
 

THE ROLE OF THE CHEMOKINE RECEPTOR CXCR4 IN 
  

EGFRVIII-EXPRESSING BREAST CANCER 
 
 
 
 

A Dissertation 
submitted to the Faculty of the 

 Graduate School of Arts and Sciences 
of Georgetown University 

in partial fulfillment of the requirements for the 
degree of 

Doctor of Philosophy in 
Tumor Biology 

 
 
 
 

By 
 
 
 
 

Massod Rahimi, M.S. 
 
 
 
 

Washington, D.C. 
November 19, 2009



ii 

THE ROLE OF THE CHEMOKINE RECEPTOR CXCR4 IN  

EGFRVIII-EXPRESSING BREAST CANCER 

 

Massod Rahimi, M.S. 

Thesis Advisor: Careen K. Tang, Ph.D. 

 

ABSTRACT  

 The ligand-independent, constitutively active Epidermal Growth Factor 

Receptor (EGFR) variant, EGFRvIII, is a potent tumor-specific oncogene found in 

many human cancers, including breast cancer. EGFRvIII has various oncogenic 

functions, including enhancing breast cancer cell invasion, and its expression is 

correlated with disease progression and metastasis in human breast cancer.  

  Chemokines and their receptors are essential for normal development and 

physiology and are also involved in numerous human diseases, most importantly 

cancer progression and metastasis. CXCR4 has been extensively studied since its 

identification as a molecule involved in the “homing” of cancer cells to sites which 

express the CXCR4 cognate ligand, SDF-1 (CXCL12). ErbB2 enhances the 

expression of CXCR4, and was shown to be required for ErbB2-mediated invasion in 

vitro and lung metastasis in vivo, and co-expression of CXCR4 with both wild-type 

EGFR and ErbB2 has been shown to be correlated with an increased breast cancer 
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metastases and poor prognosis. However, the impact of CXCR4 expression in the 

invasive phenotype of EGFRvIII-expressing breast cancer is unknown. 

This study reveals that EGFRvIII increased expression of CXCR4 

transcriptionally, and post-translationally by decreasing molecules involved in the 

internalization, recycling, cellular trafficking, and degradation of CXCR4 in breast 

cancer cells regardless of estrogen receptor status or endogenous levels of other ErbB-

receptors. EGFRvIII-expressing breast cancer cells also had significantly higher 

CXCL12/CXCR4 mediated invasion in comparison to parental cells that have high 

levels of ErbB2, signifying an even more important role for CXCR4 in EGFRvIII-

induced invasiveness. Suppression of CXCR4 expression in EGFRvIII-expressing 

breast cancer cells with short hair-pin RNA (shRNA) significantly inhibited breast 

cancer cell invasion and also decreased cell proliferation. Further investigation 

revealed that knocking-down CXCR4 expression decreased EGFRvIII expression by 

increasing EGFRvIII protein trafficking and subsequent degradation through increased 

activity of p38 MAPK. Finally, since the use of anti-EGFR targeted therapies in the 

clinic may be limited and EGFR mutants are often associated with resistance to 

conventional anticancer therapies, the well-tolerated natural, antitumor compound, 

3,3’-Diindolylmethane (DIM) was shown to inhibit the invasion and proliferation of 

breast cancer, glioma, and lung cancer cells expressing EGFR mutants. 
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I. INTRODUCTION
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A. EGFRvIII 

1. Identification 

 In addition to the well studied members of the Epidermal Growth Factor 

Receptors-HER1-HER4 (ErbB1-ErbB4), several mutant receptors have been identified 

in human cancers. Human glioblastoma multiforme cells that contained amplification 

of the Epidermal Growth Factor Receptor (EGFR) gene were found to express EGFR 

variants containing deletion mutations in the ligand-binding domain resulting in a 140-

kDa protein lacking 30-kDa found in full-length EGFR (170-kDa). This truncated 

protein was found to be expressed in tumor cell membrane fractions and was found to 

be constitutively active in the absence of ligand (1;2). Similarly, it was discovered that 

aberrant EGFR transcripts along with full-length EGFR transcripts were present in 

primary human glioblastomas.  These transcripts resulting from alternative splicing 

had identical loss of 801 coding bases (exons 2-7), creating a novel codon in the splice 

site. These rearrangements did not affect the signal peptide in the transcripts or the 

open reading frame downstream of the rearrangement (3). This mutant EGFR has been 

variously named as DeltaEGFR, de2-7 EGFR, or EGFRvIII. 

