks ERK-mediated phosphorylation of protein substrates, 

while exhibiting little effect on ERK1/2 phosphorylation by MEK1/2. CXCL10 

modestly enhanced colony formation in MDA-MB-231 and MDA-MB-468 cells 

(Figure 3.9A-B), however, this effect was not statistically significant. Nevertheless, an 

ERK inhibitor was able to reverse this stimulatory effect. MDA-MB-468 cells were 

more sensitive than MDA-MB-231 cells to ERK inhibition. In murine 66.1 cells, 

CXCR3 gene-silencing resulted in impaired growth as shown by less colony 

formation (Figure 3.9C). In this experiment, ligand was not added, suggesting that the 

expression level of CXCR3 itself has an impact on tumor cell growth in soft agar. 
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C. 

                 

 

                         
Figure 3.9.  The role of CXCR3 in soft agar growth. A and B) Human breast cancer cell lines MDA-
MB-231 and MDA-MB-468 were grown in soft agar for 3 weeks. 5×103 cells were plated in six-well 
plates in growth medium containing 0.35% agarose overlying a 0.5% bottom layer. CXCL10 and ERK 
inhibitor was diluted into 0.35% agarose. Every 3 days, fresh medium containing treatment reagents 
were added. After 3 weeks of incubation, the colonies were stained with 0.005% crystal violet, colony 
images photographed on a Bio-Rad Imager, and colonies counted using Image J. * p�0.05 vs control, # 
p�0.05 vs CXCL10 treatment. C) Murine malignant mammary epithelial cell line 66.1 transduced with 
CXCR3 shRNA and vector control were grown in soft agar for 3 weeks. Five×103 cells were plated in 
six-well plates in growth medium containing 0.35% agarose overlying a 0.5% bottom layer. * p�0.05 
vs vector.  
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Effect of CXCR3-B expression changes on colony forming ability in soft agar of 

human breast cancer cell line MDA-MB-231 

        Our previous study has shown that CXCR3 expression affects soft agar growth in 

murine 66.1 tumor cells. In human MDA-MB-231 and MDA-MB-468 cells, there was 

a trend of enhancement of colony forming ability without reaching statistical 

significance. In addition, the relative contribution of CXCR3-A and CXCR3-B 

remains unknown in human cells. We were interested to investigate how the change of 

CXCR3-B expression level will affect the colony forming ability of MDA-MB-231 

cells, which is a very important characteristic in tumor metastasis. To address this 

question, the clonogenic assay was modified from the protocol provided by R&D 

Systems, Inc. In brief, 2,500 cells were plated in quadruplicate in 0.4 ml of 0.33% 

low-melting agarose, seeded in a 24-well plate over a layer of 0.4 ml of 0.5% agarose. 

The plate was maintained at 37 °C in 5% CO2 for 12 days, at which point colonies 

were stained with 1mg/ml iodonitrotetrazolium chloride. Colonies consisting of >50 

cells were automatically counted by a colony counter, and the density and size of the 

colonies were analyzed. As shown in Figure 3.10A and B, CXCR3-B over-expression 

significantly increased both the number and the size of the colonies. Conversely, 

reduced CXCR3-B expression resulted in both fewer and smaller colonies (Figure 

3.10C and D). These data suggest that CXCR3-B promotes soft agar growth in human 

MDA-MB-231 cells. 
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C. 

                       

D. 

                      
 
Figure 3.10.  The effect of CXCR3-B expression changes on soft agar growth in human breast 
cancer cell line MDA-MB-231. A and B) Two CXCR3-B over-expressing MDA-MB-231 clones and 
vector control were grown in soft agar. 2,500 cells were plated in 24-well plates in growth medium 
containing 0.33% agarose overlying a 0.5% bottom layer. After 12 days of incubation, the colonies 
were stained with iodonitrotetrazolium chloride. Colonies consisting of >50 cells were automatically 
counted by a colony counter, and the density and size of the colonies were analyzed.  C and D) Two 
CXCR3-B gene-silenced MDA-MB-231 clones and vector control were grown in soft agar. 2,500 cells 
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were plated in 24-well plates in growth medium containing 0.33% agarose overlying a 0.5% bottom 
layer. After 12 days of incubation, the colonies were stained with iodonitrotetrazolium chloride, 
Colonies consisting of >50 cells were automatically counted by a colony counter, and the density and 
size of the colonies were analyzed. * p�0.05 vs vector. 
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CXCR3 protects breast cancer cells from suspension-induced apoptosis 

        In addition to the ability to invade, anoikis resistance is another fundamental 

property required for malignant cells to metastasize. In the sequential multistep 

metastatic process, including invasion, intravasation and extravasation, epithelial cells 

are either deprived of matrix or exposed to foreign matrix components[151]. All of 

these events normally trigger apoptotic processes. Among them, suspension-induced 

apoptosis is termed anoikis[152]. Malignant cells have acquired anoikis resistance, 

thus facilitating metastatic “success”[153]. We directly examined anoikis by 

measuring suspension-induced apoptosis using murine 66.1 cells with or without 

CXCR3 gene-silencing. Cells were plated into a low-attachment dish coated with 

hydrogel layer that effectively inhibits cellular attachment and forces cells into 

suspension. Cells were grown in serum-free medium with or without CXCL10. After 

48 hours growth in suspension, cells were harvested and cytoplasmic fractions of cell 

lysates were measured for apoptosis using a Cell Death Detection kit which can 

recognize mono- and oligonucleosomes resulting from DNA fragmentation. CXCL10 

modestly protected 66.1 cells from anoikis after 48 hours in suspension (Figure 

3.11A). In 66.1 cells with reduced CXCR3 expression, the protective effect of 

CXCL10 against anoikis was lost. We also measured anoikis in 66.1 and MDA-MB-

468 cell lines by flow cytometric quantification of sub-G1population. Cells were 

ethanol-fixed and treated with RNase A (1 mg/ml) and propidium iodide (20 μg/ml). 

Cells were analyzed by a Becton Dickinson LSR-II at the Flow Cytometry Core 

Laboratory, CVD Immunology Group at the University of Maryland. Consistent with 
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the DNA fragmentation data, CXCL10 treatment resulted in a lower percentage of 

cells in sub-G1 in both 66.1 and MDA-MB-468 cells, indicating resistance to anoikis. 

66.1 cells with reduced CXCR3 expression failed to respond to CXCL10 treatment. In 

vector transfected 66.1 cells, 14.9% of the cells were in the sub-G1 population, but in 

the presence of CXCL10, the population was reduced to 2.97%. In 66.1 cells 

transfected with CXCR3 shRNA, 18.8% of the cells were in sub-G1 fraction without 

CXCL10 treatment, and this fraction was not reduced by CXCL10 in CXCR3-

silenced cells, indicating that the protective effect of CXCL10 was through CXCR3 

(Figure 3.11B). Likewise, the sub-G1 population in MDA-MB-468 cells was reduced 

from 16% to 10.5% by CXCL10 treatment (Figure 3.11C). 
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C.  

