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ABSTRACT 

MECHANISMS MEDIATED BY CXCL 12 SIGNALING THROUGH 

CXCR4 AND CXCR7 IN BREAST CANCER 

LaSharon D. Mosley 

DECEMBER 2009 

Interactions between chemokines and their receptors are involved in organ

specific homing and propagation of metastatic breast cancer (BrCa) cells. BrCa 

cells express higher levels of CXCR4 and CXCR7 mRNA and cell surface 

protein, than normal human mammary epithelial cells (HMECs). CXCR4 is 

ubiquitously expressed by a multitude of cancerous and normal cell types; while 

CXCR7 is differentially expressed by T helper lymphocytes, cancer cells, and 

normal epithelium. Importantly, recent studies show CXCR7 is highly expressed 

by activated endothelial cells (Le., neovasculature), fetal liver cells, and many 

tumors, but not by non-transformed (or normal) human tissues. Unlike other 

chemokine receptors, activation of CXCR7 does not cause Ca2
+ mobilization/flux 

or cell migration. However, CXCR7 activation by its ligands (CXCL 12 or 

CXCL 11) provides signals for growth, survival, and adhesion. Preliminary 

studies demonstrated CXCR7 expression is significantly higher in BrCa cases 

than compared to non-neoplastic tissues. Further, CXCR7 mRNAs are elevated 

in the BrCa cell line MCF-7, with modest expression in MDA-MB-231 when 
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compared to HMEC. Other studies revealed cell-type specific expression of 

CXCR7 may modulate BrCa progression. Together, these findings provided the 

rationale to support the hypothesis that CXCR7 and its interactions with CXCR4 

and CXCL 12 promote arCa cell collagenase expression, alter NF-KB and 

ERK11210calization to the nucleus, and correlates with cell cycle. Two Specific 

Aims were used to test this hypothesis. Aim 1 - Determined the differential and 

cell cycle-dependent expression of CXCR7, CXCR4, CXCL 12, matrix 

metalloproteinase proteins MMP-1 and/or -13 in BrCa cells, which were affected 

by CXCL 12 stimulation. Aim 2- Characterize some of the CXCL 12-dependent 

mechanisms involved in BrCa progression. 

The results from this study indicate that differential and cell cycle

dependent CXCR7 and CXCR4 expression plays a critical role in enhancing 

BrCa cell invasion and survival cell signals, which were CXCL 12-dependent but 

often G protein independent. Further, CXCL 12-induced CXCR4 mRNA 

expression required G~y protein and/or JAKISTAT signal transduction. It was 

also shown that CXCL 12-mediated CXCR7 mRNA expression in a pertussis 

toxin sensitive and no doubt required Gai protein signaling. In confirmation with 

previous studies from Wendt et aI., CXCL 12 expression is negatively regulated 

by the presence of CXCR4. Lastly, CXCL 12-dependent MMP-1 and MMP-13 

mRNA expression is Ga protein-, G~ protein-, and Gy protein-dependent 

presumably through CXCR4, while elevated expression of CXCR7 suppresses 

these effects. 
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CHAPTER I 

INTRODUCTION 

Metastasis is a non-random and specific process that includes: survival 

and growth of the primary tumor, detachment of tumor cells from the primary site, 

invasion into the vascular or lymphatic vessels, homing and adherence to the 

secondary site, survival, growth and angiogenesis of the metastasized cells at 

the secondary site (1). This process is responsible for all breast cancer (BrCa)

related deaths; therefore, therapies designed to prevent the spread of BrCa cells 

are greatly needed. The current theory for malignant cancer is that metastasis is 

the final stage of disease (2). Most importantly, cancer cells involved in the 

progression of the disease have acquired the necessary hallmarks of malignancy 

as they accumulate multiple, rate-limiting mutations that occur over an extended 

period of time. The primary idea behind early cancer detection and prevention 

strategies is that carcinogenesis can be suppressed during the post-initiation 

stage of disease, specifically due to cancer's progressive nature and long latency 

(3). However, the current concept of cancer is that disease progression is a 

mUlti-step process that arises late from rare transformed cells with metastatic 

potential (4, 5). For example, histological studies of epithelial cancers showed 

progression of the disease from benign through malignant stages. Further, 

metastatic tumor cells must be able to colonize at distant organs (6). 
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BrCa is the second leading cause of cancer-related deaths among women in 

the US. Similarly, the numerous anti-apoptotic mechanisms employed by BrCa 

cells to survive, serum-free environments or apoptosis-inducing therapies 

significantly contributes to the morbidity and mortality of this disease. Its 

progression consists of atypical ductal hyperplasia, pre-invasive ductal 

carcinoma in situ (DCIS), and invasive ductal carcinoma; however, the 

mechanisms responsible for BrCa metastasis and resistance to therapy are 

incompletely understood. Many factors have been implicated in the process of 

metastasis, serum-free survival and resistance to therapy, but the precise 

mechanisms are not entirely known. Brugge et al. demonstrated that a 

combination of oncogenes, one for constitutive proliferation along with another 

that inhibits apoptosis, are required for metastatic progression (7). Other studies 

have implicated physiological changes in the stroma or microenvironment maybe 

key to tumor progression or phenotypic reversion. Indeed, disrupting tumor cell 

interaction with the extracellular matrix (ECM) via integrin blocking antibodies 

resulted in a phenotypic reversion (8). Other observations in prostate and breast 

cancer models demonstrated that normal stromal fibroblasts are replaced by 

smooth muscle reactive myofibroblasts or carcinoma-associated fibroblasts to 

promote disease (CAFs). These CAF cells alter ECM composition, elevate 

cytokine production, and induce the infiltration of inflammatory cells (9, 10). 

Along this line, the pro-tumorigenic functions of CAFs in mammary carcinomas 
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are partially mediated by CXCL 12, is expressed at increased levels by mammary 

carcinoma CAFs and it plays a critical role in disease progression (11). 

CXCL 12 directly stimulates tumor growth by binding to and signaling through 

CXCR4 on tumor cells. This chemokine also recruits ECs into tumors by 

facilitating angiogenesis (12). Local injury, inflammation, and/or tumor cells (via 

paracrine signaling to stromal cells) are able to induce a microenvironment that is 

conducive for tumor cell progression. These studies also demonstrate that 

pathological changes in the tumor microenvironment maybe just as important for 

BrCa progression as mutational-oncogenic profiles of the tumor cell. Given the 

importance of stromal-epithelial interactions in normal mammary gland 

development, tissue homeostasis, and tumor progression, chemokines and their 

receptors play critical roles in each process (13). The goal of this dissertation is 

to determine or gain a better understanding of chemokine ligand CXCL 12 and its 

receptors, CXCR4 and CXCR7, interactions. 

Chemokines 

Chemokines are 8-10 kDa chemotactic cytokines that are classified into four 

groups (CXC, CC, C, and CX3C) based on the position of the first two cysteines 

(14). Chemokines bind receptors that belong to the G protein-coupled receptor 

superfamily often coupled to pertussis toxin sensitive Gi proteins (15) (Figure 1). 

In general, chemokine receptors exhibit promiscuity, being able to bind multiple 

ligands; however, 6 of the 18 chemokine receptors bind a single ligand (16). In 

recent years, chemokines and their receptors have been implicated in several 
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Figure 1. Previously shown CXCR4 cell-signaling pathways. The GPCR, 

CXCR4 binding of SDF-1 has been shown to activate G-proteins (heterotrimer 

aJ~/y) mediated signaling to elevate intracellular Ca2+(Calcium) , activate MAPK 

(Mitogen Activated Protein Kinases) , JNK (Jun N-terminal Kinases) and PI3K 

(Phosphoinositide-3 Kinase) . Cell signaling through these pathways lead to cell 

growth , migration and polarization. CXCR4 stimulation by SDF-1 also results in 

increased phosphorylation of focal adhesion components e.g. the related 

adhesion focal tyrosine kinase (RAFTKlPYK2) , Crk and Paxillin . Crk, which 

belongs to the adaptor family of proteins composed of SH2 (Src Homology 2) 

and SH3 domains, has a putative role in signaling. The phosphorylation and 
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translocation of NF-kB, c-jun/c-fos, and ERK1/2 are also critical for activating 

genes and transcriptional factors involved in many cellular events including: 

tumorigenesis, differentation, migration, growth and survival. JNK, which is 

moderately activated by v-Crk as well as Rac and Cdc42 (Cell Division Cycle 42), 

can activate genes needed for cell proliferation and survival. All of these 

signaling pathways are key for the role of CXCR4 in BrCa progression. 
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diseases, including cancer. They are secreted cytokine-like proteins that induce 

the direction of metastasis and survival of neoplastic cells through G-protein

coupled receptors, cytoskeleton rearrangement and adhesion of neoplastic cells 

to leukocytes and endothelial cells (14,17,18). These secreted factors act in a 

coordinated fashion with cell-surface proteins to direct the homing of various 

subsets of haematopoietic cells to specific organ sites (19). Studies have shown 

that secondary sites of BrCa metastasis, e.g., lung, liver, and bone are abundant 

sources of these ligands (19). Studies within our laboratory and others (Table 1) 

have shown chemokine involvement in cancer development and progression, 

including metastasis. This association with metastasis is not unusual since it is 

not a random process of cell migration. Metastasis has many features in 

common with normal cell migration; however, key differences lie in abnormal 

chemokine receptor expression, regulation or use (20). The role of chemokines 

and their receptors with regard to cancer has been divided into three broad 

categories. First, they must provide directional cues for tumor cells to migrate or 

metastasize at secondary sites. Second, they can favorably shape the tumor 

microenvironment for the "metastasized" cells. Third, they provide survival and 

growth signals for cancer cells (21,22). Although chemokines and their 

receptors' involvement in each of these categories has been well established, 

their exact mechanism of action are not well understood and the underlying 

complexity of chemokine networks makes it difficult to characterize them 

definitively. However, CXCL 12 and its receptor CXCR4 have been implicated in 

23 different types of cancers (23). 
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Chemokine Receptor Chemokine Ligand (s) Disease Investigated & 
Pub 

CXCR3 CXCl9, 10, & 11 Cystitis, 2008 & 2003 

CCR5 CCl5 Chlamydia, 2008 

CXCR3 CXCl 10 & 11 Colitis, 2008 

CXCR3 CXCl9, 10, & 11 IRB, 2007 

CCR5 CCl3, 4 & 5 Pneumonia, 2006 

CCR1, 3, & 5 RANTES Malaria, 2005 

CCR9 CCl25 Prostate Cancer, 2004 

CCR3,8 1-309, vMIP-11, & TCA-3 Mucosal Immunity, 2004 & 
2001 

CXCR4 CXCl12 Prostate Cancer, 2004 

CXCR5 CXCl13 Prostate Cancer, 2008 

CXCR1 and 2, Il-8R~ GCP-2 & Il-8 Adaptive Immunity, 2004 
&2003 

CCR1 RANTES Mucosal Immunity, 2001 

Table 1. Chemokines and Disease: Chemokine ligands and their receptors CBxpression in various diseases. 
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Human Stromal Cell-Derived Factor-1 , also known as CXCL 12, has two 

known isoforms (SDF-1 a (89 aa) and SDF-1 ~ (93 aa)) that binds the 352 aa 

rhodopsin-like GPCR, CXCR4 with comparable affinity (Kd of 7.5 and 13.7nM 

respectively) (24, 25). The CXCL 12/CXCR4 axis is one of the best studied, 

primarily due to their roles in HIV entry (26) as well as their ability to mediate the 

metastasis of a variety of cancers (27). Studies have shown that CXCL 12 affects 

growth and spread of cancer cells through interactions with CXCR4 (19). 

CXCR4 has been shown to playa major role in the progression of multiple types 

of carcinomas and this chemokine receptor is widely expressed by astrocytes, 

glial cells, and neurons of the adult nervous system as well as normal epithelial 

cells. Of particular interest, CXCR4 is constitutively expressed by cortical and 

hippocampal neurons as well as epidermal cells. 

Other factors have also been shown to enhance CXCR4 expression 

specifically during cancer progression. Further, CXCR4 is expressed by many 

cancer cells, cell lines and endothelial cells around tumor lesions (28). Other 

studies have shown that CXCR4 may influence migration in the peritoneum, a 

major route for BrCa cell spread to lymph nodes (19, 29). Increased cell surface 

expression of CXCR4 maybe the result of altered regulation, independent of 

effects on transcription or translation. Ubiquiination of CXCR4 is a post

translational modification regulating the expression of this receptor (30). 

Interestingly, BrCa cells that are HER2/neu positive have increased expression 

of CXCR4 as a result of reduced CXCR4 ubiquitination. This provides a potential 

link between HER2 positive BrCa and the attenuated degradation of CXCR4 
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(31). To this end, neutralizing CXCR4 significantly impaired BrCa cell metastasis 

to regional lymph nodes and lung (19). 