 

2. Expression 

 The expression of EGFRvIII continues to remain controversial due to an 

absence of EGFRvIII expression in cell lines and technical difficulties in detecting 

EGFRvIII transcripts and protein in human tumor specimens (4). A lack of specific 
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and sensitive anti-EGFRvIII antibodies has resulted in an under-estimation of 

EGFRvIII expression as well as its clinical significance. However, it has been shown 

that EGFRvIII was expressed in xenografts of human cancer cells, but EGFRvIII 

expression was lost under cell culture conditions (5). Newer technologies are also 

being used to accurately detect EGFRvIII in human specimens, such as formalin-fixed 

paraffin-embedded real-time reverse-PCR (FFPE RT-PCR) (6).  

 Presently, it is accepted that EGFRvIII plays a significant role in adult 

malignancies of the central nervous system since the EGFR gene is amplified in a high 

percentage (approximately 50%) of these tumors, and a high percentage 

(approximately 50%) of tumors with EGFR gene amplification also express EGFRvIII 

(7-9). EGFRvIII expression has prognostic importance in human glioblastoma and 

anaplastic astrocytomas as patients with EGFRvIII-positive tumors have shorter 

survival rates, and EGFRvIII expression in the presence of EGFR gene amplification 

is the strongest predictor of a poor survival prognosis. Furthermore, EGFRvIII and 

phosphatase and tensin homolog (PTEN) expression is considered a predictive factor 

for response to EGFR inhibitors (10). 

 Using EGFRvIII-specific antibodies, an early report showed that 57% of high-

grade and 86% of low-grade glial tumors, 66% of pediatric gliomas and 86% of 

medulloblastomas, 78% of breast carcinomas, and 73% of ovarian carcinomas, 

expressed EGFRvIII (11). EGFRvIII was also found to be expressed in non-small cell 

lung cancer specimens as well as squamous cell carcinoma of the lung, and EGFRvIII 
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expression increased progressively with the gradual transformation of the normal 

prostatic tissues to the malignant phenotype (12-15). Furthermore, while several 

monoclonal bodies against EGFRvIII identified a higher incidence of EGFRvIII 

positivity in gliomas than previously described and identified an EGFRvIII-positive 

subset of breast tumors, EGFRvIII was not expressed in normal tissues (16). Other 

reports also claimed a lack of EGFRvIII expression in normal prostate, breast, lung, 

skin, ovary, colon, kidney, endometrium, and placenta as well as peripheral, central 

nervous, and lymphoid systems (11;12;15;16). 

 Several reports have suggested that EGFRvIII expression is rare and does not 

play a significant role in many human malignancies. Evaluation of human breast 

cancer cell lines and primary breast cancer yielded no evidence of EGFRvIII mRNA 

expression (17). EGFRvIII was also found to be rare in ovarian cancer (18;19). 

However, recent publications have continued to identify EGFRvIII expression in 

malignancies outside of the central nervous system. It has been shown that EGFRvIII 

is expressed in human hepatocellular carcinoma and relates to progression and 

recurrence (20). EGFRvIII was recently reported to be expressed in several 

hepatocellular carcinoma cell lines (21). EGFRvIII seems to play a role in prostate 

cancer progression as EGFRvIII has been shown to be expressed in hyperplastic and 

carcinomatous prostatic tissues (22). EGFRvIII expression has also been linked to a 

loss of the androgen receptor and wild-type EGFR in human prostate cancer, and may 

play a role in hormone-refractory prostate cancer (23;24). EGFRvIII was found to be 
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co-expressed with wild-type EGFR in a significant portion of colorectal cancer and the 

cytoplasmic expression of EGFRvIII was associated with improved survival in 

patients receiving radiotherapy (25). However, other studies found that colorectal 

cancers did not express EGFRvIII (26;27). Reports continue to claim EGFRvIII 

expression in non-small cell lung cancer, although its role in this cancer has yet to be 

established (28;29). EGFRvIII has also been shown to be expressed in head and neck, 

thyroid, and laryngeal cancers as well as in pediatric high-grade gliomas (30-33). 