 

 

Figure 3.11. CXCR3 protects breast cancer cells from suspension-induced apoptosis. A) Five×105 
per well 66.1 cells were added into a Corning Ultra-Low Attachment 6-well dish containing serum-free 
DMEM medium. Cells were treated with 100 ng/ml CXCL10. After 48 hours, cytoplasmic fractions of 
cell lysates were collected and DNA fragmentation was analyzed using Cell Death Detection ELISA kit 
from Roche. The enrichment factor was calculated by dividing the absorbance value of indicated time 
point by the absorbance value of time zero (before forced suspension). * p�0.05 vs control. B and C) 
Five×105 per well 66.1 or MDA-MB-468 cells were added into a Corning Ultra-Low Attachment 6-
well dish containing serum-free DMEM medium. Cells were treated with 100 ng/ml CXCL10. After 48 
hours cells were ethanol-fixed and treated with RNase A (1 mg/ml) and propidium iodide (20 μg/ml) 
and were analyzed by a Becton Dickinson LSR-II flow cytometer.  
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Discussion  

        A wide range of chemokines have been implicated in tumor progression. Our 

previous studies have shown that higher CXCR3 expression in human breast cancer 

correlates with poorer prognosis[138]. However, little is known about the molecular 

mechanism underlying how CXCR3 promotes breast cancer metastasis. Furthermore, 

it has been reported that there are 3 isoforms of CXCR3: CXCR3-A, CXCR3-B and 

CXCR3-alt[56, 104]. CXCR-B is the product of alternative splicing and CXCR3-alt is 

generated by exon skipping. The two major isoforms are CXCR3-A and CXCR3-B; 

CXCR3-A is considered the classical form. Several studies have demonstrated that 

CXCR3-A and CXCR3-B are co-expressed in a variety of cell types, including breast 

cancer cells[112]. CXCR3-B exhibited different functions compared to CXCR3-A in 

pulmonary epithelial cells and renal cancer cells[114, 115]. In these cells, CXCR3-A 

promoted cancer progression and CXCR3-B demonstrated opposing properties. 

However, little information is available regarding the expression pattern or function of 

the two isoforms in breast cancer.  

        In this study, we found that total CXCR3 protein expression was elevated in both 

murine and human breast cancer cells, compared with normal mammary epithelial cell 

lines EpH4 and MCF-10A, respectively, suggesting that CXCR3 contributes to breast 

cancer progression. So far, no isoform expression has been reported in murine cells. 

We demonstrated that both isoforms are expressed in a primary human breast cancer 

specimen and in established breast cancer cell lines. Compared with MCF-10A, 

CXCR3-A mRNA expression was elevated in all four breast cancer cell lines: T47D, 
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MCF-7, MDA-MB-231 and MDA-MB-468. There was no uniform trend in CXCR3-

B mRNA expression; T47D and MCF-7 showed some increase while MDA-MB-231 

showed some decrease in the B-form compared with MCF-10A. Interestingly, when 

we calculated the CXCR3-B/CXCR3-A ratio (B/A), B/A was decreased in all four 

breast cancer cell lines compared with MCF-10A. The decreased B/A in breast cancer 

cell lines suggests that during the process of tumorigenesis, there is a change in the 

balance between CXCR3-B and CXCR3-A, tilting towards CXCR3-A. No antibody 

specific to CXCR3-A can be made since there is no amino acid sequence unique to 

CXCR3-A to utilize. Therefore we examined total and CXCR3-B protein level by 

Western blot. Western blotting of CXCR3-B further confirmed that CXCR3-B 

expression was decreased in MCF-7, MDA-MB-231 and MCF-468 cells. CXCR3-B 

levels in T47D cells did not differ from MCF-10A cells. 

        Many studies have shown that CXCR3 mediates migration in a variety of cells, 

including immune cells and cancer cells. Two major mechanisms underlying the 

migration response are calcium influx and small G protein Rac activation[154, 155]. 

We investigated whether these two pathways are activated in response to CXCR3 

ligands in human MDA-MB-231 cells. We demonstrated that both CXCL10 and 

CXCL11 treatment induced calcium flux in MDA-MB-231 cells. Also, Rac activation 

was rapid and transient, peaking at 5 minutes after CXCL10 treatment. 

        The effects of CXCR3 activation on cell proliferation are cell type-specific. In 

some cells, cell growth is promoted, while in others, proliferation is either inhibited or 

remains unchanged. To understand how CXCR3 ligand will affect breast cancer cell 
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growth, we performed proliferation assays using murine 66.1 cells and human MDA-

MB-231 cells. All three ligands showed similar and modest inhibition of 66.1 cell 

growth, but no dose response was observed. In MDA-MB-231 cells, CXCL10 

treatment enhanced cell growth, but growth of MCF-10A cells was not affected by 

CXCL10. We further demonstrated that ectopic CXCR3-B expression in MDA-MB-

231 cells inhibited basal cell proliferation and the response to CXCL10. On the other 

hand, CXCR3-B gene-silencing did not affect basal proliferation or the response to 

CXCL10.  These data suggest that promotion of cell proliferation in MDA-MB-231 

cells is mediated by dominant effects of CXCR3-A and this stimulation can be 

overridden by excess CXCR3-B. 

        Next we examined the signaling pathways downstream of CXCR3. Both in 

murine and human breast cancer cell lines, ERK1/2 phosphorylation was increased 

after CXCL10 treatment but remained unchanged or was decreased in corresponding 

normal mammary epithelial cells. A similar pattern was observed with ligand-

mediated p38 pathway activation. That is, p38 activation occurred in malignant but 

not benign cells. In terms of AKT phosphorylation, the response of each cell line was 

distinct, with no obvious pattern revealed. These data suggested that ERK1/2 and p38 

activation are affected by the relative expression of CXCR3-B/A and that CXCR3-B 

might be linked to a different activation pattern in response to CXCR3 ligand.  

        We also demonstrated that ectopic CXCR3-B expression resulted in decreased 

ERK1/2 and p38 phosphorylation, compared to enhancement of phosphorylation of 

the two pathways in vector control MDA-MB-231 cells. Interestingly, CXCR3-B 
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knockdown did not have much effect on the activation of these two pathways. These 

data, combined with the observed expression switch of the two isoforms of CXCR3 in 

normal and malignant mammary epithelial cells, led us to postulate that CXCR3-A 

and CXCR3-B are linked to different signaling patterns, with CXCR3-A mediating 

activation and CXCR3-B leading to inhibition. When over-expressing CXCR3-B, the 

majority of the ligand binds to CXCR3-B and the overall outcome resembles the 

pattern of CXCR3-B activation. When reducing CXCR3-B in the already CXCR3-A 

dominant cell line, the overall outcome was consistent with unopposed CXCR3-A 

activation.  