Several clinical studies have noted that the progression of BrCa and tumor 

burden correlates with inflammatory and acute phase protein levels in sera. For 

example, patients with metastatic BrCa express significantly more serum IL-1~, 

IL-6, and TNF-a when compared to healthy donors or patients without neoplasms 

or with benign or localized breast tumor (32). Stimulation of fibroblast or 

endothelial cells with IL-1~, IL-6, and TNF-a, which are elevated during BrCa 

burden, results in the production of several factors including CXCL 12 (33) and 

CXCL 11 (34). Elevation of these factors often correlates with poorer disease 

outcomes, tumor size, and metastasis. To explain, the bone marrow responds to 

infection (and tumor burden) by producing more mature leukocytes from a small 

pool of committed progenitor cells under the influence of colony-stimulating 

factors (CSF) (35). Similarly, factors produced during this innate response are 

involved in the expression of chemokines and cell adhesion molecules by human 

bone marrow endothelial (HMBE) cells and osteoblasts (36, 37). Of importance, 

osteoblasts have been demonstrated to express and respond to CXCL 12 (38). 

Mutation of CXCL 12 leads to a defect in the guided migration of the lateral 

line of zebrafish. This defect caused by CXCL 12 mutation is surprisingly 

stronger than those caused by CXCR4 deficiency (39). Perhaps tumor cell 

invasion, like tissue development, is a collective phenotype of several signals 

and cells. Perhaps, extrinsic cues and interactions influence a small number of 

"leader" as well as "trailing" cells. Recent studies have shown that CXCR4 is 
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required at the leading edge, while another chemokine receptor that also binds 

CXCL 12, CXCR7, is expressed by trailing regions to presumably support 

migration, differentiation, and/or adhesion (i.e., arrest). Knockdown of CXCR7 

affected trailing cells and caused stretching and incomplete or "stalled" tissue 

formation in zebrafish (40, 41). Other studies demonstrated that CXCR4 and 

CXCR7 act independently to regulate cell migration and this relationship is 

believed to be synergistic; however, activation of both receptors is controlled 

directly by CXCL 12 (34). While there are several mechanisms that are common 

among tissue development or wound healing and tumor metastasis, further 

studies are required to determine how this elegant interaction between CXCR7 

(CXCL 11 and CXCL 12) and CXCR4 (CXCL 12) may determine breast tumor 

development. My dissertation addressed and dissected some of these cellular 

and molecular mechanisms. 

CXCR7 

My preliminary histological studies show that BrCa tissue also express 

higher levels of CXCR7 (Figure 3) to presumably dictate cell adhesion, invasion 

and survival in response to chemokine ligand CXCL 12. CXCR7, formerly called 

RDC1, is a recently de-orphanized G-protein coupled receptor that binds with 

high affinity to two chemokines - CXCL 11 (interferon-inducible T cell 

chemoattractant; I-TAC) and CXCL 12 (stromal cell-derived factor-1; SDF-1). 

Receptor-binding studies revealed that CXCL 12 has a higher binding affinity for 

CXCR7 than compared to CXCL 11 (~3-fold more efficiency) (34). Originally, 
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cloned from a canine cDNA library as a putative G-protein coupled receptor for 

vasoactive intestinal peptide hormone (VIP), a connection between RDC1 and 

chemokines was proposed based on sequence similarity (43%) and identity 

(32%) with CXCR2, CXCR1 and CXCR4 on human chromosome 2. Despite its 

phylogenetic relation and ligand-binding properties, CXCR7 has not yet found 

general consent as a typical chemokine receptor (42). For example, chemokine 

receptors often signal via pertussis toxin sensitive Gai-proteins and contain a 

conserved DRYLAIV motif at the N-terminus of the second intracellular loop that 

is sufficient for coupling to Gai-proteins. CXCR7 coupling to G-proteins has not 

been demonstrated and it has an altered DRYLSIT motif, which may disallow it to 

optimally interaction with these signal transducing proteins (42). Most 

importantly, the third intracellular loop, which is generally less conserved 

between GPCRs, confers specificity for G-protein interactions (Figure 2), but the 

function of this site remains in question, because CXCR7 activation is atypical 

when compared to signals induced by other CXC chemokine receptors (43). 

Activation of CXCR7, whether by CXCL 11 or CXCL 12, does not cause 

Ca2+ mobilization or cell migration; however, expression of CXCR7 provides cells 

with increased growth and survival properties (44). In studies involving CXCR4+ 

HEK293 cells, expression of CXCR7 showed enhanced cell responsiveness to 

CXCL 12 (44). Other studies showed CXCR7 is critical for CXCL 12 mediated 

survival, tumor growth and aggressiveness (42). Due to these studies, it could 

be hypothesized that CXCR7 may signal independently of its G-proteins. 
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Figure 2. Hypothetical CXCR7 (G protein-independent) cell-signaling 

pathways. The GPCR, CXCR7 is hypothesized to signal via a pathway 

independent of its G-proteins (heterotrimer subunit apy) but involves crosstalk 

with CXCR4. Interaction with JAKISTAT with the C-terminal tail of the receptor is 

key for the activation of PI3K that induces downstream cascade components 

MAPK, AKT, Rho GTPases, and Rho Gefs. These signaling pathways for 

CXCR7 enhances protein translation , cell adhesion , migration, and survival in 

BrCa. 
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Although CXCR4 was once believed to be a receptor unique for CXCL 12, 

my preliminary studies and those of others suggest that CXCR7 acts either as a 

"scavenger receptor" with limited function or a receptor that amplifies or fine

tunes CXCL 12 cues for cell migration, adhesion, invasion and/or survival. When 

both CXCR4 and CXCR7 are expressed, studies show that these chemokine 

receptors efficiently form heterodimers, which could have consequences on 

CXCL 12-mediated signals (45). Moreover, the relative CXCR4 or CXCR7 

expression levels contribute to the occurrence of these heterodimers. Using 

bioluminescence resonance energy transfer (BRET) analyses, Levoye et a/. 

demonstrated that CXCR7 expression alters CXCR4-mediated Gai protein 

complexes and impaired CXCR4-promoted Gai protein activation and Ca2
+ 

responses. In the same study, RNA interference targeting CXCR7 and blockade 

of CXCL 12/CXCR7 interactions contributed to reduced chemotaxis toward 

CXCL 12 in primary T cells. This study along with others, identified 

CXCR4/CXCR7 heterodimers as distinct functional units with novel properties 

that can contribute to the activity of CXCL 12. Lastly, no cellular signaling 

pathway(s) , e.g., extracellular signal-related kinase (ERK1/2), AktlPKB, 

phosphoinositide 3-kinase (PI3K), and Src, have been determined for CXCR7. 

Studies within this dissertation will help to elucidate some of these events. 
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Chemokine-Induced Integrin Activation and Firm Adhesion 

Primary leukocyte adhesion to endothelium, namely, tethering and rolling, 

are mediated by chemokines as well as integrins. Transendothelial lymphocyte 

motility during inflammation is a complex process that involves cell rolling along 

the endothelium of extracellular matrixes (ECM). This rolling continues until a 

high concentration of a given chemokine is detected which results in integrin

dependent firm adhesion and cell arrest at the site of secretion. Hence, 

chemokines aggregate not only their respective receptors but also bring together 

and activate integrins to increase the binding avidity for firm cell adherence that 

can resist the shear force exerted by blood flow (46). Several chemokines have 

been shown to modulate lymphocyte adhesion to endothelium or endothelial 

ligands (47-51). Elucidating the mechanisms of integrin activation by 

chemokines at confined leukocyte-endothelium contact zones under shear flow 

is crucial for understanding how chemokines regulate BrCa cell metastasis. 

Chemokine-triggered G-protein signaling coupled to integrin clustering takes 

place within sub-seconds. Endothelium expressed chemokines, e.g., CXCL 11 

and CXCL 12, might function to augment BrCa cell arrest under physiological flow 

conditions. 

Cytoskeleton re-modeling, adhesion and de-adhesion are not only required 

for cellular motility, but are also linked to proliferation and survival pathways. 

Integrins elicit a series of transduction signals (e.g., focal adhesion kinase (FAK), 

Src, ERK1/2, mitogen-activated protein kinase (MAPK), PI3K, etc.) that influence 

cell proliferation and survival (52, 53). While a6~1 has a high affinity for 
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fibronectin, av~3 adhesion depends on vitronectin and osteopontin constituents in 

bone ECM (37). Uv~3 and Uv~1 integrin expression by breast tumors correlates 

with poor prognosis and promotes BrCa cell survival and proliferation under 

adverse conditions (54-57). G-protein coupled receptor activation has been 

shown to induce ~3 integrin tyrosine phosphorylation via Src (58). Activation 

(phosphorylation) of the ~3 integrin subunit has also been shown to augment the 

interaction with its substrate for tight binding and signaling events (59). 

Matrix metal/oproteinase (MMP) and cancer progression 

Activation of CXCR4 stimulates the production of MMPs (60) potentially 

facilitating the ability of cancer cells to egress from the primary tumor site and 

invade secondary sites. Furthermore, CXCL 12 signaling is able to enhance 

integrin activity through cell adhesion under flow conditions (17, 61). Upon 

entering the blood or lymphatic systems, if CXCR4 truly mediates metastasis, 

tumors would preferentially migrate and adhere to areas that highly express 

CXCL 12. BrCa cells follow this distinct pattern of metastasis to lymph nodes, 

lung, liver, and bone marrow all of which express high levels of CXCL 12. av~3 

expression by MDA-MB-231 cells promotes bone tumor burden and 

destruction/invasion (62), in part through MMP upregulation (63). 

After adhesion, neoplastic cells must penetrate the basement membrane 

and invade the interstitial stroma to initiate the metastatic process. Many 

proteinases are capable of degrading ECM components, but MMPs (e.g., 

collagenases, gelatinases, and stromelysins) appear to be particularly important 
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for matrix degradation (64, 65) and cancer cell dissemination (66). Several 

MMPs and tissue inhibitors of MMPs (TIMPs) are highly expressed by invasive 

BrCa cell lines (MDA-MB-231) as well as breast tumor tissue. MDA-MB-231 

cells express and secrete active MMP-1, -3, -7, -9, -10, -11, and -13, whereas 

MMP-9 is specifically up-regulated by cell contact (67, 68). Indeed, expression of 

CXCR4 and MMP-9 by breast tumors correlates with a poor diagnosis of lymph 

node metastasis (69). Consistent with their role in BrCa progression, high levels 

of at least MMP-2, -9, -11, and -14 have been found to correlate with poor 

prognosis of patients with BrCa (70, 71). Accordingly, inhibitors of 

CXCR4/CXCR7 or siRNA knockdown inhibit metastasis and growth of breast 

cancer cells (72, 73). Our laboratory has previously shown that CXCL 12 can 

modulate the expression of collagenase, gelatinase, and stromelysin to support 

cancer cell invasion (74). To this end, studies attempting to correlate mestastatic 

potential and MMP involvement have yielded mixed results. This dissertation 

investigated the effects of CXCL 12 interactions with CXCR7 and CXCR4 that 

support active collagenase (MMP-1 and MMP-13) expression. 

Chemokine Receptor Signaling 

It has become evident that integrations between chemokines and their 

receptors lead to signal transduction that requires cell-cell adhesion molecules, 

cell-matrix receptors, and intracellular signaling proteins. A number of kinases 

have been shown to playa role in leukocyte (as well as cancer cell) adhesion, 

motility and invasion. Chemokine-induced integrin clustering and affinity 
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upregulation as well as chemotaxis by lymphocytes via F-actin polymerization 

and lame IIi-podia formation depends on a signaling network involving Rac, 

Cdc42 and Rap (75-78). Indeed, different signal transduction proteins may 

regulate multiple invasion events, including adhesion, de-adhesion, motility, and 

invasion using pathways such as the Src-ERK, FAKlPYK2-ERK, PI3K-Akt-NF-

1(B, and/or DOCK2-ELMO for Rac and/or Rap activation cascade(s). The current 

dogma for chemokine receptor signaling involves Gai protein, PI3K (upstream of 

ERK1/2), and phospholipase C (PLC) activation that leads to Ca2
+ flux required 

for Src and FAK activation. There is no doubt that PI3K is a key signaling 

molecule that is activated after chemokine-chemokine receptor interactions by 

BrCa cells. Certain isoforms of p11 0 act to catalyze the formation of PI (3,4,5) 

P3 and subsequent production of PI (4,5) P2 by PTEN or PI (3,4) P2 by SHIP, 

which leads to the activation of Akt(s) (subsequent activation of NF-1(B) and 

ERK(s) to regulate cell functions including: proliferation, survival, membrane 

trafficking and cytoskeletal structures (79). 

Src activity is involved in cell invasion (and possibly motility) through its 

central role in the scaffolding complex of signaling molecules at the focal 

adhesion signaling organelle (80). Activation by auto-phosphorylation of FAK 

induces another pathway for motility and/or invasion (80-82). PI3K(s), Src, and 

FAKlPYK2 can also activate ERK(s) for migration, adhesion and invasion (81, 

83-86). It has been suggested that integrin avidity modulation by leukocytes 

appears to be mediated by ERK1/2. 
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Akt binds to the phospholipids produced by PI3K and recruits this kinase to 

the plasma membrane, where it is activated by phosphorylation. The non

universal role of PI3K in BrCa cell motility, adhesion, and invasion has important 

implications for the development of new targets against metastatic cancers. 