Reports have never found EGFRvIII expression in bladder cancer (34;35). 

 It is important to note that EGFRvIII-expressing glioma cells were found to 

form lipid-raft microvesicles containing EGFRvIII, which can be shed into cellular 

surroundings and were found in the blood of tumor-bearing mice (36). EGFRvIII-

expressing microsomes were also found in the serum of glioblastoma patients (37;38). 

These microvesicles can merge with the membranes of non-EGFRvIII-expressing cells 

and induce the activation of oncogenic signaling pathways leading to cellular 

transformation (36). Therefore, not all tumor cells will express EGFRvIII, and only a 

fraction of EGFRvIII-positive tumor cells is required to maintain the transformed 

phenotype in a population of tumor cells.    

 

3. Signaling 

 EGFRvIII has intrinsic kinase activity without ligand and leads to the 

activation of multiple oncogenic signaling pathways. EGFRvIII has been shown to 
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homodimerize and heterodimerize with wild-type EGFR as well as a carboxyl-

terminal deletion mutant of the p185neu oncogene, suggesting heterodimerization 

potential with ErbB2 (39-41). EGFRvIII phosphorylation is not as robust as wild-type 

EGFR activated by ligand (42).  

 Evaluation of human glioma biopses revealed that EGFRvIII is predominantly 

expressed at the cell membrane with some perinuclear distribution and no nuclear 

staining (43). As a result of altered conformation, EGFRvIII does not undergo 

endocytosis and lysosomal sorting leading to a lack of down-regulation and attenuated 

signaling (42). EGFRvIII was not found to associate with Cbl, nor undergo 

ubiquitination and degradation (44). Furthermore, EGFRvIII was found to be 

hypophosphorylated at tyrosine 1045, the docking site for Cbl (44). However, a report 

has shown that overexpression of Cbl proteins results in ubiquitination and 

degradation of EGFRvIII (45). These conflicting results were later solved as it was 

found that Cbl does bind to EGFRvIII via Grb2 and not through tyrosine 1045, but the 

receptor was not ubiquitinated, and therefore, lacked proper internalization and 

lysosomal degradation (46). A loss of the negative regulator of EGFR, LRIG1, may 

also alter EGFRvIII intracellular trafficking, leading to enhanced EGFRvIII 

expression (47). EGFRvIII does not associate with caveolin-1, which may account for 

its improper down-regulation and persistent signaling (48). Additionally, EGFRvIII 

associates with heat shock protein 90 (Hsp90) and this association is necessary to 
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maintain expression of EGFRvIII, which implies that HSP90 inhibitors may have 

clinical benefit to those patients with EGFRvIII-positive tumors (49). 

 Gene expression profiling showed that transcription factors, cell adhesion 

molecules, signal transduction related molecules, and other molecules involved in the 

control of cell growth, survival, and motility were altered by EGFRvIII expression 

(50). In mouse fibroblasts, EGFRvIII leads to the activation of mitogen-activated 

protein (MAP) kinase/extracellular signal-regulated kinase (MEK) and modest 

activation of p44/42 MAPK (ERK1/2) resulting from a constitutive association of 

Grb2 to the mutant receptor (51;52). EGFRvIII-expressing mouse fibroblasts also have 

high levels of phosphatidylinositol 3-kinase (PI3K) activity, and the transformation 

potential of these cells can also be reversed by PI3K inhibitors (53). Inhibition of 