        In addition to proliferation, anchorage-independent growth is also a very 

important characteristic related to cancer cell metastatic properties[150]. Our study 

demonstrated that activation of CXCR3 in human MDA-MB-468 and MDA-MB-231 

cells by CXCL10 showed a trend of enhanced soft agar growth, which was reduced 

by inhibition of the ERK pathway. In addition, the expression level of CXCR3 itself 

can also have an effect on soft agar growth. In CXCR3 gene-silenced murine 66.1 

cells, the colony formation capability was reduced compared with vector control cells. 

We further asked how the isoform switch in human breast cancer cells could affect 

their clonogenic abilities. Based on the proliferation data suggesting that CXCR3-B 

inhibited proliferation, we were surprised to observe that CXCR3-B over-expression 

increased both the number and the size of the colonies. In contrast, reduced CXCR3-B 

expression resulted in both fewer and smaller colonies. These data suggest that 

CXCR3-B promotes colony formation abilities of human MDA-MB-231 cells in soft 

agar by a mechanism not directly related to proliferation. 

        During the multistep metastasis process, escaped cancer cells will undergo 
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situations when they are in suspension, such as in circulation. In normal cells, that 

condition usually will result in apoptosis (anoikis)[152]. Anoikis resistance is another 

fundamental property required for malignant cells to survive in suspension and to 

metastasize[153]. To evaluate if CXCR3 contributes to anoikis resistance in breast 

cancer cells, we detected suspension induced cell death both by DNA fragmentation 

and sub-G1 population. We found that CXCL10 treatment provided some protection 

from anoikis in murine 66.1 cells. When CXCR3 expression was reduced, the 

protective effect was abolished. This conclusion was suggested both by DNA 

fragmentation and sub-G1 determination, suggesting that the protective effect of 

CXCL10 is mediated by CXCR3. A similar protective effect of CXCL10 was also 

observed in human MDA-MB-468 cells as indicated by the reduction of sub-G1 

population after 48 hours treatment with ligand. 

        These results shed some light on the functional role of CXCR3 expressing cells, 

and the contribution of CXCR3 in breast cancer. These studies also indicate that the 

two isoforms in human breast cancer cells might exert different functions and the 

change of balance during the process of tumorigenesis might be responsible for the 

malignant behavior of breast cancer cells. Our studies indicate that CXCR3 might be a 

practical target in clinical breast cancer, and continued work in this area is still 

necessary to fully determine which splice isoform is to be inhibited or induced.  
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SPECIFIC AIM 2:  

Investigate the role of CXCR3-B in human breast cancer cell 

migration, invasion and development of cancer stem cell-like 

properties 

Introduction 

       CXCR3-A has been reported to promote migration and invasion of a range of 

tumor cells, including melanoma, colon, prostate and renal cancer [114, 125, 128, 

156], whereas CXCR3-B has been shown either to inhibit migration or to have no 

chemotactic effect[56, 114]. In renal cancer cells, down-regulation of CXCR3-B by 

calcineurin inhibitor, a drug used to prevent allograft rejection, resulted in increased 

migration even when CXCR3-A expression remained unchanged[114]. Our previous 

study demonstrated that CXCR3 activation enhanced migration in the murine cell line 

66.1[81]. In addition to enhanced motility, increased invasive capacity is required for 

tumor cells to metastasize to distant sites. For invasion to occur, tumor cells need to 

break down ECM components to provide room for infiltration, and to migrate by 

extension of membrane protrusions and reorganization of the cytoskeleton. In this 

study, we determined the role of CXCR3 in human breast cancer cell migration and 

invasion. Considering the possible different functions of CXCR3-A versus CXCR3-B, 

we also determined how the change of balance between the two isoforms would affect 

the migratory and invasive abilities of the human breast cancer cell line MDA-MB-

231. 

        The cancer stem cell (CSC) hypothesis states that tumors are initiated and 
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maintained by a subpopulation of cells capable of self-renewal and differentiation, 

which are also responsible for resistance to radiation and chemotherapy, and may 

contribute to clinical metastases[157, 158]. This small population of cells are also 

known as tumor-initiating cells (TICs). The first evidence of breast cancer stem cells 

(BCSCs) was demonstrated in the report by Al-Hajj et al., which revealed that as few 

as 100 CD44+CD24−/low phenotype cells isolated from human breast cancer gave rise 

to tumors when xenotransplanted into NOD/SCID mice[159]. In addition to a 

CD44+CD24−/low phenotype, aldehyde dehydrogenase (ALDH) was later identified to 

be associated with poor prognosis in breast cancer and is known as a putative BCSC 

marker[160]. Both CD44+CD24−/low and ALDH+ cells possess the ability to form 

mammospheres, which are floating spherical colonies formed from a single cell under 

low attachment conditions. Mammosphere culture has been widely used to enrich for 

BCSCs[142]. Among chemokine receptors, CXCR4 has been implicated in cancer 

stem cell biology, with evidence that its activation maintains a stem cell population in 

tamoxifen-resistant MCF-7 breast cancer cells [161, 162]. However, whether CXCR3 

plays a role in breast cancer cell stem-like properties remains unknown. Based on the 

fact that CXCR3 contributes to a variety of metastatic properties of breast cancer cells, 

we hypothesized that CXCR3 might play a role in cancer stem-like properties.  

        Epithelial mesenchymal transition (EMT) is a crucial event likely involved in 

dissemination of epithelial cancer cells. Furthermore, the EMT has recently been 

associated with acquisition of stem cell-like characteristics[163, 164]. EMT in breast 

cancer is closely linked to the triple negative (ER-, PR- and ErbB2-) basal-like breast 
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cancer subgroup and cancer stem cells[165-167]. Carcinoma cells are connected to 

their neighboring cells and to basal membranes by junctions which are abolished 

when cells acquire a migratory mesenchymal phenotype, contributing to metastatic 

spread[168]. EMT is characterized by loss of intercellular adhesion (E-cadherin and 

occludins), down-regulation of epithelial markers (cytokeratins), up-regulation of 

mesenchymal markers [vimentin and smooth muscle actin (SMA)], acquisition of 

fibroblast-like (spindle) morphology with cytoskeleton reorganization, and increase in 

motility, invasiveness, and metastasic capabilities[169-171]. Several transcription 

factors have emerged in recent years that induce EMT, including Twist [172, 173]. We 

further investigated whether CXCR3 is also linked to EMT. We asked if CXCR3 

activation could change the epithelial-mesenchymal phenotype of breast cancer cells. 
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Results  

CXCR3 ligands promote migration of human and murine breast cancer cells 

        Cell migration is a vital step in tumor metastasis. With our previous data linking 

CXCR3 up-regulation to a worse breast cancer prognosis, we queried how CXCR3 

affects cell behaviors related to metastasis, including migration.  We hypothesized that 

one of the mechanisms of CXCR3-mediated metastasis is enhanced cell migration. To 

test this hypothesis, we used the human breast cancer cell line MDA-MB-231 and 

murine malignant mammary epithelial cell lines 66.1 and 410.4 to determine if 

CXCR3 ligands can stimulate cell migration. A Boyden migration chamber was used 

for this purpose. Cells were allowed to migrate toward different concentrations of 

CXCR3 ligands for 24 hours. Base medium was used as a negative control and 5% 

FBS-containing medium was used as a positive control. Migrated cells were labeled 

with the fluorescence dye calcein AM and quantified by fluorescence reading. 