Leukocyte migration seems to be mediated in a predominately Pl3K-independent 

and DOCK2-dependent manner (87). While PI3K and (Src and FAK) events 

have been shown to playa role in cancer cell motility, adhesion, invasion, and 

survival (88, 89), the potential of Pl3K-independent in CXCR7-mediated events 

remain uncertain. Most likely, Pl3K-dependent and -independent pathways may 

be involved in CXCR7-triggered integrin activation, for subsequent adhesion and 

invasion. 

Chemokine Receptors and Cell Survival 

The expression of chemokine receptors on migrating cells may provide 

these cells with more than directional cues for metastasis. Chemokine receptor 

signaling may provide a survival advantage once in a foreign environment. 

These molecular strategies for survival and growth are often the result of using or 

reprogramming existing physiological pathways (90). In most cases, survival 

signals are likely related to the role of chemokine receptor pairs e.g., 

CXCL 12:CXCR4 and CXCL 12:CXCR7 in normal development. Other situations 

for cell survival and proliferation may require redirecting signals from existing 

migration pathways. For example, studies have shown that metastasized cancer 

cells have a strong propensity to survive and resist apoptotic stimuli and in some 
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cases, extracellular survival signals can aide or promote cell survival in the 

"foreign" microenvironment (91). 

Unlike other chemokine receptors (e.g., CXCR3 and CXCR4), CXCR7 

does not induce Ca2
+ flux or migration by BrCa cells (44). However, CXCR7 

promotes cell survival and adhesion (92). Studies have also shown that 

chemokine receptor signaling often leads to activation of Akt and subsequent 

phosphorylation of multiple targets, e.g., glycogen synthase kinase (GSK)-3~, 

Forkhead [Drosophila] homolog 1 [rhabdomyosarcoma] (FKHR) and caspase 9 

(without caspase 3 induction), which are involved in cell survival (93). The 

current dogma for chemokine receptor signaling involves Gai protein, PI3K, and 

PLC activation that leads to Ca2
+ flux. There is no doubt that PI3K can be a key 

signal after CXCR4 and CXCR3 activation on BrCa cells. The prosurvival 

molecule Akt binds to the phospholipids produced by PI3K through its PH domain 

and is recruited to the plasma membrane where it is activated by 

phosphorylation. Phosphorylated Akt in turn phosphorylates Bad, a pro-apoptotic 

protein belonging to the BcI-2 family. When phosphorylated, the cytoplasmic 

protein 14-3-3 sequesters Bad and apoptosis is inhibited. 

A second Akt substrate includes FKHR (94-96). Phosphorylation of FKHR 

prevents translocation of this protein to the nucleus where it regulates the 

transcription of genes involved in apoptosis (97). ERK1/2 signaling may also 

contribute to cell survival through these pathways. For example, studies have 

shown that ERK1/2 via phosphorylation and inhibition of procaspase-9 and BAD 

may provide signals for cell survival and proliferation (98). Further studies 
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showed ERK1/2 can localize to the nucleus and activate transcription factors 

involved in cell-cycle regulation and differentiation that promotes cell proliferation 

(99). Thus, chemokine receptor signaling can activate transcription factors 

involved in anti-apoptotic mechanisms, cell-cycle regulation, and growth-factor 

production. These pro-tumorigenic pathways are likely to be particularly 

important for the ability of metastatic cancer cells to thrive in foreign 

microenvironments. These studies provide the rationale for my dissertation, 

which has demonstrated some of the mechanisms of CXCR7 and CXCL 12 

interactions and subsequent signaling events that promote BrCa cell invasion 

and su rvival. 

Apoptosis 

Apoptosis is an intrinsic cellular defense mechanism against tumorigenic 

growth, which, if suppressed, can contribute to development of malignancy (100). 

A wide variety of cytotoxic agents with different intracellular targets can induce 

the uniform phenotype of apoptosis (100). This implies that the cytotoxic activity 

of anti-cancer drugs is not solely dependent on specific drug-target interaction, 

but also on the activity of apoptotic (cell signaling) machinery of the cancer cell 

(101, 102). There are numerous downstream effectors and transcription factors 

of Akt, ERK1/2, and tyrosine kinase signaling that can promote cell survival and 

proliferation. Chemokine signaling often activates NF-KB, which is commonly 

downstream of Akt, but can be activated through other pathways, such as PKC 

(103). NF-KB dimerizes and translocates to the nucleus of the cell upon 
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activation where it promotes transcription of various apoptosis inhibitors and cell 

cycle-promoting genes (104). Interestingly, other downstream cell signaling 

targets through select chemokine receptors activate AKT - NF-KB to promote the 

phosphorylation of procaspase-9 and BAD, which inhibit cell signals that dictate 

apoptosis (105). Together, these studies support the notion that CXCR7 (and/or 

CXCR4) signaling can interfere with apoptosis signals induced by serum 

starvation. Therefore, I hypothesized that CXCR7 and its interactions with 

CXCR4 and CXCL 12 promote BrCa cell collagenase expression, alter NF-KB 

and ERK1I2 localization to the nucleus, and correlates with cell cycle. This 

hypothesis was investigated by immunohistochemistry, semi-quantitative RT

PCR, siRNA, Activity Assays, and Amnis ImageStream analyses. These 

methods were sufficient for determining CXCR7 mRNA and protein levels in 

BrCa cells. By varying CXCR7 expression with siRNA and inhibitors (pertussis 

toxin (Gai) and U-73122 (G~/Gy), I have determined some of the cell signal 

pathways induced by CXCR4 and CXCR7. 

The Specific Aims of my dissertation focused on correlating CXCR4 and 

CXCR7 expression by BrCa cells with cell cycle, collagenase expression, as well 

as chemokine receptor, NF-kB, and ERK1/2 localization. The results obtained 

from this study will extend our knowledge concerning CXCR7 and its role in 

breast cancer progression as well as determine whether or not therapeutic 

targeting of CXCR4 and/or CXCR7 can alleviate BrCa cell invasion and survival. 
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Overall Hypothesis: CXCR7 and its interactions with CXCR4 and CXCL 12 

promote BrCa cell collagenase expression, alter NF-KB and ERK1/2/ocalization 

to the nucleus, and correlates with cell cycle. 

Specific Aim 1: Determined the differential and cell cycle-dependent expression 

of CXCR7, CXCR4, CXCL 12, and collagenase by BrCa cells, which were 

affected by CXCL 12 stimulation .. 

Specific Aim 2: Characterized some of the CXCL 12-dependent mechanisms 

involved in BrCa progression. 
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Cell Culture 

CHAPTER II 

MATERIALS AND METHODS 

Human BrCa cell lines, MCF-7 (HTB-22) and MDA-MB-231 (HTB-26), 

were purchased from American Type Cell Culture. Primary human mammary 

epithelial cells (HMEC) were obtained from LONZA. HMEC, MCF-7, and MDA

MB-231 cell lines were used for all experiments performed and discussed. 

HMEC were maintained in MEGM supplemented with 2ml of BPE, 2ml of 

hydrocortisone, 2 ml of human epithelial growth factor (hEGF), 500 I of insulin, 

and 2 ml of gentamicin/amphotericin-B. MCF-7 and MDA-MB-231 cells were 

maintained in IMEM and DMEM (Gibco-Invitrogen) media, respectively, 

supplemented with 10% FBS (Hyclone-Fisher), without phenol red and 5 Ilg/ml of 

penicillin/streptomycin (Gibco) at 37°C with 5% CO2. Cells were cultured for 3 

days in complete culture media then lifted with cell-stripper (Gibco) before being 

counted with trypan blue by the Celiometer™ Auto T4 (Nexcelom Biosciences). 

Cells were seeded (5 x 105 cells per well) in 6-well plates (Corning-Fisher) 

containing 1 % serum and allowed to acclimate overnight before being treated. 

Treatments included no addition, 100 ng/ml of CXCL 12 (SCYB12; R&D 

Systems), 100 ng/ml of CXCL 12 + 100 ng/ml of pertussis toxin (List Biological 
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Laboratories}, 100 ng/ml of CXCL 12 + 6 11M of U73122 (Sigma). Cells were 

treated with inhibitors one hour prior to the addition of CXCL 12 and allowed to 

incubate for 16 hours. Media was collected and stored at -80°C and used for 

ELISA-based assays. Cells were used for total RNA isolation using the TRlzol 

method. 

Immunohistochemistry 

Tissue micro-arrays (TMAs) were deparaffinized in xylene (three changes 

5 minutes each) and rehydrated through a graded series of ethanol (100%, 95%, 

and 70%) for 5 minutes in each and washed in distilled H20. Antigen retrieval 

was performed using 0.01 M EDTA (pH 8.0) in a pressure cooker for 5 minutes. 

Slides were transferred in running water for cooling and then transferred to Tris

buffer (pH 7.6). The endogenous peroxidase activity was blocked, by incubating 

the slides with 3% H20 2 solution for 5 minutes. The slides were then rinsed 3 

times with deionized water followed by three washes in Tris-buffer and were 

incubated with Fc block (Innovex Bioscience) for 30 minutes at room temperature 

(65°C; RT) in a humidity chamber, then incubated with 3% normal horse serum 

for 1 hour at RT to block non-specific binding. Next the sections were incubated 

for 90 minutes in a humidity chamber at RT with mouse anti-CXCR7 antibody. 

Next, the sections were washed with Tris-buffer and incubated with mouse anti

goat antibody for 20 minutes at RT in a humidity chamber. The slides were then 

washed with Tris-buffer, treated with streptavidine peroxidase for 20 minutes at 

RT, washed with Tris-buffer, and treated with 3,3'-diaminobenzidine (DAB) for 2-
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5 minutes at RT. Subsequently, sections were washed with water, re-hydrated in 

70%, 95%, and absolute alcohol for 5 minutes each and passed through xylene 

three times for 5 minutes; and finally mounted with permount (Sigma). 

All transverse sections of tissue were scanned by a ScanScope GL 

system (Ape rio Technologies) using a 40X objective followed by loss less 

compression and assessment of all immunostainings in identical anatomic 

regions. After images from the glass slides were digitized, the resulting digital 

images were automatically analyzed using complex computer algorithms for 

standardized and unbiased controlled results. Morphometric analyses of 

sections were performed with the aid of Spectrum Plus software (Ape rio 

Technologies). Automated image analysis was performed Spectrum Plus 

algorithms for i) Positive Pixel count and Color Deconvolution for measuring and 

quantifying intensity per area for two or more stains; ii) Immunohistochemistry 

Membrane image analysis for detection of membrane-associated staining for 

individual cells and quantifies intensity and completeness (e.g., change in 

cytokeratin 5 and 8); iii) Immunohistochemistry Nuclear image analysis algorithm 

detects the nuclear staining for the individual nuclei and quantifies their intensity 

(e.g., change in the number Ki6r nuclei). 

siRNA 

Using a 6-well tissue culture plate, 2 x 105 cells per well were seeded in 

2ml antibiotic free normal growth media supplemented with 1 % FBS. Cells were 

incubated at 3JOC in a CO2 incubator until the cells were 80% confluent. Cell 
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viability was ensured before transfection with 60 pmoles of siRNA duplexes 

specific for CXCR7 (mRNA accession number NM_020311: Strand 1-

CUACACGCUCUCCUUCAUU,&rnnd2-CACUAUUGGUGUACCUUAU, and 

Strand 3- GGAUGACACUAAUUGUUAG), CXCR4 (mRNA accession number 

NM_003467: Strand 1- CUAGCUUUCUUCCACUGUU, Strand 2-

CAGAGCGUGUAGUGAAUCA, and Strand 3- GAUGGCACUUAUAACCAAA), 

control siRNA and transfection media were acquired from Santa Cruz, CA) was 

diluted into 100 III of FBS-free siRNA transfection medium. 60 pmoles of siRNA 

transfection reagent was diluted into 100 III of FBS-free siRNA trnnsfection 

medium. The siRNA duplex contained a pool of three target-specific 19 nt 

siRNAs designed to knockdown CXCR7 or CXCR4 gene expression and added 

directly to the diluted transfection reagent. The mixture was incubated for 30 

minutes at RT. Cells were washed with 2 ml of FBS-free siRNA transfection 

medium. Next, 0.8 ml of siRNA transfection medium was added to each tube 

containing the siRNA transfection reagent mixture and over-Iayed onto the 

washed cells. Cells were incubated for seven hours at 3rC in a C02 incubator. 