EGFRvIII activity and PI3K down-regulates the high basal level of c-Jun N-terminal 

kinase (JNK) activity in these transformed fibroblasts (54). Increased Ras activity in 

glioblastoma cells expressing EGFRvIII also induces the expression of the angiogenic 

vascular growth factor (VEGF), linking EGFRvIII expression to increased tumor 

angiogenesis (55). Glial fibrillary acidic protein (GFAP)-EGFRvIII transgenic mice 

have increased numbers of astrocytes and develop normally without the formation of 

gliomas, however, double transgenic mice expressing both EGFRvIII and activated 

Ras have decreased survival from oligodendrogliomas and mixed oligoastrocytoma 

tumors in comparison to transgenic mice expressing activated Ras and wild-type 

EGFR (56).  
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 EGFRvIII activates different downstream signaling cascades not only from 

wild-type EGFR, but these differences may be tissue specific, leading to various 

phenotypic changes. EGFRvIII induces constitutive phosphorylation of p44/42 MAPK 

and PI3K/Akt in glioblastoma cells (57). Activation of p44/42 MAPK in these cells 

was dependent on PI3K and phospholipase C (PLCγ) activity, which was not required 

by wild-type EGFR, suggesting different mechanisms of p44/42 MAPK activation by 

wild-type and mutant EGFR (57). Inhibition of protein kinase C (PKC) activity in 

glioblastoma cells expressing EGFRvIII caused rapid apoptosis independent of 

caspase activation (58). Another study revealed that while EGFRvIII is constitutively 

activated and leads to increased p44/42 MAPK activation in immortalized astrocytes 

and fibroblasts, EGFRvIII only increased the activation of Akt in the immortalized 

astrocytes (59). It was also shown that the protein tyrosine phosphatase SHP-2 

modulated MEK-mediated signaling pathway that regulated EGFRvIII 

phosphorylation and cell survival in response to cisplatin in glioblastoma cells, which 

was not found in EGFRvIII-expressing fibroblasts (60). The SHP-2 inhibitor, NSC-

87877, also inhibited p44/42 MAPK activity, and inhibited the transformation of 

glioblastoma cells (61). Ligand-activated wild-type EGFR was shown to induce genes 

known to be inducible by interferons (IFNs) which correlated to the activation of 

signal transducers and activators of transcription (STAT) 1 and STAT3, however, 

expression of these genes by EGFRvIII was absent (62). In contrast, STAT3 was later 

shown to play paradoxal roles in glioblastoma pathogenesis as it played a tumor 
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suppressive role in the PTEN pathway, but complexed with EGFRvIII in promoting 

the transformation of glial cells (63). Suppression of STAT3 activity with the tyrosine 

kinase inhibitor (TKI) gefinitib (Iressa) and a janus kinase (JAK) 2/STAT3 inhibitor 

(JSI-124) also killed EGFRvIII-expressing glioblastoma cells and this inhibitor 

sensitized these cells to temozolomide, 1,2-bis(2-chloroehtyl)-1-nitrosourea, and 

cisplatin (64). EGFRvIII also up-regulates the expression of transforming growth 

factor-α (TGFα) and heparin-binding EGF (HB-EGF), leading to an autocrine loop 

involving wild-type EGFR in glioma cells, which may influence the signaling 

cascades activated in EGFRvIII-expressing glioma cells (65).  

 EGFRvIII crosstalks with other growth factor receptors. The hepatocyte 

growth factor receptor, Met, was found to be activated in cells expressing EGFRvIII, 

and the combined inhibition of EGFRvIII with a Met inhibitor enhanced the cytotoxic 

effect on EGFRvIII-expressing glioblastoma cells than either agent alone (66). The 

combination of the TKI erlotinib (Tarceva) and the Met inhibitor, L2G7, 

synergistically inhibited EGFRvIII-positive/PTEN-negative/Met-positive glioma cell 

proliferation, enhanced apoptosis, arrested tumor growth, and prolonged animal 

survival (67). Phosphoproteomic results also revealed this relationship between 

EGFRvIII and Met (68). Receptor tyrosine kinase assays also identified platelet-

derived growth factor receptor β as being activated in EGFRvIII-expressing 

glioblastoma cells (69). 
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4. Phenotypes 