CXCL10/11 significantly promoted migration both in human MDA-MB-231 cells and 

murine 66.1 and 410.4 cells (Figure 4.1 A, B and C). We also observed real-time cell 

migration over a time course of 48 hours by means of xCELLigence impedance-based 

cell migration assay, cell index values were calculated and compared (Figure 4.1 D). 

MDA-MB-231 cells started to migrate towards CXCL10 after 12 hours and this 

response leveled off at about 34 hours. To limit the impact of cell proliferation, we 

chose 24 hours as the time point to compare migration. 
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Figure 4.1. CXCR3 chemokines promote human and murine breast cancer cell migration. A, B, C) 
Migration of human MDA-MB-231 and murine 66.1, 410.4 tumor cells to various concentrations of 
CXCL10 or CXCL11. Cells were placed in modified Boyden chambers, and allowed to migrate toward 
10, 50, 100, or 1000 ng/ml of CXCL9, CXCL10 or CXCL11. FBS (5%) served as the positive control 
chemoattractant, and base medium alone served as the negative control chemoattractant. Cells were 
allowed to migrate 24 hours and then loaded with the fluorescent indicator calcein AM. The intensity of 
fluorescence is proportional to the number of migrated cells.  Data represent mean ± SE.  * p<0.05 vs. 
base control  D) Cell migraton was assessed utilizing the xCelligence RTCA SP real-time cell sensing 
device (Roche Applied Science). MDA-MB-231 cells were grown in growth media, trypsinized, 
counted, and approximately 1×105 cells were aliquoted in duplicate to the upper well of 16-well CIM-
plates, in the absence or presence of CXCL10 (100 ng/ml) in the bottom well. Impedance readings 
representing the number of migrated cells were taken every 30 minutes and the cells were allowed to 
migrate for 48 hours. * p<0.05 vs. control.  
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Effect of CXCR3-B expression changes on migration of the human breast cancer 

cell line MDA-MB-231 

        We demonstrated that CXCR3 activation enhanced migration in the murine cell 

line 66.1[81], 410.4, and the human breast cancer cell line MDA-MB-231. However, 

the relative contribution of each isoform remains unknown. To address whether the 

change of balance between CXCR3-A and CXCR3-B could affect the migration 

responses in MDA-MB-231 cells, we measured migration in both CXCR3-B over-

expressing and gene-silenced MDA-MB-231 cells. We used both wound healing and 

Boyden chamber assays to assess cell migration. As shown in Figure 4.2A, the wound 

healing assay revealed that in MDA-MB-231 cells overexpressing CXCR3-B 

(polyclonal pool), wound closing was delayed both at 18 hours and 24 hours, 

compared with vector control, suggesting that the expression level of CXCR3-B itself 

can affect cell motility/adhesion of MDA-MB-231 cells. To further confirm the effect 

of CXCR3-B over-expression on MDA-MB-231 cell migration, we used two different 

CXCR3-B over-expressing clones to conduct Boyden chamber migration assays. As 

shown in Figure 4.2B, vector control cells migrated to CXCL10 at 24 hours as 

expected. Both clones overexpressing CXCR3-B lost the migration response to 

CXCL10. Interestingly, as shown in Figure 4.2C, the migration to CXCL10 was not 

affected by CXCR3-B gene-silencing in MDA-MB-231 cells.  
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b.       quantification of Figure 4.2 A (a) 
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B.               CXCR3-B over-expressing MDA-MB-231 migration 

           

 

C.            CXCR3-B gene-silenced MDA-MB-231 migration     

           

 

Figure 4.2.  Effect of CXCR3-B expression changes on MDA-MB-231 cell migration. A) The 
effects of CXCR3-B over-expression on breast cancer cell migration were tested by in vitro wound-
healing assay. Confluent monolayers of MDA-MB-231 cells were scarred, and repair was monitored 
microscopically after 18 hours and 24 hours. The lower panel represents the quantification of distance 
migrated by the cells in 18 hours and 24 hours  relative to 0 hour. *P�0.05 vs vector control. B-C) 
Migration of stable CXCR3-B over-expressing and gene-silenced MDA-MB-231 clones to CXCL10, 
compared with respective vector controls. Cells were placed in modified Boyden chambers and 
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allowed to migrate toward CXCL10 (100 ng/ml). Base medium alone served as the negative control 
chemoattractant. Cells were allowed to migrate 24 hours and then loaded with the fluorescent indicator 
calcein AM. The intensity of fluorescence is proportional to the number of migrated cells. Each 
experiment was done at least three times. Data represent mean ± SE.  *P�0.05 vs base control. 
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CXCR3 ligand promotes invasion of breast cancer cells 

        In addition to enhanced motility, increased invasive capacity is required for 

tumor cells to metastasize to distant sites. For invasion to occur, tumor cells need to 

break down ECM components to provide room for infiltration, to extend membrane 

protrusions and to reorganize the cytoskeleton. We hypothesized that one of the 

underpinnings of CXCR3-mediated metastasis is enhanced tumor cell invasion. To 

test this hypothesis, we used human breast cancer cell line MDA-MB-231 and murine 

malignant mammary epithelial cell line 410.4 to determine if CXCR3 chemokines can 

promote tumor cell invasion. A Boyden chamber assay was used for this purpose. The 

chamber was coated with Matrigel, a composite ECM rich in laminin and type IV 

collagen. Cells were allowed to invade for 24 hours, and the invaded cells were either 

fixed and stained with crystal violet or labeled with fluorescent dye calcein AM as in 

the migration assay and quantified by fluorescence reading. CXCL10 promoted 

invasion of both human MDA-MB-231 cells and murine 410.4 cells (Figure 4.3A and 

B).  
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A. 