After seven hours, 1 ml of normal growth medium was added containing 5% FBS 

and 1 X penicillin/streptomycin without removing the transfection mixture. Cells 

were incubated for 24 hours and. assayed by RT-PCR or Amnis Imagestream to 

confirm knockdown of CXCR4 or CXCR7 mRNA or protein expression, 

respectively. 
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Primer Design 

Human mRNA sequences for CXCR4, CXCR7, CXCL 12, MMP-1, MMP-

13, and 18S rRNA were obtained from National Center for Biotechnology 

Information (NCBI, Bethesda, MA) GenBank database. The accession numbers 

were NM003467, NM020311, NM000609, NM002421, NM005940, and 

X00686.1, respectively. These sequences were then used to design primers for 

semi-quantitative reverse transcription polymerase chain reaction (RT -PCR) 

analysis that generated amplicons of 114, 188, 168, 83, 176 and 149 bp in size 

for CXCR7, CXCR4, CXCL 12, MMP-1, MMP-13 and 18S rRNA respectively. 

Primers were designed using the Primer 3 software program 

(http://frodo.wi.mit.edu) from the Whitehead Institute at the Massachusetts 

Institute of Technology. Thermodynamic analysis of the primers was conducted 

using Primer Premier™ (Integrated DNA Technologies) and MIT Primer III. The 

resulting primer sets were compared against the entire human genome to 

confirm specificity and to ensure that the primers flanked mRNA splicing regions. 

RNA Isolation and Semi-Quantitative RT-peR 

To determine quantitatively CXCR4, CXCR7, CXCL 12, MMP-1, MMP-13, 

and 18S mRNA expression, cells were grown and treated as mentioned above 

then analyzed. Total RNA was isolated using TRlzol Reagent (Invitrogen) 

according to the manufacturer's protocol followed by precipitation with High Salt 

solution (Molecular Research Center). RNA was precipitated and resuspended 

in 27 III of RNA Secure (Ambion). Next, 1 I1g of total RNA was reverse 
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transcribed to generate cDNA using iScript reagents (BioRad Laboratories) 

according to the manufacturer's protocol. As described above, cDNA was 

amplified for gene expression using specific primers for CXCR4, CXCR7, 

CXCL 12, MMP-1, MMP-13, and 18S rRNA. For semi-quantitative PCR, all 

samples contained a reaction mixture of cDNA; specific primers (10 ng/Ill) along 

with SYBR Green polymerase chain reaction master mix (BioRad) reagents, 

according to the manufacturer's protocol. All samples were tested for the above 

listed analysts and amplified using the BioRad iQ5 Real-Time PCR Detection 

System, following predefined parameters [cycle 1: 95°C for 3 min; cycle 295°C 

for 10 sec, 60°C for 1 min (40 cycles)]. Each experiment contained treatment 

groups for HMEC, MCF-7, MDA-MB-231, and cDNA standards (106
, 105

, 104
, 

103,102
, and 101 copies) for 18S rRNA. The number of copies of mRNA relative 

to 18S rRNA copies of these targets was evaluated and the number of copies for 

each target was calculated using a standard curve that was normalized to the 

number of copies of 18S rRNA expressed in each sample. Results are 

presented as the number of copies of target per 106 copies of 18S rRNA. 

Samples for gene expression were performed in duplicates and repeated twice. 

Active MMP-1 and MMP-13 detection 

To determine active MMP-1 (collagenase 1) and MMP-13 (collagenase 3) 

expression, conditioned media was collected and analyzed for each analyst. 

Flurokine (MMP-1 and MMP-13; R&D Systems) assay kits were used as 

described by the manufacturer's protocols. 
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Amnis Imagestream analysis of protein expression and localization 

PE/Cy5 conjugated anti-human CXCR4 antibody (clone#12G5) was 

purchased from Biolegend, Inc. Polyclonal rabbit anti-CXCR7 antibody was 

purchased from GeneTex, Inc and conjugated with a donkey-anti-rabbit-FITC 

antibody (R&D Systems). BrCa cells were seeded in 6-well non-adherent plates 

at 106 cells/well in media containing 1 % FBS and allowed to acclimate 3 hours 

before treatment. Cells were treated according to the above-mentioned protocols 

and cell suspensions from each well were taken at 0 and 5 minute time-points 

and collected for further analysis. Cell suspensions were centrifuged at 200 x g 

for 10 minutes at 4°C to pellet cells, supernatants were removed and cells were 

resuspended in 500 III of paraformaldehyde (PFA) / phosphate buffered saline 

(PBS) solution for 10 minutes at RT. Again, cells were centrifuged at 200 x g for 

10 minutes at 4°C to pellet cells, supernatants were removed and cells were 

resuspended in 100 III of saponin solution for 30 minutes at RT. Cell 

suspensions were centrifuged at 200 x g for 10 minutes at 4°C, supernatants 

were removed and cells were resuspended in 1 Ilg (per 106 cells) of primary 

antibody solution, which consisted of PE-Cy5-conjugated anti-mouse CXCR4, 

FITC-conjugated anti-mouse CXCR7, Alexa Fluor 488-conjugated or PE

conjugated anti-mouse NF-kB p65, PE-conjugated anti-mouse ERK1/2 

antibodies and/or 7 AAO (BO) for 30 min at room temperature. Next, 1 ml of 

fluorescence-activated cell sorting (FACS) buffer (1 % bovine serum albumin 

(BSA) in PBS) to remove any unbound antibodies. Cell suspensions were 

centrifuged at 200 x g for 10 minutes at 4°C to pellet cells; supernatants were 
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removed and cells were resuspended in 100 111 of FACS buffer. Analyses were 

performed using Amnis ImageStream, which allows for flow cytometry-based 

image acquisition and analyses with six channels (Bright filed, dark filed, and four 

channel for different fluorochrome). This flow-based image acquisition device is 

supported by INSPIRE™ software and statistical results gathered using Amnis 

IDEASTM software (Amnis Corporation). 

The Amnis ImageStream 100 is the first commercially available imaging 

flow cytometer. It combines advantages of flow cytometry with those of image 

analysis (digital imagery of each individual cell, calculation of morphological 

changes, subcellular localization or co-localization of fluorescent probes). 

Offering several advantages over flow cytometry analysis or microscopic analysis 

of fluorescently stained cells. Simply put, the ImageStream is essentially a flow 

cytometer where photomultiplier tubes have been replaced with an array of 

sensitive charge coupled device (CCD) cameras to capture -36X images at 100 

cells per second. 

The images were stored in a compensated image file (CIF) for subsequent 

analysis using IDEAS software which quantifies change in fluorescent probe pixel 

intensities in: area of mask in pixels, aspect ratio of mask, weighted aspect ratio 

of mask, mean intensity of pixels outside of mask, standard deviation of intensity 

of pixels outside of mask, centroid of mask in horizontal axis, intensity-weighted 

centroid of mask in horizontal axis, centroid of mask in vertical axis, intensity

weighted centroid of mask in vertical axis, total intensity of image using logical 

"OR" of all six image masks, variance of intensity of pixels within masks, 
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maximum intensity gradient of pixels within mask, radius mean square (RMS) of 

intensity gradient of pixels within mask, background-corrected sum of pixel 

intensities within mask, major axis of mask in pixels, intensity-weighted major 

axis of mask in pixels, total Intensity of image divided by area of mask, minimum 

pixel intensity within mask, minor axis of mask in pixels, intensity-weighted minor 

axis of mask in pixels, angle of major axis relative to axis of flow, angle of 

intensity-weighted major axis relative to axis of flow, maximum pixel intensity 

within mask, number of edge pixels in mask, maximum pixel intensity within large 

bright spots, sum of pixel intensities within large bright spots, maximum pixel 

intensity within medium-sized bright spots, sum of pixel intensities within 

medium-sized bright spots, un-normalized maximum pixel intensity within large 

bright spots, sum of un-normalized pixel intensities within large bright spots, 

maximum pixel intensity within small bright spots, sum of pixel intensities within 

small bright spots, sum of pixel intensities within mask, number of spots detected 

in image, area of logical "OR" of all six image masks in pixels, camera line 

readout rate in Hertz at time object was imaged, unique object number, pixel 

intensity correlation between two images of the same object, and user-defined 

algebraic combination of imagery and masks, user-defined masks using (erode, 

dilate, threshold, and boolean combinations), and any boolean combination of 

user-defined populations. 
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Statistical Analysis 

To interpret our results, significance tests and statistical analysis were 

used for each experiment. The traditional a-value, i.e., p = 0.01, was used to 

evaluate the statistical significance of each study. The power of these studies 

was determined by the probability (1-~) of detected significant difference (0) 

between control and experimental groups. The data were expressed as the 

mean ± SEM and compared using a two-tailed paired (or unpaired) student's t

test. The results were analyzed using the SPSS and Microsoft Excel. 
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CHAPTER III 

RESULTS 

The Expression of CXCR7 by Breast Tumors 

Prior studies in our laboratory and others have shown chemokine receptor 

expression by various carcinomas (74, 106). I confirmed in vivo protein 

expression of CXCR7 by breast tumor tissue. Immunohistochemistry was 

performed using deparaffinized TMAs stained with DAB (brown), which is 

representative of CXCR7, and counterstained with hematoxylin (Figure 3). 

CXCR7 expression was elevated in breast tumors staged asT1 (n = 10), T2 (n = 

40), T3 (n = 15), and T4 (n = 4) and compared with non-neoplastic breast tissue 

from the same subject (i.e., n = 69). CXCR7 expression was significantly higher 

in all breast tumor tissue than compared to benign tissue and highest in T 4 > T1 , 

T2, and T3 staged tumor tissue. While expression of CXCR7 in breast tumors 

did not correlate with stage, a trend of cytoplasmic to nucleur localization of 

CXCR7 expression was observed when comparing early stage with advanced 

stage cases, respectively. 

CXCR7 mRNA Expression in BrCa Cells 

To determine whether chemokine/chemokine receptor interactions are 

involved in BrCa cell progression, I performed comprehensive and quantitative 

analyses of CXCR7 and CXCR4 expression in two BrCa cell lines, MCF-7 (ER+, 
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Figure 3. Relative CXCR7 Expression by non-neoplastic and malignant 

breast tissues. Previously evaluated samples were stained for CXCR7. 

Relative CXCR7 expression (i.e. , colorimetric intensity) ± SO by non-neoplastic 

(n = 4) breast tissue and T1 (n = 10), T2 (n = 40), T3 (n = 15), and T4 (n = 2) 

staged tumors are shown in the left panel. Representative CXCR7 (DAB-brown) 

and hemotoxylin-counter-stained (20X magnification) sections are shown in the 

right panels. 
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PR+ and HER2+) and MDA-MB-231 (ER, PR- and HER2-) and compared the 

expression of these chemokine receptors to HMECs. Absolute mRNA levels 

were determined using semi-quantitative RT -PCR that showed that CXCR7 and 

CXCR4 were expressed in the BrCa cells (untreated) being investigated. Three 

different patterns of receptor expression were observed when comparing primary 

HMECs to the BrCa cell lines. First, both CXCR7 and CXCR4 mRNA expression 

was relatively low in HMEC (Figure 4). Second, CXCR7 mRNA expression was 

elevated in MCF-7 cells, with CXCR4 mRNA expression being moderately 

elevated. With regard to the more aggressive BrCa cell line, MDA-MB-231, 

CXCR4 mRNA expression was highly elevated, with CXCR7 being low. These 

findings demonstrated the elevated, yet differential, expression of CXCR7 and 

CXCR4 mRNAs in BrCa cell lines, compared to normal breast epithelial cell lines. 

Amnis ImageStream confirmed strong CXCR7 and CXCR4 protein, cell

surface expression by primary human mammary epithelial cells (HMECs) (Figure 

5) and MCF-7 and MDA-MB-231 cell lines (Figures 6). Cell density plots, which 

analyzed both positive and negative events of each receptor, show the 

percentage of cells that were positive either for CXCR7, CXCR4, or both 

receptors. The percent distribution displayed in each cell density plot was based 

on the intensity of each receptor's protein expression. These findings 

demonstrate that CXCR4 and CXCR7 protein expression does not precisely 

correlate with mRNA expression in these cell lines. Further, these results 
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Figure 4. Relative CXCR4 and CXCR7 mRNA expression by BrCa cell lines 

and HMECs. Total RNA was isolated from primary breast (HMEC) and BrCa cell 

lines MDA-MB-231 and MCF-7. Semi-quantitative RT-PCR analysis of 

chemokine receptor mRNA expression was performed in triplicates. The copies 

of transcripts were expressed relative to actual copies of 18S rRNA. Asterisk(s) 

indicate statistical significance (p < 0.05) between HMEC, MCF-7 and MDA-MB-

231 cells. 

36 



Density Plots 7·AAD CXCR7 CXCR4 Composite 

1e6 
CXCR4+ CXCR4 & CXCR7+ 

J .• ' % 

~ 
U 1M 
~ 
'iii e le3 
~ 

1...11,., . ',. . .1,,,. 
-Va ~ . ,~. . CXCR7+ 

O ~-r-'~~--r'~~~~ 
-1e2 0 182 183 1M la5 186 

Intenany: Ch3 

Figure 5. Protein expression and cellular distribution of CXCR4 and CXCR7 

by HMECs. Primary breast epithelial cells were stained with polyclonal-rabbit 

anti-CXCR7 antibody conjugated with donkey-anti-rabbit-FITC and PE/Cy5 anti-

human CXCR4 antibody. After staining, cells were washed with FACS buffer and 

analyzed. 7-AAD was used to stain the nucleus and positive stained cells were 

quantified by Amnis ImageStream. Image analyses were performed using Image 

Data Exploration Analysis Software (IDEAS). The panel on the left is a density 

plot of the cell population that was positively stained for CXCR4 and CXCR7. 