 Mouse fibroblasts transfected with EGFRvIII cDNA had increased 

transforming potential characterized by shorter population doubling time, increased 

soft agar colony formation, and increased tumorigenesis in comparison to cells 

expressing wild-type EGFR (70). The immortalized murine bone-marrow derived pro-

B-cell line Ba/F3 also becomes transformed with EGFRvIII expression and is also 

resistant to gefinitib and erlotinib (13). Similarly, non-tumorigenic FDC-P1 mouse 

myeloid cells were also transformed when transfected with EGFRvIII when co-

expressed with c-Myc (71). EGFRvIII-expressing glioblastoma cells grown 

intracerebrally in nude mice had enhanced tumorigenicity although their rate of cell 

growth in vitro was unaffected, suggesting a growth advantage of EGFRvIII-

expressing cells in vivo (72). EGFRvIII also confers resistance to the 

chemotherapeutic drug cisplatin marked by decreased apoptosis due to an increase in 

the pro-apoptotic Bcl-xL and a suppression of caspase-3-like proteases (73). Inhibition 

of EGFRvIII signaling with the TKI AG1478 sensitized glioblastoma xenografts to the 

cytotoxic effects of cisplatin and the combination of cisplatin/AG1478 significantly 

suppressed growth of xenografts in a synergisitic manner without causing generalized 

toxicity (74). Furthermore, like ErbB2-expressing cells, EGFRvIII-expressing cells are 

resistant to paclitaxel-mediated cytotoxicity and tubulin polymerization due to altered 

expression of β-tubulin isotypes (75).  
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 EGFRvIII has a stronger cytoprotective effect to radiation than wild-type 

EGFR (76). Radiation increases the phosphorylation of EGFR and EGFRvIII, but the 

activation of MAPK and PI3K/Akt by radiation is much higher in EGFRvIII-

expressing cells leading to radioresistance in vitro (76). An in vivo study confirmed 

these results with human glioma cells, and that the expression of dominant-negative 

EGFR-CD533 can inhibit EGFRvIII function and restore radiosensitivity to 

EGFRvIII-expressing glioma cells in vitro and in vivo (5;77). Another study suggested 

that only the activation of PI3K is required to confer resistance to radiation in 

immortalized astrocytes (59). It has recently been discovered that Akt and p44/42 

MAPK signaling in EGFRvIII-expressing glioma cells promotes both homologous 

recombination repair and non-homologous end joining to repair double strand breaks 

(DSB), and induces radioresistance (78). Elevated activation of DNA-dependent 

protein kinase catalytic subunit (DNA-PKcs), a key DSB repair enzyme, is reported to 

be involved in radioresistance in EGFRvIII-expressing cells (79). EGFRvIII also 

promotes resistance to oxidative stress in the absence of PTEN expression and 

tolerance to hypoxia in glioma cells (80;81). EGFRvIII was found to correlate with the 

expression of hypoxia induced factor-1 (HIF-1) α in glioblastoma patients, suggesting 

that EGFRvIII provides a survival advantage to cells under stress conditions (82;83). 

 Unlike tumors which express wild-type EGFR, EGFRvIII tumors are resistant 

to TKIs as it was shown that gefinitib partially decreased EGFRvIII phosphorylation 

and failed to inhibit subcutaneous and intracranial tumor growth of cells expressing 
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EGFRvIII (84). Gefinitib does not successfully inhibit DNA synthesis, cellular 

growth, and invasion in cells expressing EGFRvIII (85). Head and neck cancer cells 

expressing EGFRvIII were also found to be resistant to cisplatin and the anti-EGFR 

monoclonal antibody (mAb) cetuximab (C225/Erbitux) (32). However, one report has 

shown that non-small cell lung cancers induced by EGFRvIII expression in the lung 

are sensitive to an irreversible tyrosine kinase inhibitor (13).  

 In addition to its ability to transform cells and induce resistance to 

chemotherapy, radiation, and TKIs, EGFRvIII increases the migratory and invasive 

behavior of cells. EGFRvIII-transfected small cell lung cancer cells lacked adherence 

junctions and had increased invasive potential in in vitro invasion assays (86). 