 

 

B.                                                 MDA-MB-231 invasion  

 

 

Figure 4.3. CXCR3 chemokine promotes human and murine breast cancer cell invasion. A) After 
24 hours serum starvation, 5×104 human MDA-MB-231 or murine 410.4 cells were added to the 
matrigel coated invasion chamber (BD Biosciences) in a 24-well plate, with the lower well containing 
100 ng/ml CXCL10. The positive control was 5% FBS, and the negative control was base medium 
alone. After 24 hours, the non-invasive cells on the upper side of the membrane were scraped off and 
the invasive cells on the bottom surface of the membrane were fixed and stained with crystal violet. B) 
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After 24 hours serum starvation, 5×104 MDA-MB-231 cells were added to the matrigel coated invasion 
chamber (BD Biosciences) in a 24-well plate, with the lower well containing 100 ng/ml or 1000 ng/ml 
CXCL10. The positive control was 5% FBS, and the negative control was base medium alone. After 24 
hours, the invaded cells on the bottom surface of the membrane were trypsinized, labeled with 
fluorescent dye calcein AM and quantified by fluorescence reading.  Each experiment was done at least 
three times. Data represent mean ± SE.* p<0.05 vs base control. 
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Effect of CXCR3-B expression changes on migration and invasion of the human 

breast cancer cell line MDA-MB-231 

        The previous study demonstrated that CXCR3 activation enhanced invasion of 

both murine cell line 410.4 and human breast cancer cell line MDA-MB-231. 

However, the relative contribution of each isoform to migration and invasion in 

human breast cancer cells is unknown. To address whether the change of balance 

between CXCR3-A and CXCR3-B could affect the invasion responses in MDA-MB-

231 cells, we compared invasion in both CXCR3-B over-expressing and gene-

silenced MDA-MB-231 cells. Boyden chambers with Matrigel-coated inserts were 

used for the invasion assay. As shown in Figure 4.4A, CXCR3-B over-expressing 

cells lost the invasion response toward CXCL10 compared with vector control. 

Reduced CXCR3-B in MDA-MB-231 cells did not affect the ability of cells to invade 

in response to CXCL10 (Figure 4.4B). 
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A.            CXCR3-B over-expressing MDA-MB-231 migration     

         

 

B.           CXCR3-B gene-silenced MDA-MB-231 migration     

         
 

Figure 4.4. Effect of CXCR3-B expression changes on MDA-MB-231 cell invasion. Invasion assay 
of A) CXCR3-B over-expressing and B) CXCR3-B gene-silenced MDA-MB-231 clones to CXCL10, 
compared with respective vector controls. After 24 hours serum starvation, 5×104 cells were added to 
the matrigel coated invasion chamber (BD Biosciences) in a 24-well plate, with the lower well 
containing 100 ng/ml CXCL10. The negative control was base medium alone. After 24 hours, the 
invasive cells on the bottom surface of the membrane were trypsinized, labeled with the fluorescent 
dye calcein AM and quantified by fluorescence reading.  Each experiment was done at least three times. 
Data represent mean ± SE.* p<0.05 vs base control. 
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CXCR3-B promotes mammosphere formation of the human breast cancer cell 

line MDA-MB-231 

         There is considerable interest in the potential for cancer stem cells to drive 

tumor progression and thereby metastasis[174]. Among chemokine receptors, CXCR4 

has been implicated in the biology of breast cancer stem cells. For example, CXCR4 

activation maintains a stem cell population in tamoxifen-resistant MCF-7 breast 

cancer cells [161, 162]. However, whether CXCR3 plays a role in breast cancer cell 

stem cell properties remains unknown. Based on the fact that CXCR3 contributes to a 

variety of metastatic capacities of breast cancer cells, we next examined if CXCR3 is 

also involved in stem-like properties of breast cancer cells. One indication of self-

renewal and stem cell potential is the ability of mammary cells to survive and form 3-

dimensional spheroids under low attachment conditions. We first demonstrated that 

murine and human breast cancer cells can form mammospheres (Figure 4.5A). Then 

we compared CXCR3-A and CXCR3-B expression in mammosphere forming versus 

bulk population MDA-MB-231 cells. We harvested mammospheres after 7 and 10 

days of culture and mRNA was analyzed by qPCR for expression of CXCR3 isoforms 

and compared to expression in bulk MDA-MB-231 cells. As shown in Figure 4.5B, 

both CXCR3-A and CXCR3-B expression levels were increased in mammosphere 

forming cells relative to the bulk population. CXCR3-A mRNA levels were increased 

by 4~8-fold. A much more pronounced induction of CXCR3-B was observed 

(50~200-fold). Based on these data, we hypothesized that CXCR3-B contributes to 

stem cell properties of breast cancer cells. To test this hypothesis, we analyzed the 



 
 

107 
 

mammosphere forming capacity of CXCR3-B over-expressing and CXCR3-B gene-

silenced MDA-MB-231 cells. As expected, we found that CXCR3-B over-expression 

enhanced mammosphere formation both by number and size of mammospheres 

(Figure 4.5C). On the contrary, reduced CXCR3-B expression inhibited 

mammosphere formation both in terms of number and size of mammospheres (Figure 

4.5D). The enhancing effect of CXCR3-B overexpression on mammosphere 

formation and the reduced mammosphere forming capacity of CXCR3-B gene-

silencing was maintained throughout serial passage of primary mammospheres (MS1) 

into secondary (MS2) and tertiary (MS3) cultures.  
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A.  

 

 

B. 

                    

                   

MS-7d:  MDA-MB-231 cells grown in mammosphere condition for 7 days 

MS-10d:  MDA-MB-231 cells grown in mammosphere condition for 10 days  
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Figure 4.5.  Mammosphere formation in CXCR3-B over-expressing and gene-silenced MDA-MB-
321 cells. A) Murine tumor cell line 66.1 and human breast cancer cell line MDA-MB-231 both formed 
mammospheres. B) CXCR3-A and CXCR3-B mRNA expression levels were measured by Real-time 
qPCR and normalized to the GAPDH control gene. Fold changes of CXCR3-A and CXCR3-B mRNA 
expression in mammosphere-forming MDA-MB-231 cells at 7 days and 10 days grown in 
mammosphere condition were calculated as compared with bulk population MDA-MB-231cells 
(assigned a value of 1 for reference). *p<0.05 vs bulk control. C) Mammosphere formation assay in 
CXCR3-B over-expressing MDA-MB-231 cells compared to vector control cell line in primary (MS1) 
or serially passaged (MS2, MS3) cultures. *p<0.05 vs vector control. D) Mammosphere formation 
assay in CXCR3-B knock-down MDA-MB-231 cells compared to vector control cell line in primary 
(MS1) or serially passaged (MS2, MS3) cultures. Mammospheres were counted manually and 
photomicrographs were taken after 7 days.  *p<0.05 vs vector control.  
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The relationship of CXCR3-B and vimentin expression in the human breast 

cancer cell line MBA-MB-231    

        EMT is a key event likely involved in dissemination of epithelial cancer 

cells[168], which is characterized by loss of intercellular adhesion (E-cadherin and 

occludins); down-regulation of epithelial makers (cytokeratins); up-regulation of 

mesenchymal markers [vimentin and smooth muscle actin (SMA)]; acquisition of 

fibroblast-like (spindle) morphology with cytoskeleton reorganization; and increase in 

motility, invasiveness, and metastasic capabilities[169-171]. Several transcription 

factors have emerged in recent years that induce EMT, including Twist [172, 173]. 