The panel on the right from left to right is 7-AAD (red) , CXCR7 (green) , CXCR4 

(purple) , and composite , respectively. 
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Figure 6. Protein expression and cellular distribution of CXCR4 and CXCR7 

by BrCa cell lines. MCF-7 and MDA-MB-231 cells were stained with polyclonal-

rabbit anti-CXCR7 antibody conjugated with donkey-anti-rabbit-FITC and PE/Cy5 

anti-human CXCR4 antibody. After staining, cells were washed with FACS buffer 

and analyzed. 7-AAD was used to stain the nucleus and quantified using Amnis 

Imagestream System. Image analyses were performed using Image Data 

Exploration Analysis Software (IDEAS). Top panels show density plots of cell 

populations. Bottom panels from left to right is 7-AAD (red) , CXCR7 (green) , 

CXCR4 (purple) , and composite respectively. 
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suggest post-transcriptional and/or -translational modification of chemokine 

receptors may occur, which would not doubt effect their function. 

Receptor expression during the cell cycle as well as translocation was 

also determined using untreated BrCa cells. MCF-7 and MDA-MB-231 cell lines 

showed high expression of both CXCR7 and CXCR4 in G2 phase of the cell 

cycle, with moderate to low expression for S and comparatively low expression 

during GoIG1 phases (Figure 7). HMECs showed a similar pattern. 

Interestingly, this pattern of chemokine receptor expression supports the notion 

that chemokine receptor signaling during the cell cycle might promote cell 

survival and proliferation. It is important to mention that while CXCR4 expression 

is largely confined to the cytoplasm during BrCa progression, the expression of 

CXCR7 is localized to tumor cell nuclei for advanced BrCa cases (Figure 3). 

When comparing BrCa cell lines and HMECs, CXCR4 and CXCR7 translocated 

to the nucleus of cells after CXCL 12 stimulation (Figures 8,9, and 10). Taken 

together, CXCR4 and CXCR7 expression and cellular distribution correlates with 

advanced BrCa stage and CXCL 12 stimulation of BrCa cells. 

Regulation of endogenous CXCR4 and CXCR7 expression 

A major breakthrough in gene regulation came with the observation that 

siRNA of 21 nucleotides (nt) in length that mimic Dicer cleavage products can 

efficiently induce sequence-specific gene silencing when transiently transfected 

into mammalian cells (107, 108). To genetically knockdown CXCR4 and CXCR7 

expression by MCF-7 and MDA-MB-231 cell lines, I used siRNA nucleotides that 
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Figure 7. CXCR4 and CXCR7 expression by primary mammary and BrCa 

cell lines. HMEC cells as well as MCF-7 and MDA-MB-231 cell lines were 

stained with polyclonal-rabbit anti-CXCR7 antibody conjugated with donkey-anti-

rabbit-FITC and PE/Cy5 anti-human CXCR4 antibody. After staining, cells were 

washed with FACS buffer and analyzed. 7-AAD was used to stain the nucleus 

and positive stained cells were quantified by Amnis ImageStream. Image 

analyses were performed using IDEAS. Histograms represent cell populations 

CXCR4 and CXCR7 intensity. 

40 



HMEC 
40 ,., 

g g 
~ ' .27% 

r CXCR4 !!l 
c:r 

lL !!! 
lL 

0 

-3 9 
Similarity Index: 7AAD: CXCR4 

50 

,., 
~ ... 

2..55% ~ 

~ 25 !!l CXCR7 c:r 
lL I!! 

lL 

Similarity Index:7AAD: CXCR7 

MCF-7 

4.08% 

-3 l 6 9 

Similarity Indax: 7AAD: CXCR4 

3.2% 

-3 

Similarity Index: 7AAD: CXCR7 

... 
g 90 
~ 
i' 60 
U: 

30 

o ........ "'T""" ........ 

-3 l 6 9 

Similarity Index: 7AAD: CXCR4 

250 r---------------~ 

200 

... 
~ ISG 

Ii' 100 

Jt SO 

0.22% 

-3 6 9 

Similarity Index: 7AAD: CXCR7 

Figure 8. Expression and non-nucleus distribution CXCR4 and CXCR7 in 

resting primary mammary and BrCa cells. HMEC as well as MCF-7 and 

MDA-MB-231 cell lines were stained with polyclonal-rabbit anti-CXCR7 antibody, 

FITC-conjugated donkey-anti-rabbit antibody, and PE/Cy5-conjugated anti-

human CXCR4 antibody. After staining, cells were washed with FACS buffer and 

analyzed. 7-AAD was used to stain the nucleus. Subsequently, cells were 

quantified by Amnis ImageStream. Image analyses were performed using 

IDEAS. The left panels show the spatial ratio of chemokine receptor and nuclei 

intensities as a histogram representing CXCR4 or CXCR7 and nucleus 

localization or translocation. 
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Figure 9. CXCR4 and CXCR7 cytoplasmic to nuclear translocation and 

expression by MCF-7 cells. MCF-7 cells were treated with 100 ng/ml of 

CXCL 12 for 5 minutes and stained with polyclonal-rabbit anti-CXCR7 antibody, 

FITC-conjugated donkey-anti-rabbit antibody, and PE/Cy5-conjugated anti-

human CXCR4 antibody. After staining, cells were washed with FACS buffer and 

analyzed. 7-AAD was used to stain the nucleus. Subsequently, cells were 

quantified by Amnis ImageStream. Image analyses were performed using 

IDEAS. The left panels show the spatial ratio of chemokine receptor and nuclei 

intensities as a histogram representing CXCR4 or CXCR7 and nuclear 

localization or translocation. The right panel shows representative images of the 

major cell population. 
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Figure 10. CXCR4 and CXCR7 cytoplasmic to nuclear translocation and 

expression by MDA-MB-231 cells. MDA-MB-231 cells were treated with 100 

ng/ml of CXCL 12 for 5 minutes and stained with polyclonal-rabbit anti-CXCR7 

antibody, FITC-conjugated donkey-anti-rabbit antibody, and PE/Cy5-conjugated 

anti-human CXCR4 antibody. After staining, cells were washed with FACS buffer 

and analyzed. 7-AAD was used to stain the nucleus. Subsequently, cells were 

quantified by Amnis ImageStream. Image analyses were performed using 

IDEAS. The left panels show the spatial ratio of chemokine receptor and nuclei 

intensities as a histogram representing CXCR4 or CXCR7 and nuclear 

localization or translocation. The right panel shows representative images of the 

major cell population. 
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targeted human CXCR4 and CXCR7 mRNA. siRNAs were transiently 

transfected into BrCa cells for 24 hours using the above mentioned protocol 

before being pre-treated with or without inhibitors (100 ng/ml of pertussis toxin or 

6 /.!M of U-73122) 1 hour prior to 100 ng/ml of CXCL 12 for 16 hours. The siRNA 

transfection efficiency was determined by Western Blot analyses and Amnis 

ImageStream (data not shown). As expected, CXCR4- or CXCR7-specific siRNA 

treatment completely abrogated CXCR4 or CXCR7 mRNA expression, 

respectively, in both BrCa cell lines (Figures 11 and 12). 

CXCL 12 treatment significantly increased the expression of CXCR7 

mRNA, but not CXCR4 mRNA, by MDA-MB-231 cells without having an effect on 

MCF-7 cells. Moreover, CXCL 12 treatment did not effect CXCR4 mRNA 

expression by either cell line. Pertussis toxin inhibited the CXCL 12-mediated 

CXCR7 mRNA upregulation; whereas, U-73122 did not (Figure 13). However, in 

MDA-MB-231 BrCa cells, both pertussis toxin and U-73122 were able to inhibit or 

completely abrogate CXCL 12-dependent CXCR7 mRNA expression (Figure 14). 

CXCL 12 stimulation of MDA·MB·231 cells also enhanced their expression of 

CXCL 12 mRNA (Figure 15), when compared to untreated cells. This 

expression; however, was inhibited by CXCR4- and CXCR7-specific siRNA as 

well as by pertussis toxin and U-73122 treatment. CXCL 12 treatment of MCF-7 

cells also resulted in a measurable increase in CXCL 12 mRNA expression, but 

this effect was enhanced by CXCR4, CXCR7, and G~/Gy protein inhibition, but 

hindered by Gai protein inhibition (Figure 16). These results underline the 
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Figure 11. CXCR4 and CXCR7 mRNA expression by MCF-7 cells. Total RNA 

was isolated from BrCa cells pretreated with or without 60 pmoles of CXCR4- or 

CXCR7-specific siRNA in the presence or absence of 100 ng/ml CXCL 12 for 16 

hours. Semi-quantitative RT-PCR analysis of CXCR4 and CXCR7 mRNA 

expression was performed in triplicate. The copies of transcripts were expressed 

relative to copies of 18S rRNA. Asterisk(s) indicate statistical significance (p < 

0.05) between treatment groups. 
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Figure 12. CXCR4 and CXCR7 mRNA expression by MDA-MB-231 cells. 

Total RNA was isolated from BrCa cells pretreated with or without 60 pmoles of 

CXCR4- or CXCR7-specific siRNA in the presence or absence of 100 ng/ml 

CXCL 12 for 16 hours. Semi-quantitative RT -PCR analysis of CXCR4 and 

CXCR7 mRNA expression was performed in triplicate. The copies of transcripts 

were expressed relative to copies of 18S rRNA. Asterisk(s) indicate statistical 

significance (p < 0.05) between treatment groups. 
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Figure 13. Ga and G~/G'Y protein-dependent CXCR7 and CXCR4 mRNA 

expression by MCF-7 cells. Total RNA was isolated from BrCa cells pretreated 

with or without CXCR4- or CXCR7-specific siRNA and/or pertussis toxin and U-

73122 in the presence or absence of 100 ng/ml CXCL 12 for 16 hours. Semi-

quantitative RT-PCR analysis of CXCR7 and CXCR4 mRNA expression was 

performed in triplicates. The copies of transcripts were expressed relative to 

actual copies of 18S rRNA. Asterisk(s) indicate statistical significance (p < 0.05) 

between treatment groups. 
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Figure 14. Ga and G~/G'Y protein-dependent CXCR7 and CXCR4 mRNA 

expression by MDA-MB-231 cells. Total RNA was isolated from BrCa cells 

pretreated with or without CXCR4- or CXCR7 -specific siRNA and/or pertussis 

toxin and U-73122 in the presence or absence of 100 ng/ml CXCL 12 for 16 

hours. Semi-quantitative RT-PCR analysis of CXCR7 and CXCR4 mRNA 

expression was performed in triplicates. The copies of transcripts were 

expressed relative to actual copies of 18S rRNA. Asterisk(s) indicate statistical 

significance (p < 0.05) between untreated and treated groups. 
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Figure 15. Ga and G~/G'Y protein-dependent CXCL 12 mRNA expression by 

MDA-MB-231 cells. Total RNA was isolated from BrCa cells pretreated with or 

without CXCR4- or CXCR7-specific siRNA and/or pertussis toxin and U-73122 in 

the presence or absence of 100 ng/ml CXCL 12 for 16 hours. Semi-quantitative 

RT-PCR analysis of CXCL 12 mRNA expression was performed in triplicates. 

The copies of transcripts were expressed relative to actual copies of 18S rRNA. 
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Figure 16. Ga and G~/G'Y protein-dependent CXCL 12 mRNA expression by 

MCF-7 cells. Total RNA was isolated from BrCa cells pretreated with or without 

CXCR4- or CXCR7-specific siRNA and/or pertussis toxin and U-73122 in the 

presence or absence of 100 ng/ml CXCL 12 for 16 hours. Semi-quantitative RT-

PCR analysis of CXCL 12 mRNA expression was performed in triplicates. The 

copies of transcripts were expressed relative to actual copies of 18S rRNA. 

Asterisk(s) indicate statistical significance (p < 0.05) between untreated and 

treated groups. 
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complexity of CXCL 12-CXCR4/7 interactions, but demonstrated CXCL 12 

stimulation of BrCa cells results in the suppression of CXCL 12 mRNA expression 

that was most likely dependent on a Gai protein. 