Furthermore, EMT has recently been associated with acquisition of stem cell-like 

characteristics[163, 164]. In breast cancer, EMT is closely linked to the triple negative 

(ER-, PR- and ErbB2-) basal-like breast cancer subgroup and cancer stem cells[165-

167]. Given the association between CXCR3 and a stem cell-like phenotype (Figure 

4.5), we further investigated whether CXCR3 is also linked to EMT. We first asked if 

CXCR3 activation could change the epithelial-mesenchymal phenotype of breast 

cancer cells. As shown in Figure 4.6A, when human breast cancer cell MDA-MB-231 

cells were treated with CXCL10, the expression of the mesenchymal markers 

vimentin, α-SMA, and Twist were reduced, without up-regulation of the epithelial 

marker E-cadherin. Similarly, in CXCL9 over-expressing murine 66.1 cells, the 

mesenchymal marker expression was inhibited without any change in the E-cadherin 

level. These data suggest a partial mesenchymal-epithelial transition (MET), which is 

the reverse process of EMT. Recent studies have suggested a role of MET in breast 
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cancer metastatic colonization at the secondary site[175]. In both breast cancer and 

prostate cancer cells, re-expressed E-cadherin at the metastatic site conferred 

chemoresistance[176]. We were also interested in determining whether altered 

CXCR3-B expression could affect the epithelial-mesenchymal phenotype of MDA-

MB-231 cells. Vimentin protein expression level was reduced in CXCR3-B gene-

silenced MDA-MB-231 cells compared to vector control cells and parental cells, 

while no obvious change of vimentin expression was observed in CXCR3-B 

overexpressing cells. No change of E-cadherin protein levels was observed with the 

alteration of CXCR3-B expression (Figure 4.6B). 
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A. 

        

  

B. 

     
Figure 4.6.  CXCR3 ligand treatment and CXCR3-B expression change affect mesenchymal 
markers. A) Immunoblot analysis illustrates that MDA-MB-231 cells treated with CXCL10 (100 
ng/ml and 1000 ng/ml) for 48 hours showed decreased expression of vimentin, α-sma and Twist, 
without any change of E-cadherin expression in any condition. Similary, ectopic expression of CXCL9 
in murine 66.1 cells also inhibited expression of vimentin, α-sma and twist. B) Vimentin and E-
cadherin expression were examined by Western blot in CXCR3-B knockdown and over-expressing 
MDA-MB-231 cells, compared with parental and respective vector-transfected cells. MCF-7 cell was 
used as positive control for E-cadherin and negative control for vimentin.  
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Discussion 

        Our studies provide evidence of CXCR3 isoform switching in human breast 

cancer cells, in which CXCR3-B is the primary isoform in normal cells and CXCR3-

A becomes the major isoform in tumor cells. To further dissect how this isoform 

switching may impact tumor growth and dissemination, we investigated the effects of 

CXCR3-B expression level changes on malignant behavior of the human breast 

cancer cell line MDA-MB-231.  

        Of special interest is how CXCR3-B expression changes would affect cancer cell 

migration and invasion abilities. Our data revealed that CXCR3-B over-expression led 

to inhibition of both ligand stimulated migration and invasion, without affecting the 

migration and invasion to serum, suggesting that the altered responses were CXCR3- 

specific. Similar with the observations in signaling studies in Aim 1, CXCR3-B gene-

silencing did not result in observed changes of migration and invasion abilities of 

MDA-MB-231 cells. These data suggest that both migration and invasion are 

mediated by CXCR3-A. There are several possible mechanisms to explain the 

inhibitory effect of high CXCR3-B expression on the metastatic phenotype. In the 

context of CXCR3-B over-expression, more ligand may bind to CXCR3-B, resulting 

in less ligand binding to CXCR3-A, leading to a reduced migration or invasion 

response. Alternatively, CXCR3-B linked signaling pathways may override cellular 

responses mediated by CXCR3-A. The failure of CXCR3-B gene-silencing to 

modulate the metastatic phenotype could be because when down-regulating CXCR3-

B in already CXCR3-A dominant cells, the amount of increased ligand binding to 
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CXCR3-A may not be sufficient to further impact migration and invasion. CXCR3-A 

responses may already be optimal so that decreased CXCR3-B does not result in 

further enhancement of CXCR3-A mediated responses.  

        Since we demonstrated that CXCR3 plays a role in soft agar growth of MDA-

MB-231 cells, which is a characteristic also related to cancer cell stem-like properties, 

we further examined CXCR3-A and CXCR3-B mRNA expression in MDA-MB-231 

cells grown in mammosphere culture, which is believed to enrich for cells having 

stem-like properties. Interestingly, we found that both CXCR3-A and CXCR-B 

mRNA levels were up-regulated in mammospheres, compared with bulk MDA-MB-

231 cells. However, CXCR3-B up-regulation was more profound compared to the 

change of CXCR3-A. Then we directly investigated the mammosphere forming 

ability of MDA-MB-231 cells with either CXCR3-B knockdown or over-expression. 

Based on the promoting effect of CXCR3-B on soft agar growth of MDA-MB-231 

cells, we predicted that the mammosphere forming ability might also be enhanced by 

CXCR3-B. As expected, we found that CXCR3-B over-expression enhanced 

mammosphere formation. On the contrary, reduced CXCR3-B expression inhibited 

mammosphere formation. The effect of CXCR3-B on mammosphere formation 

capacity was observed throughout 3 serial passages of mammosphere forming cells in 

both CXCR3-B over-expression and gene-silenced clones.  

        Epithelial-mesenchymal transition (EMT) plays crucial roles in dissemination of 

epithelial cancer cells[170]. EMT has also been associated with acquisition of stem 

cell-like characteristics[168]. Given the association between CXCR3 and the stem 
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cell-like phenotype demonstrated in our studies, we further investigated whether 

CXCR3 is also linked to EMT. We first examined if CXCR3 activation could change 

the epithelial-mesenchymal phenotype of breast cancer cells. CXCL10 treatment 

reduced the expression of mesenchymal markers vimentin, α-SMA, and Twist in 

MDA-MB-231 cells, without up-regulation of the epithelial marker E-cadherin. 

Similarly, in CXCL9 over-expressing murine 66.1 cells, mesenchymal marker 

expression was inhibited without a concomitant change in the E-cadherin level. We 

also examined how the change of CXCR3-B expression itself could affect the 

mesenchymal-epithelial phenotype of MDA-MB-231 cells, and found that CXCR3-B 

knock-down resulted in decreased vimentin expression, whereas CXCR3-B over-

expression exerted no effect on vimentin expression. No effect on E-cadherin 

expression was observed in either CXCR3-B gene-silenced or over-expressing clones.  

Although we did not observe E-cadherin re-expression after CXCL10 treatment or 

CXCR3-B gene-silencing, vimentin and other mesenchymal markers were decreased; 

these data suggest a partial mesenchymal-epithelial transition (MET). Recent studies 

have suggested a role of MET in breast cancer metastatic colonization at the 

secondary sites[175]. In both breast cancer and prostate cancer cells, re-expressed E-

cadherin at the metastatic sites conferred chemoresistance[176].  

        In summary, we found that in MDA-MB-231 cells, CXCR3 isoform switching 

towards CXCR3-A rendered the cells more migratory and invasive. At the same time, 

CXCR3 isoform switching towards CXCR3-B provides the cells with heightened 

stem cell properties. In other words, our data indicate that CXCR3-B does not 
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necessarily always exert opposing functions compared to CXCR3-A. Sometimes, 

these isoforms antagonize each other; at other times, they may co-operate to promote 

breast cancer metastasis. Breast cancer cells are a very heterogeneous population, 

with different isoform expression patterns. Based on our data, we postulate that the 

majority of the population are CXCR3-A dominant cells, which favors migration and 

invasion of the cells; only a very small percentage of the population are CXCR3-B 

dominant, which are the cells possessing stem-like properties. In addition, the same 

cells might undergo CXCR3 isoform switching during the process of metastasis. To 

be more specific, they might be CXCR3-A dominant before they arrive at the 

secondary site. Once they reached the secondary sites, where there are higher 

expression levels of CXCR3 ligands, cells might switch to a CXCR3-B dominant 

phenotype, which would facilitate their survival and colonization in the new 

microenviroment.  
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SUMMARY AND CONCLUSIONS 

 

        The overall purpose of this study was to gain greater insight into the mechanisms 

by which CXCR3 contributes to breast cancer metastasis. The studies described here 

revealed higher CXCR3 protein expression both in human and murine malignant 

mammary epithelial cell lines as compared to that of their respective normal 

counterparts. When examining isoform expression in human breast cancer cells at the 

mRNA level using real-time quantitative PCR, CXCR3-A expression was usually 

elevated, with either increased or decreased CXCR3-B levels compared to the non-

transformed mammary epithelial cell MCF-10A. Interestingly, the amount of CXCR3-

B relative to CXCR3-A was also reduced in cancer cells as compared with MCF-10A, 

regardless of the absolute amount of CXCR3-B, suggesting that in cancer cells, the 

balance between the two isoforms tilted to CXCR3-A. Western blotting further 

confirmed that CXCR3-B protein expression was reduced in 3 out of the 4 breast 

cancer cell lines. One conclusion is that CXCR3-A exerts pro-tumor functions and 

CXCR3-B might exhibit anti-tumor properties. 

       CXCL10 treatment induced phosphorylation of ERK1/2 and p38 MAPK in tumor 

cells, but not in normal mammary epithelial cells. In human cells, this might be 

explained by the changed balance between CXCR3-A and CXCR3-B, since the two 

isoforms might be linked to different signaling pathways. However, in murine cells 

where there is no evidence of multiple isoforms, a similar phenomenon was also 

observed, suggesting that the same CXCR3 receptor might transduce different 
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signaling pathways in normal versus malignant mammary epithelial cells.  

        To obtain a deeper understanding of the effect of CXCR3 isoform switching on 

human breast cancer cells, we successfully generated clones of CXCR3-B over-

expressing and gene-silenced clones from the MDA-MB-231 cell line, and chose two 

of each phenotype for further characterization. We demonstrated that ectopic CXCR3-

B expression resulted in decreased ERK1/2 and p38 phosphorylation, compared to 

enhancement of phosphorylation of these molecules in vector control MDA-MB-231 

cells. Interestingly, CXCR3-B gene-silencing did not have much effect on the 

activation of these two pathways. We postulate that CXCR3-A and CXCR3-B are 

linked to different signaling patterns of the same pathway, with CXCR3-A related to 

activation and CXCR3-B to inhibition. When over-expressing CXCR3-B, the majority 

of the ligand may bind to CXCR3-B, the overall outcome thus exhibited the pattern of 

CXCR3-B activation. When knocking-down CXCR3-B in the already CXCR3-A 

dominant cell line, the overall outcome resembled CXCR3-A activation in the 

unmanipulated cells. 

        Similar observations were found with proliferation, migration and invasion 

abilities of MDA-MB-231 cells. CXCL10 stimulation promoted these abilities, which 

were attenuated by CXCR3-B over-expression but not affected by CXCR3-B gene-

silencing.  

       Anoikis resistance has been found to be an important characteristic of cancer cells 

to successfully metastasize and eventually colonize at secondary sites[151, 153]. 

Among chemokines, CXCR4 and CCR7 were reported to provide protection from 
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anoikis in breast cancer cells[177]. In this study, we also found that CXCR3 conferred 

resistance to anoikis as measured by reduced DNA fragmentation and a smaller sub-

G1 population. This protection was compromised under reduced CXCR3 expression.  

        We also examined the possible roles of CXCR3 in colony forming abilities of 

breast cancer cells in soft agar. We found that CXCR3 activation by ligand showed a 

trend towards promotion of soft agar growth in breast cancer cells that was ERK1/2 

dependent. In addition, reduced CXCR3 expression decreased soft agar growth 

directly. When further investigating the isoform contribution to the colony forming 

ability of MDA-MB-231 cells, we found that contrary to our expectation, CXCR3-B 

enhanced soft agar growth. We demonstrated that CXCR3-B over-expression 

increased both the number and the size of the colonies. Reduced CXCR3-B 

expression resulted in both less colony formation and smaller colony size. These data 

suggest that CXCR3-B promotes soft agar growth in human MDA-MB-231 cells.  

        Since the soft agar assay indicated that CXCR3-B might enhance stem cell like 

properties of breast cancer cells, we compared CXCR3-A and CXCR3-B mRNA 

expression in MDA-MB-231 cells grown in mammosphere culture, which is believed 

to enrich for cells having stem-like properties[142]. Interestingly, we found that both 

CXCR3-A and CXCR-B mRNA levels were up-regulated in mammospheres, 

compared with bulk MDA-MB-231 cells. However, CXCR3-B up-regulation was 

more profound compared to the change of CXCR3-A. Then we directly examined the 

mammosphere forming ability of MDA-MB-231 cells with either CXCR3-B knock-

down or over-expression. Consistent with the soft agar data, we found that CXCR3-B 
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over-expression enhanced mammosphere formation both by number and size of 

spheres. On the contrary, reduced CXCR3-B expression inhibited mammosphere 

formation in terms of number and size. The effect of CXCR3-B on mammosphere 

formation capacity was observed throughout three serial passages of mammosphere 

culture in both CXCR3-B over-expression and gene-silenced clones.  