CXCL 12 is a powerful chemo-attractant that stimulates bi-directional 

migration, invasion, and survival of breast cancer cells (109). I examined 

whether the interactions of CXCL 12-CXCR417 are involved in signal-transduction 

pathways that lead to these events. Previous studies have shown that 

phosphorylation of ERK1/2 in lung cancer cells is involved in cell migration and 

invasion (110). Other studies have shown that NF-kB activation is necessary for 

cell migration and invasion of other cancer cells (111). To determine if ERK1/2 

and NF-kB are activated by CXCRL 12, in vitro assays followed by Amnis 

ImageStream analysis were performed. Untreated HMECs and BrCa cell lines 

expressed moderate to high protein levels of phosphorylated ERK1/2 and NF-kB 

in the cytosol (Figures 17 and 18). After CXCL 12 stimulation, both 

phosphorylated NF-kB and ERK1/2 translocated to the nucleus of BrCa cell lines 

(Figures 19 and 20). This demonstrates that detection of CXCL 12 by CXCR4 

and/or CXCR7 transduces cell signals leading to the activation of both ERK1/2 

and NF-kB and their translocation to the nucleus. 

Liang et 81. recently demonstrated that silencing of CXCR4 expression in 

BrCa cells successfully blocks metastasis to various organs. Here, I sought to 

determine if down regulating CXCR7, CXCR4, or both of their mRNA levels using 

siRNA would inhibit either activation of ERK1/2 and NFkB or their translocation to 

cell nuclei. CXCR4- and CXCR7-specific gene silencing lead to complete 
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Figure 17. NF-lCB and ERK1/2 cytoplasmic to nuclear translocation and 

expression by HMECs. HMECs were stained with Alexa Fluor 488-conjugated 

mouse anti-NF-KB p65 and PE-conjugated mouse anti-ERK1/2 antibodies. 7-

AAD was used to stain the nucleus. Subsequently, cells were characterized by 

Amnis ImageStream analysis. Image analyses were performed using IDEAS. 

The left panels show the spatial ratio of chemokine receptor and nuclei intensities 

as a histogram representing NF-KB or ERK1/2 and nucleus localization or 

translocation. The right panel shows representative 7-AAD (red) , NF-KB (green), 

ERK1 /2 (orange), and composite images images of the major cell populations. 
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Figure 18. NF-KB and ERK1I2 activation state and cellular distribution by 

resting BrCa cells. MCF-7 and MDA-MD-231 cell lines were stained with Alexa 

Fluor 488-conjugated mouse anti-NFKB p65 and PE-conjugated mouse anti-

ERK1/2 antibodies. 7-AAD was used to stain the nucleus. Subsequently, 

images of cells were acquired by Amnis ImageStream and analyzed using 

IDEAS software. The top panels show the spatial ratio of NFKB, ERK1/2, and 

nuclei intensities and co-localization as a histogram. The bottom panel shows 

representative 7-AAD (red), NF-KB (green) , ERK1/2 (orange) , and composite 

images of the major cell populations_ 
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Figure 19. NF-KB and ERK1I2 expression and cytoplasmic to nuclear 

translocation by CXCL 12-treated MCF-7 cells. MCF-7 cells were stained with 

Alexa Fluor 488-conjugated mouse anti-NFKB p65 and PE-conjugated mouse 

anti-ERK1/2 antibodies_ 7-AAD was used to stain the nucleus. Subsequently, 

images of cells were acquired by Amnis ImageStream and analyzed using 

IDEAS software. The top panels show the spatial ratio of NFKB, ERK1/2, and 

nuclei intensities and co-localization as a histogram. The bottom panel shows 

representative 7-AAD (red) , NF-KB (green) , ERK1/2 (orange) , and composite 

images of the major cell populations_ 
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Figure 20. NF-KB and ERK1/2 expression and cytoplasmic to nuclear 

translocation by CXCL 12-treated MDA-MB-231 cells. MDA-MB-231 cells 

were stained with Alexa Fluor 488-conjugated mouse anti-NFKB p65 and PE-

conjugated mouse anti-ERK1/2 antibodies. 7-AAD was used to stain the 

nucleus. Subsequently, images of cells were acquired by Amnis ImageStream 

and analyzed using IDEAS software. The top panels show the spatial ratio of 

NFKB, ERK1/2 , and nuclei intensities and co-localization as a histogram. The 

bottom panel shows representative 7-AAD (red) , NF-KB (green) , ERK1/2 

(orange) , and composite images of the major cell populations (Figures 21 and 

22). 
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inhibition of CXCL 12-mediated ERK1/2 and NF-kB translocation to cell nuclei. 

Similarly, Gai protein inhibition using pertussis toxin and GWGy protein inhibition 

using U-73122, regardless of CXCR4 or CXCR7 expression also abrogated 

ERK1/2 and NF-kB cytoplasmic to nucleur translocation (Figures 23 and 24). 

Moreover, these observations were performed in triplicates and at several time 

points that demonstrated that the response to CXCL 12 is rapid. 

CXCL12-CXCR4ICXCR7 interactions mediating MMP-1 and MMP-13 

expression 

Previous studies in our laboratory demonstrated MMP mRNA expression 

and protein activity by prostate cancer cells was modulated by CXCL 12-CXCR4 

interactions (74). Others have shown that the timely breakdown of the 

extracellular matrix (ECM) is essential for breast cancer metastasis (64, 112). 

CXCL 12 has also been suggested to induce MMP expression in breast cancer 

cells through CXCR4 (113). Here, I examined the induction of MMP-1 and MMP-

13 by BrCa cells after CXCL 12 stimuli. CXCL 12 stimulation of MDA-MB-231 

cells caused increases in MMP-1 mRNA and the down regulation of MMP-13 

mRNA expression and moderate to low expression of MMP-13 and MMP-1 by 

similarly treated MCF-7 cells (Figure 25). Pertussis toxin or U-73122 

pretreatment lead to inhibition of both MMP-1 and MMP-13 mRNA expression. 

To determine if the observed CXCL 12-mediated effects on collagenase 

expression and activity were dependent on CXCR4 or CXCR7, these chemokine 

receptors were inhibited using siRNA. Interestingly, CXCR4-specific siRNA 
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Figure 21. CXCR4-dependent NF-KB and ERK1I2 expression and 

cytoplasmic to nuclear translocation by CXCL 12-treated BrCa cell lines. 

CXCR4-specific siRNA-pretreated MDA-MB-231 and MCF-7 cells were 

stimulated with CXCL 12 and stained with Alexa Fluor 488-conjugated mouse 

anti-NFKB p65 and PE-conjugated mouse anti-ERK1/2 antibodies. 7-AAD was 

used to stain the nucleus. Subsequently, images of cells were acquired by 

Amnis ImageStream and analyzed using IDEAS software. The top panels show 

the spatial ratio of NFKB, ERK1/2, and nuclei intensities and co-localization as a 

histogram. The bottom panel shows representative 7-AAD (red), NF-KB (green), 

ERK1/2 (orange), and composite images of the major cell populations. 
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Figure 22. CXCR7-dependent NF-KB and ERK1I2 expression and 

cytoplasmic to nuclear translocation by CXCL 12-treated BrCa cell lines. 

CXCR7-specific siRNA-pretreated MDA-MB-231 and MCF-7 cells were 

stimulated with CXCL 12 and stained with Alexa Fluor 488-conjugated mouse 

anti-NFKB p65 and PE-conjugated mouse anti-ERK1/2 antibodies. 7-AAD was 

used to stain the nucleus. Subsequently, images of cells were acquired by 

Amnis ImageStream and analyzed using IDEAS software. The top panels show 

the spatial ratio of NFKB, ERK1/2, and nuclei intensities and co-localization as a 

histogram. The bottom panel shows representative 7-AAD (red), NF-KB (green), 

ERK1/2 (orange), and composite images of the major cell populations. 

58 



i 
I 

AfCF-7 

03 0 3 6 I 03 0 3 6 I 

Similarity 'nd •• " 7AAD: ERK112 Simil.,ity Index: 7AAD: NFlrB 

·3 0 6 ·3 0 3 6 

Similarity Indux; 7AAD: ERK112 Similarity Index; 7AAD; NFIcB 

AfDA-AfB-231 

"" '" 

·3 0 3 03 6 t 

Simil.rity Index: 7AAD; ERKfl2 Similarity Index: 7AAD: NFlrB 

." 
.303 t 0303.' 

Similarity Index; MAD: ERKfl2 Similllrity Indux: MAD; NFIfB 

Figure 23. CXCR4-, Gai protein-, and G~ protein I Gy protein-dependent NF-

lCB and ERK1I2 expression and cytoplasmic to nuclear translocation by 

CXCL 12-treated BrCa cell lines. CXCR4-specific siRNA-, pertussis toxin-, 

and/or U-73122-pretreated MDA-MB-231 and MCF-7 cells were stimulated with 

CXCL 12 and stained with Alexa Fluor 488-conjugated mouse anti-NFKB p65 and 

PE-conjugated mouse anti-ERK1/2 antibodies. 7-AAD was used to stain the 

nucleus. Subsequently, images of cells were acquired by Amnis ImageStream 

and analyzed using IDEAS software. The top panels show the spatial ratio of 

NFlCB, ERK1/2, and nuclei intensities and co-localization as a histogram. The 

bottom panel shows representative 7-AAD (red), NF-KB (green), ERK1/2 

(orange), and composite images of the major cell populations. 
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Figure 24. CXCR7-, Gai protein-, and G~ protein I Gy protein-dependent NF-

x:B and ERK1/2 expression and cytoplasmic to nuclear translocation by 

CXCL 12-treated BrCa cell lines. CXCR7-specific siRNA-, pertussis toxin-, 

and/or U-73122-pretreated MDA-MB-231 and MCF-7 cells were stimulated with 

CXCL 12 and stained with Alexa Fluor 488-conjugated mouse anti-NFx:B p65 and 

PE-conjugated mouse anti-ERK1/2 antibodies. 7-AAD was used to stain the 

nucleus. Subsequently, images of cells were acquired by Amnis ImageStream 

and analyzed using IDEAS software. The top panels show the spatial ratio of 

NFx:B, ERK1/2, and nuclei intensities and co-localization as a histogram. The 

bottom panel shows representative 7-AAD (red), NF-x:B (green), ERK1/2 

(orange), and composite images of the major cell populations. 
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Figure 25. Ga and G~/G'Y protein-independent MMP-1 and MMP-13 mRNA 

expression by Brea cell lines. Total RNA was isolated from BrCa cells 

pretreated with or without pertussis toxin and U-73122 in the presence or 

absence of CXCL 12 for 16 hours. Semi-quantitative RT-PCB analysis of 

CXCL 12 mRNA expression was performed in triplicates. ThH copies of 

transcripts were expressed relative to actual copies of 18S rHNA. Asterisk(s) 

indicate statistical significance (p < 0.05) between untreated and treated groups. 
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presumably enhanced CXCL 12-dependent induction of MMP-13 mRNA 

expression through selective CXCR7 signaling in MCF-7 cells (Figures 15 and 

26). This CXCL 12-CXCR7 interactions were not affected by pertussis toxin, but 

U-73122 with selective CXCL 12-CXCR7 signaling greatly reduced MMP-13 

mRNA expression but enhanced MMP-1 mRNA expression. Interestingly, 

CXCR7 silencing, which allowed for selective CXCL 12-CXCR4 signaling resulted 

in the enhancement of MMP-1 and MMP-13 mRNA expression by MCF-7 cells. 

The more aggressive BrCa cell line, MDA-MB-231, produced MMP-13 but 

not MMP-1 mRNA (Figures 16 and 27). CXCL 12 treatement of these cells 

abrogated MMP-13 mRNA expression while greatly enhancing MMP-1 mRNA 

expression. CXCR4-specific siRNA abrogated expression of both MMP-1 and 

MMP-13, even after CXCL 12 treatment. However, CXCR7 inhibition augmented 

the endogenous expression of MMP-13 mRNA, but not MMP-1 mRNA. Pertussis 

toxin and U-73122 treatment inhibited the ability of CXCL 12 to modulate MMP-1 

and MMP-13. 

MMP-1 and MMP-13 active protein assays were performed to confirm the 

above mentioned findings regarding mRNA expression. CXCL 12 treatment 

increased active MMP-1 and MMP-13 protein expression by MCF-7 and MDA

MB-231 cells (Figures 17 and 28). CXCR4 inhibition suppressed the functional 

activity of MMP-1 and MMP-13 in both BrCa cell lines. However, siRNA silencing 

of CXCR7 gene expression resulted in an up regulation of MMP-1 activity by 

MCF-7 cells following CXCL 12 stimulation. Both pertussis toxin and U-73122 

inhibited the increase in active MMP-1 and MMP-13 expressed by MCF-7 and 
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Figure 26. CXCR4- and CXCR7-dependent MMP-1 and MMP-13 mRNA 

expression by MCF-7 cells. Total RNA was isolated from MCF-7 cells 

pretreated with or without CXCR4 siRNA, CXCR7 siRNA, pertussis toxin , and U-

73122 in the presence or absence of CXCL 12 for 16 hours. Semi-quantitative 

RT-PCR analysis of MMP-1 and MMP-13 mRNA expression was performed in 

triplicate. Copies of transcripts were expressed relative to copies of 18S rRNA. 

Asterisk(s) indicate statistical significance (p < 0.05) between untreated and 

treated groups. 
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Figure 27. CXCR4- and CXCR7-dependent MMP-1 and MMP-13 mRNA 

expression by MDA-MB-231 cells. Total RNA was isolated from MDA-MB-231 

cells pretreated with or without CXCR4 siRNA, CXCR7 siRNA, pertussis toxin, 

and U-73122 in the presence or absence of CXCL 12 for 16 hours. Semi-

quantitative RT-PCR analysis of MMP-1 and MMP-13 mRNA expression was 

performed in triplicate. Copies of transcripts were expressed relative to copies of 

18S rRNA. Asterisk(s) indicate statistical significance (p < 0.05) between 

untreated and treated groups. 
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Figure 28. CXCR4- and CXCR7-dependent MMP-1 and MMP-13 active 

protein expression by BrCa cell lines. Total RNA was isolated from MDA-MB-

231 and MCF-7 cells pretreated with or without CXCR4 siRNA, CXCR7 siRNA, 

pertussis toxin, and U-73122 in the presence or absence of CXCL 12 for 16 

hours. Culture supernatants were assayed for MMP-1 and MMP-13 activity and 

performed in duplicate. MMP activity is expressed as relative fluorescence units. 

Asterisk(s) indicate statistical significance (p < 0.05) between untreated and 

treated groups. 
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MDA-MB-231 BrCa cells following CXCL 12 stimulation. Interestingly, siRNA 

CXCR4 plus U-73122 pretreatment showed a slight increase that was similar to 

that of CXCL 12 alone. 
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CHAPTER IV 

DISCUSSION 

BrCa is a leading cause of cancer morbidity and mortality among women 

and with a yearly toll of more than 40,170 deaths in the US alone. Its etiology is 

based upon a distinct pattern of metastasis involving regional lymph nodes, bone 

marrow, lung and liver (114). Although much has been done to improve the 

understanding of the underlying mechanisms for oncogenic transformation that 

leads to tumor initiation, much less is known about the processes regulating 

BrCa metastasis. However, it has been postulated that BrCa cell metastasis is 

highly influenced and facilitated by tumor microenvironmental cues that render an 

otherwise non-invading cell metastatic (115). Cell signaling is ostensibly 

supplied by the stromal component of breast carcinomas which is made up of a 

network of cells including: CAFs, myofibroblasts, lymphocytes, tumor associated 

macrophages, pericytes, dendritic cells, mesenchymal cell types, and endothelial 

cells (116). At the cellular level, metastasis is an intricate and complex, multi

step process that is dependent on a variety of factors. Further, a permissive 

microenvironment is required for successful metastasis of breast cancer cells. 

Specifically, the microenvironment of the primary tumor needs to support tumor 

cell dissemination, motility, and invasion into the vasculature. The 

microenvironment at the secondary site needs to support cell adhesion, 
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proliferation, neovascularization, and survival (117). Other mechanisms in which 

breast tumor microenvironment can influence metastatic potential include the 

following: remodeling of the extracellular matrix (ECM) and changes in 

glycoprotein composition which can alter cell adhesion, motility, proliferation, 

apoptotic rates, degradation of the extracellular matrix via proteinase activity 

within the stroma which helps with tumor cell migration by disrupting stromal 

barriers; and lastly, the release of bioactive extracellular fragments and growth 

factors that can promote or suppress neoplastic progression of both stromal and 

breast tumor cells (118). In this regard, chemokines and their receptors have 

been implicated to play critical roles in mediating the mechanisms necessary for 

breast cancer cell metastasis. Further, cell signaling through chemokine 

receptors i.e. CXCR4 mediates actin polymerization and pseudopodia formation 

in breast cancer cells and induces chemotactic and invasive responses (114). In 

addition, it has been shown that organs representing secondary sites of breast 

cancer metastasis are the most abundant sources of chemokine ligands e.g. 

CXCL 12 for their tumor-associated receptors. 

The purpose of this study was to investigate the role of CXCR7/CXCR4 

and CXCL 12 interactions in mediating breast cancer cell progression. The 

experiments in this study determined the expression of CXCR7 and CXCR4, their 

responsiveness to CXCL 12, and the ability of siRNA interference along with 

inhibitors pertussis toxin and U-73122 to alter gene expression and/or CXCL 12-

mediated molecular signals. I performed comprehensive quantitative and 

qualitative analysis of the expression of CXCR7, CXCR4 as well as CXCL 12 in 
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two different breast cancer cell lines, MCF-7 (ER+, PR+, Her2+) and MDA-MB-

231 (ER-, PR-, Her2-). Human primary mammary epithelial cell line (HMEC) was 

used as the control. 

Preliminary immunohistochemistry analysis demonstrated elevated 

CXCR7 protein expression in breast cancer tumors. Further, its protein 

expression remained elevated throughout stages 1, 2, and 3 but peaking in tumor 

stage 4. Also, there was an observation of CXCR7 protein expression moving 

from the cytoplasm of these tumors to the nucleus. This is suggestive of a role in 

nuclear signaling for this particular GPCR. The biological importance of this may 

be considered on various levels. However, the most significant is that studies 

have shown that only a select group of GPCRs can translocate from the plasma 

membrane to nuclear membranes upon activation and constitute complexes that 

sense and transduce distinctive signals in relation to the intracellular levels of 

their cognate ligand (119). The subsequent nuclear signal may have different or 

even opposite cellular effects than the original signal. Thus, current research 

must elucidate the characteristics of GPCR nuclearization and how this separate 

signaling pathway affects cellular events. 

Semi-quantitative RT -PCR analyses showed that breast cancer cells do 

express chemokine receptors CXCR7 and CXCR4; however, their expression 

was cell-type specific. For example, in the MCF-7 (ER+, PR+, Her2+) breast 

cancer cell line, CXCR7 mRNA expression was 2-fold higher than CXCR4 mRNA 

expression. In the more aggressive breast cancer cell line MDA-MB-231 (ER-, 

PR-, Her2-), CXCR4 mRNA expression was 3-fold higher than CXCR7 mRNA 
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expression. With regard to the human primary mammary epithelial cell line, only 

CXCR7 mRNA was detected. 

Having established that BrCa cells expressed functionally active CXCR7 

and CXCR4, I evaluated protein expression of CXCR7 and CXCR4 on BrCa 

cells. Amnis ImageStream analysis demonstrated both CXCR7 and CXCR4 

protein expression on primary mammary and BrCa cells. Density plots, which 

allow for analysis of positive and negative events of cells stained for each 

receptor, showed that 84.1 % of the cells (HMEC) were double positive for both 

receptors, while 11.13% followed by 3.46% were singly positive for CXCR7 and 

CXCR4 respectively. Concerning MCF-7, at least 85.9% of the cells were double 

positive for both receptors while 10.4% followed by 2.2% were singly positive for 

CXCR7 and CXCR4 respectively. 88.6% of MDA-MB-231 cells were positive for 

both receptors while 9.6% followed by 1.8% were selectively positive for CXCR4 

and CXCR7, respectively. Image analyses of these breast cancer cells showed 

CXCR7 protein expression just below the cell membrane. These findings are 

consist with earlier studies that demonstrated intracellular pools of CXCR7 on T 

lymphocytes (120). 

CXCR4 protein expression by MCF-7 was uniformly distributed along the 

cell surface and in MDA-MB-231 cells; it was concentrated just below the cell 

membrane. These findings would suggest that cellular distribution of 

CXCR4/CXCR7 is important for their functional responses as well as signal 

transduction pathways induced by CXCL 12 stimulation. Also, this is consistent 

with the histology data that demonstrated CXCR7 transition from the cytoplasm 

70 



to the nucleus of breast tumors. These site-dependent differences of CXCR4 

and CXCR7 distribution might provide key advantages for cellular signaling and 

intracellular movement involved in breast cancer progression. 

The current paradigm suggests that increased CXCR4 expression dictates 

the ability of breast carcinoma cells to metastasize to organs such as the bone 

marrow, lung, and liver that express high amounts of CXCL 12 (23). CXCL 12 

engages both CXCR4 and CXCR7 to regulate this pathological process. Here, I 

demonstrated that both CXCR4 and CXCR7 are expressed on breast cancer 

cells and how they cooperate to respond to CXCL 12 is not well understood. 

Moreover, it has been shown that CXCR4 occupied by CXCL 12 is able to 

activate heterotrimeric G-proteins that trigger several downstream events, 

calcium mobilization, actin polymerization, integrin-mediated adhesion, gene 

transcription, and proliferation. Further, kinetic analysis of CXCR4 activation 

determined that part of the receptor constitutively interact with inactive, GDP

bound Ga subunits so that G-protein activation arises from conformational 

changes within preassembled receptor G-protein complexes. These complexes 

do not disassemble after activation but persist over time (121, 122). Together, 

these findings suggest CXCR7 constitutively interacts with G-proteins, but fails to 

activate them or mobilize intracellular calcium once engaged by CXCL 12. 

In this study, I postulated that CXCR7 cell signaling involved a pathway 

that was independent of G protein(s) signal transduction. Indeed, CXCR7 

contains sequence mutations in chemokine receptors that is conserved for G

protein coupling. To examine this hypothesis, siRNA interference studies along 
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with Gai inhibitor pertussis toxin and G~ protein I Gy protein inhibitor U-73122 

were also used. 

My results showed that siRNA directed against CXCR7 alone down

regulated its mRNA expression for both MCF-7 and MDA-MB-231 celis. When a 

combination of siRNA CXCR4 + pertussis toxin or U-73122 was used, only in the 

presence of pertussis toxin was CXCR7 mRNA significantly inhibited but for U-

73122 there was no change. This suggests that CXCR7 cell signaling must 

involve a pathway independent of its G-protein or Gai pertussis toxin sensitive. 

However, since it has been established that CXCR7 activation leads to no 

calcium flux (123,124), a pathway independent of its G-protein would be more 

logical. Moreover, CXCL 12 engagement with CXCR7 can transmit a range of 

cellular responses, such as activation of ERK1/2 and Akt pathways, receptor 

internalization, cell survival, proliferation, adhesion, and chemotaxis of CXCR4-

negative cells (125-128). Hence, CXCL 12 does not behave as a neutral ligand 

for CXCR7; instead, CXCR7 may sequester CXCL 12 thereby modifying the 

chemokine ligand concentration in the extracellular environment. This process is 

key for cell migration (126). 

Here, I also demonstrated that siRNA against CXCR4 down-regulated its 

mRNA expression by both MCF-7 and MDA-MB-231 celis, but in the presence of 

CXCR7 siRNA plus U-73122 there was an up-regulation of CXCR4 mRNA. Two 

key events may account for this finding. First, this particular G~ protein I Gy 

protein inhibitor has been shown to be effective against these subunits, but it has 

no effect on calcium and cAMP production. Indeed, Ca2
+ flux and cAMP can act 
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as intracellular second messengers towards increasing CXCR4 transcription 

(129) via PKCt;. Second, receptor hetero/homodimer formation in BrCa cells that 

co-express both receptors. To this end, chemokine receptors can "crosstalk" or 

signal from one receptor to another via heterodimers so that one promoter can 

modify the function of the other through trans-conformational changes (130). 

Therefore, it can be hypothesized that CXCR7 can differentially mediate CXCR4 

functions in heterodimer formation through allosteric interactions. This 

phenomenon has been reported for other chemokine receptors that signal when 

engaged as heterodimer pairs (131). Conformational changes within CXCR4/Gai 

protein complexes in the presence of CXCR7 may represent a molecular 

mechanism for altering G protein-dependent signaling downstream of 

CXCR4/CXCR7 heterodimers. In addition to this, pharmacological interference 

alone may not be sufficient for inhibiting cell signaling events down-stream of the 

heterodimer. Therefore, siRNA interference is a more efficient way to inhibit 

CXCR4 and CXCR7 gene expression and alter breast cancer cell metastasis. 

CXCL 12 plays a major role in BrCa cell metastasis due to its 

chemoattractant property via CXCR4. The density of CXCR4 on BrCa cells is 

proportional to the invasiveness of the cancer (132). Furthermore, the 

expression of CXCR7 by BrCa cells enhances cell growth, survival, and adhesion 

properties. I sought to determine CXCL 12 mRNA expression in the presence of 

siRNA plus pertussis toxin and/or U-73122 and its stimulatory effect on MCF-7 

and MDA-MB-231 cell lines. Semi-quantitative RT-PCR demonstrated that in the 

presence of siRNA against CXCR4 or CXCR7 as well as U-73122, CXCL 12 
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mRNA expression was up regulated (MCF-7); however, its mRNA was 

completely abrogated in MDA-MB-231 cells for the same treatments. When both 

receptors were knockdown and in the presence of pertussis toxin, there was 

complete abrogation of CXCL 12 mRNA. These findings correlate with earlier 

findings that demonstrated siRNA interference of CXCR4 inhibits BrCa 

metastasis. The least aggressive BrCa cell line, MCF-7, expressed 1.5 fold 

higher CXCL 12 mRNA after CXCL 12 protein stimulation than similarly treated 

MDA-MB-231 cells. This finding is also consist with a study from Wendt et a/., 

showing that BrCa cells can undergo epigenetic silencing of CXCL 12, which 

results in increased metastasis as well as CXCR4 mRNA expression. They also 

noted that several Sp1-binding sites are critical for CXCL 12 promoter activity 

when heavily methylated in cells lacking marked CXCL 12 expression, i.e., MDA

MB-231. However, when these cells were re-established with endogenous 

CXCL 12, there was hyper-responsiveness to exogenous CXCL 12, which 

contributed to increased metastatic potential of these BrCa cells independent of 

CXCR4 expression regulation (133). My results are consistent with this previous 

observation, since CXCR4 inhibition resulted increased CXCL 12 mRNA 

expression. 