        Epithelial mesenchymal transition (EMT) has also been associated with 

acquisition of stem cell-like characteristics[168]. Given the association between 

CXCR3 and the stem cell like phenotype, we further investigated whether CXCR3 is 

also linked to EMT. We first examined if CXCR3 activation could change the 

epithelial-mesenchymal phenotype of breast cancer cells. CXCL10 treatment reduced 

the expression of mesenchymal markers vimentin, α-SMA, and Twist in MDA-MB-

231 cells, without up-regulation of the epithelial marker E-cadherin. Similarly, in 

CXCL9 over-expressing murine 66.1 cells, the mesenchymal marker expression was 

inhibited without concomitant changes in E-cadherin level. We also examined how 

the change of CXCR3-B expression itself could affect the mesenchymal-epithelial 

phenotype of MDA-MB-231 cells, and found that CXCR3-B gene-silencing resulted 

in decreased vimentin expression, whereas CXCR3-B over-expression did not affect 

vimentin expression. No change in E-cadherin expression was observed in either 

CXCR3-B over-expressing or gene-silenced clones. Although we did not observe E-

cadherin re-expression after CXCL10 treatment or CXCR3-B knockdown, vimentin 

and other mesenchymal markers were decreased; these data suggest a partial 

mesenchymal-epithelial transition (MET), which is the reverse process of EMT. 
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Recent studies have suggested a role of MET in breast cancer metastatic colonization 

at the secondary site[175]. In both breast cancer and prostate cancer cells, re-

expressed E-cadherin at the metastatic site conferred chemoresistance[176].  

       In summary, we found that CXCR3 expression is increased in both murine and 

human malignant mammary epithelial cells; and in human cells, where there are two 

major isoforms, CXCR3 isoform switching towards CXCR3-A rendered the cells 

more migratory and invasive. At the same time, CXCR3 isoform switching towards 

CXCR3-B provided the cells with stem-cell like properties. While the effects on 

mammosphere formation are interesting, a definitive relationship can only be 

established by demonstrating stem cell properties in vivo. In other words, our data 

indicate that CXCR3-B does not necessarily always exert opposing functions 

compared to CXCR3-A. Sometimes, these isoforms antagonize each other; at other 

times, they coordinate to promote breast cancer metastasis. Breast cancer cells are a 

very heterogeneous population, with different isoform expression patterns. Based on 

our data, we postulate that the majority of the population are CXCR3-A dominant 

cells, which favors migration and invasion of the cells; only a very small percentage 

of the population are CXCR3-B dominant, which are the cells possessing stem-like 

properties (Table 2). In addition, the same cell might undergo CXCR3 isoform 

switching during the process of metastasis. To be more specific, they might be 

CXCR3-A dominant before they arrive at the secondary site, once they reached the 

secondary sites, where CXCR3 ligands are expressed more abundantly, they might 
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switch to CXCR3-B dominant phenotype, which would facilitate their survival and 

colonization in the new microenviroment.  

Table 2. The roles of CXCR3-A and CXCR3-B in human breast cancer 

 CXCR3-A CXCR3-B 

Structure 368 AA 415 AA, has a longer NH2-
terminal extracellular domain 
different from the CXCR3-A 
sequence in the first 51 amino acid 
residues, whereas the remaining 
protein is identical. 

Ligand CXCL9, CXCL10, CXCL11 CXCL9, CXCL10, CXCL11, 

CXCL4 

Expression   in breast cancer    in breast cancer 

Function Cell proliferation 

Migration 

Invasion 

Cell growth 

Migration and invasion 

Soft agar growth 

Mammosphere formation 
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FUTURE DIRECTIONS 

 

        This study on different functions of CXCR3 splice isoforms has further enhanced 

our understanding of the role of CXCR3 and its isoform switching in breast cancer 

biology. The present study has suggested that CXCR3 contributes to an array of 

characteristics associated with dissemination of breast cancer cells. In AIM 1, we have 

seen many invasive characteristics displayed by CXCR3 expressing murine and 

human breast cancer cells, from ERK1/2 pathway activation, to enhanced soft agar 

growth and anoikis resistance. In addition, although both breast cancer cells and 

normal cells express CXCR3, they respond to CXCR3 ligand treatment differently. In 

human cells, this could be explained by the presence of two major splice isoforms, 

which are linked to different downstream signaling pathways; however, in murine 

cells, where there are no splice isoforms reported, the difference might be the result of 

the same receptor linked to different downstream signaling pathways. Continuation of 

this work would include further investigations to dissect the different downstream 

players in normal and malignant murine mammary epithelial cells, which could be 

present in human mammary epithelial cells as well.  

        In Aim 2, we have focused on how altered CXCR3-B expression could change 

human MDA-MB-231 cell migration, invasion and stem-cell like properties. We 

demonstrated that in human breast cancer cells, there is a switch towards CXCR3-A, 

which might render the cancer cells more migratory and invasive. On the other hand, 

when MDA-MB-231 cells expressing more CXCR3-B than CXCR3-A, they lost 
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some migratory and invasive capabilities, but became more stem-cell like and more 

epithelial. In the future, in vivo live imaging studies could be performed with the 

CXCR3-B gene-silenced or over-expressing MDA-MB-231 cells which co-express 

luciferase to investigate the overall outcome of altered CXCR3-B on breast cancer 

metastasis. Cells with altered CXCR3-B expression could be injected into SCID mice, 

and the metastasis status could be monitored and analyzed in real-time.  

        We postulate that unlike the majority of breast cancer cells, which are CXCR3-A 

dominant, the small percentage of stem-like cells are CXCR3-B dominant. Future 

studies can be focused to better understand the association of CXCR3-B expression to 

stem cell-like properties of breast cancer cells. More work could be down to examine 

if the changes of stem cell markers such as aldehyde dehydrogenase (ALDH) 

correlates with the alteration of CXCR3-B expression. In addition, limiting dilution 

assays of the MDA-MB-231 cells with altered CXCR3-B expression could be 

performed in immune compromised mice to assess their tumorigenic capabilities.  

        Secondly, we observed the involvement of CXCR3-B expression in epithelial-

mesenchymal phenotype of breast cancer cells and its relationship with stem-like 

properties. Further experiments could be performed to examine the epithelial-

mesenchymal markers of MDA-MB-231 cells grown in mammospheres after serial 

passages, to investigate if the change of CXCR3-B expression in mammospheres 

would correlate with alteration of epithelial-mesenchymal phenotype.  
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