When MCF-7 and MDA-MB-231 cell lines were stimulated with CXCL 12, 

both CXCR4 and CXCR7 translocated to the majority of cell nuclei. Similarly, 

advance breast tumors also displayed more CXCR7 protein expression in nuclei 

than cytoplasm. This is a significant finding because only a select few of GPCRs 

can translocate from the cell membrane to the nucleus. 
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For the first time, I demonstrated CXCR4 and CXCR7 expression levels 

vary with cell cycle. Both CXCR4 and CXCR7 expression were the highest in 

cell cycle phase G2. HMECs showed a similar pattern of CXCR4 and CXCR7 

expression during various phases of the cell cycle. These findings suggest that 

expression of these chemokine receptors correlates with cell cycle phases to 

possibly support cell proliferation. Indeed, crosstalk between CXCR7 and 

CXCR4 is involved in up-regulating genes, i.e. Cyclin B, Cyclin A, Cdc29, that 

are needed for cell cycle progression as well as down-regulating the activity of 

p53 (134) (Figure 29). 

Neoplastic epithelial cells engage in reciprocal molecular dialogue with 

surrounding stromal cells, including inflammatory cells, vascular cells, and 

fibroblasts which results in the production of stromal-derived tumor aiding factors 

e.g., growth factors, chemokines, cytokines, proteases, and vascular-stimulating 

factors (135). BrCa represents a carcinoma in which collaborative efforts from 

malignant epithelial cells and stromal cells within the primary tumor coordinate 

carcinogenesis and ultimately metastasis to distant organs (136). In this regard, 

BrCa cells must penetrate the basement membrane and invade the interstitial 

stroma to initiate the metastatic process. Many proteinases are capable of 

degrading the extracellular matrix components but matrix metalloproteinases 

(MMPs) appear to be particularly important for matrix degradation/remodeling 

and cancer cell dissemination (64, 65). Furthermore, abnormal production of 

these proteinases is implicated in a number of pathological conditions (66). 

Collagenases (MMP-1 and -13) degrade several native fibril collagens, including 
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Figure 29. Cyclins, cell cycle regulators, and genes possibly mediated by 

CXCR4 and CXCR7 cross-talk following CXCL 12 stimulation. Crosstalk 

between CXCR4 and CXCR7 has been shown to regulate cell cycle cyclins i.e., 

Cyclin A (8, G2 , and M phase) , Cyclin B (G2 phase) as well as cell cycle 

regulators E2F and p53. These cell cycle components are critical factors for cell 

proliferation and survival during breast cancer progression. 
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types I, II and III, which result in their cleavage. 

In this study, I demonstrated BrCa cells express moderate to low levels of 

MMP-1 and MMP-13. After CXCL 12 stimulation, there was an up-regulation of 

MMP-1 and a down-regulation of MMP-13 mRNA expression respectively. For 

MCF-7 cells there was no change in either MMP mRNA expression after 

CXCL 12 stimulation. In normal physiology, the basal expression of most MMPs, 

including MMP-1 and -13, is low. Other investigators have shown that MMPs 

are over-expressed in BrCa and play important roles in cell invasion and 

metastasis (137). Furthermore, the up-regulation of MMP-1 mRNA does 

inversely correlate with ER status as shown here concerning MDA-MB-231 cells. 

It has been demonstrated that as the presence of estrogen receptor predicts a 

low risk of relapse and good overall survival, MMP-1 mRNA up-regulation is a 

potential reason for poor outcome of patients with ER-negative breast cancers 

(138). Increased MMP-1 protein expression has been associated with 

malignancy or invasiveness of breast cancer. siRNA interference against both 

receptors altered MMP-1 and -13 induction. This variance is a result of related, 

yet different induction pathways. 

Studies have demonstrated that MMP-13 induction requires p38 mitogen

activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) activation as 

well as NF-kB translocation (139). In contrast, MMP-1 induction involves p38 

MAPK and MAPK of the extracellular signal-regulated kinase (MEK) activation, 

but not JNK activation or NF-kB translocation. While p38 MAPK and MEK 

activity is increased by CXCL 12 stimulation of hematopoietic progenitor and 
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lymphocytes, JNK is not activated by this chemokine (140,141). The modulation 

of NF-kB translocation by CXCL 12 is not as certain, but my data suggest that 

CXCL 12 stimulation can simultaneously increase p38 MAPK and MEK activity, 

while lowering and/or not affecting JNK activity or NF-kB translocation which 

would presumably lead to higher increases in MMP-1 expression when 

compared to MMP-13. Here, CXCL 12 induction through CXCR4 and/or CXCR7, 

increased MMP-1 mRNA and protein expression by MCF-7 and MDA-MB-231 

cell lines. siRNA against CXCR4 and/or CXCR7 along with Gai inhibitor 

pertussis toxin was able to inhibit this induction. The G~ protein /Gy protein 

inhibitor U-73122 selectively inhibited MMP-1 induction. These findings highlight 

the significance of MMP gene expression regulated at the transcriptional level by 

CXCL 12-CXCR4/CXCR7 interactions. 

MMP promoters harbor cis-elements allowing for the regulation of MMP 

gene expression by a diverse set of trans-activators including AP-1, PEA3, Sp-1, 

~-catenin/Tcf-4, and NF-kB (142). It is possible that restricted BrCa cell-type 

expression of transcriptional factors is needed for optimal MMP induction. 

Notwithstanding, the mechanism(s) governing BrCa tissue/cell-type specific MMP 

expression are poorly understood. However, it can be postulated that BrCa cell 

growth without motility, i.e. epithelial cell growth, is supported by MMP-1 but not 

MMP-13, while tumor cell motility and invasion requires selective MMP-1 and 

MMP-13 activity. 

CXCL 12 and its receptors CXCR4 and CXCR7 have recently sparked 

substantial interest because of their role in tumorigenesis including tumor growth, 
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invasion, and metastasis (114, 143). This chemokine and its receptors are able 

to mediate multiple signal transduction pathways and a variety of cellular 

functions such as cell migration, proliferation, and survival. Unfortunately, there 

are few studies linking the cellular functions and individual signaling pathways 

mediated by CXCL 12, CXCR4, and CXCR7 interactions with BrCa cells. In this 

study, I show for the first time that HMECs express phosphorylated or active NF

kB and ERK1/2 in the cytosol. Further, MCF-7 and MDA-MB-231 cells express 

significant pools of activated NF-kB and ERK1/2 within the cytosol. 

CXCR4 is a Gai-protein coupled receptor and studies have shown that 

upon high affinity binding of CXCL 12, it causes mobilization of calcium, decrease 

of cyclic AMP within the cells, and activation of multiple signaling pathways. 

These pathways include: PI3K, phospholipase C-y/protein kinase C, and MAP 

kinases ERK1/2 (144). I hypothesized that CXCR7 cell signaling involved a G 

protein-independent pathway, which depended on its association with JAT/STAT 

through PI3K activation and the induction of downstream signaling mediators 

AKT/NF-kB and RAS/Raf/MEKlERK1/2. However, nearly all previous studies 

concerning these molecules were performed using leukocytes or stem cells 

(145). Due to the important roles of CXCR4/CXCL 12 in BrCa cell metastasis, I 

investigated CXCL 12/CXCR4/CXCR7 regulated cell signaling in BrCa cells. For 

this purpose, MCF-7 and MDA-MB-231 cell lines were treated with CXCL 12 and 

analyzed for changes in active ERK1/2 and NF-kB translocation to the nucleus. 

Further, CXCL 12 stimulation lead to the activation of ERK1/2 and NF-kBp65 in 

BrCa cells. Similarity indexes and image analyses for protein expression also 
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showed significant translocation of ERK1/2 and NF-kB to the nucleus of cells 

(~90% of the cells stained positive for ERK1/2 phosphorylation at residues T202 

and Y204 and NF-kBp65 phosphorylation at residue S529). 

These findings correlate with other studies that showed ERK1/2 directly 

phosphorylates many transcriptional factors including Ets-1, c-Jun and c-myc that 

are important for BrCa progression (146). Active ERK1/2 can enter the nucleus 

itself and phosphorylate many transcription factors and proteins involved in cell 

cycle regulation (146). Others have demonstrated that through an indirect 

mechanism, ERK1/2 can activate NF-kB through phosphorylation of IKK (147). 

Active NF-kB translocation to the nucleus is key for the promotion of NF-kBp65-

dependent transcription (148). Crosstalk between the CXCL 12-CXCR4/CXCR7 

most likely induces RAS/Raf/MEKlERK1/2 and PI3K1AKT pathways for cell 

survival and/or phosphorylation of BAD and caspase-9 to suppress apoptosis. 

These pathways have diverse effects that could regulate cell cycle progression, 

apoptosis and differentiation of BrCa cells (148). 

CXCL 12-CXCR4/CXCR7 cell signaling is a very complex network. 

CXCR4 and CXCR7 siRNA interference lead to a decrease in ERK1/2 and NF

kB activation and translocation in BrCa cells. Further, pertussis toxin, which 

inhibits both Gai protein-dependent and G protein-independent signaling, lead to 

suppression of both CXCR4 and CXCR7 activation and translocation after 

CXCL 12 stimulation. U-73122 was able to modulate the functional response of 

CXCR4, CXCR7, ERK1/2 and NF-kB presumably due to GP protein / Gy protein 

inhibition, but it has no effect on calcium or cAMP production. When siRNA was 
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used to inhibit CXCR7 expression, CXCL 12 stimulatoin failed to induce ERK1/2 

or NF-kB nucleus translocation. Hence, ERK1/2 and NF-kB activation is 

dependent on PI3K induction and other G protein-dependent events (144). Taken 

together, this dissertation supports that CXCL 12/CXCR4/CXCR7 interactions are 

able to induce multiple cell signaling pathways for BrCa cell migration, invasion, 

and survival. 
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CHAPTER V 

CONCLUSIONS 

This study directly investigated the hypothesis that CXCR7 and its 

interactions with CXCR4 and CXCL 12 promote BrCa cell collagenase 

expression, alter NF-KB and ERK1/2 localization to the nucleus, and correlates 

with cell cycle. The experiments detailed in this study determined mRNA and 

protein expression of CXCR7 and CXCR4 along with their functional responses 

to their ligand, CXCL 12. It was demonstrated that primary mammary epithelial 

cells and MCF-7 and MDA-MB-231 cell lines express CXCR4 and CXCR7 mRNA 

as well as protein. 

The overall purpose of this study was to yield significant and substantive 

results that would reveal new insights into the role of this chemokine and its 

receptors involved in BrCa cell progression. Further, to determine what cell 

signaling pathways i.e. RAS/Raf/MEKlERK1/2; AKT/NF-kB may be involved in 

CXCR7/CXCR4 and CXCL 12 interactions as well as the ability of siRNA 

interference along with the Gai protein inhibitor, pertussis toxin, and the G~ 

protein I Gy protein inhibitor, U-73122, to mitigate BrCa cell progression. I also 

conclude that primary breast epithelial and cancer cells express significant pools 

of active NF-kBp65 and ERK1/2 in the cytosol. After CXCL 12 stimulation and 
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activation of CXCR4/CXCR7, these multiple cell signaling components 

translocate to cell nuclei. 

It is important to understand whether or not CXCR7 is able to signal via a 

G protein-independent pathway. Here, I postulated that this receptor was able to 

signal via the association of JAKISTAT with its C-terminal tail upon GRK 

phosphorylation due to cross-talk after CXCR4-CXCL 12 interactions. Related 

studies have indicated that CXCR7 cell signaling pathways involve no Significant 

Ca2
+ flux or cell migration; perhaps through heterodimer interactions with 

CXCR4, CXCR7 is able to mitigate cell migration, invasion and survival. 

Chemokine receptor heterodimers can signal just as efficiently as homodimers; 

moreover, receptor number and expression is dependent on specific cell-types 

and/or involves translation as well as post-translational modifications for receptor 

function. Further studies will be needed to determine if these ideas hold true. 

Lastly, chemokines and their receptors are able to mediate other biological 

activities besides cancer cell migration, invasion and survival. These interactions 

may represent major obstacles for therapeutic strategies. However, deciphering 

signaling pathways activated by chemokines in various cancer cells will be critical 

towards understanding how chemokines influence disease progression and may 

reveal potential downstream therapeutic targets. 
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