EGFRvIII similarly enhanced the motility and invasive potential of glioblastoma cells 

by inducing the expression of pro-invasive genes including extracellular matrix 

components, metalloproteases, and a serine protease (87). Furthermore, active matrix 

metalloproteinase (MMP)-9 was strongly correlated with EGFRvIII expression, 

occurring in 83% of the EGFRvIII-positive glioblastoma multiforme tumors but in 

none of the EGFRvIII-negative tumors (88). Kidney and colonic cancer cells forced to 

express EGFRvIII also had invasive phenotypes associated with activation of pro-

invasive signaling pathways involving PI3K and Rho/Rho-kinase (89).  

 Mouse fibroblasts expressing EGFRvIII also show increased motility marked 

by an increase in lamellipodia and a reduction in the number of stress fibers and focal 

adhesions (90). EGFRvIII also increases the migration of neural stem cells (91). 
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Furthermore, EGFRvIII expression in ovarian cancer cells results in increased 

migration associated with changes in cell shape and focal adhesion formation resulting 

from a down-regulation of integrin α2 through increased caveolae/raft-mediated 

endocytosis (92;93). These cells had a switch in cadherins from E-cadherin to N-

cadherin, coupled with gain of vimentin expression, and loss of epithelial keratins and 

mucins expressed in well-differentiated epithelial ovarian carcinomas, suggesting an 

epithelial to mesencymal transition (EMT) (94). A similar down-regulation of E-

cadherin and up-regulation of β-catenin was also implicated in the increased motility 

of EGFRvIII-expressing immortalized normal prostate epithelial cells (95). Up-

regulation of tissue factor (TF), the transmembrane protein responsible for initiating 

blood coagulation and signaling through interaction with coagulation factor VIIa, in 

EGFRvIII-expressing cells may play a significant role in this EMT process (96). 

Increased expression of the pro-metastatic and angiogenesis EphA2 and its co-

localization with EGFRvIII may also play a functional role in EGFRvIII-induced 

migration (97). Finally, just recently EGFRvIII was found to induce the 

phosphorylation and physical association with the Src family kinases (SFK), Fyn and 

Src, resulting in increased tumor growth, invasion, and motility (98).  

 The increased invasion of EGFRvIII-expressing glioma cells is not only 

dependent on Akt activation, but also increased focal adhesion kinase (FAK) 

activation, which can be inhibited by PTEN (99). EGFRvIII and loss of PTEN in the 

PasB8 glioma-prone mouse strain leads to high-grade glioma development, suggesting 
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an important role of PTEN in the oncogenic properties of EGFRvIII (100). Due to 

increased PI3K activity in EGFRvIII-expressing/PTEN-deficient glioblastoma cells, 

combining EGFR inhibitors with mTOR inhibitors inhibited tumor growth and had an 

additive effect on inhibiting PI3K signaling (101). EGFRvIII expression also induced 

chromosomal aberrations and genomic instability in PTEN-negative neural precursor 

cells (80). 

 

5. EGFRvIII and Breast Cancer 

 Early studies showed that EGFRvIII expression was found in human breast 

cancer specimens and breast cancer xenografts in nude mice (5;11;16). In addition to 

transforming non-tumorigenic, IL-3-dependent murine hematopoietic cells (32D cells) 

into IL-3-independent and ligand-independent malignant cells, EGFRvIII enhanced 

soft agar colony formation and tumorigenicity of breast cancer cells (102). A tumor 

specific ribozyme targeted to EGFRvIII was capable of down-regulating endogenous 

EGFRvIII expression in breast cancer cells, resulting in decreased proliferation and 

tumor formation (103). EGFRvIII was constitutively active in breast cancer cells and 

enhanced ErbB2 phosphorylation (102). Laser capture microdissection (LCM)/RT-

PCR and immunohistochemical analysis also revealed a high incidence (67.8%) of 

EGFRvIII transcript in human primary invasive cancer in addition to co-expression of 

wild-type EGFR and EGFRvIII transcripts in the same tumor (104). 

Immunohistochemical analysis also found that EGFRvIII expression was expressed in 
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29% of ductal carcinoma in-situ (DCIS), 40% of primary invasive breast carcinomas, 

and 54% of metastatic lymph nodes (105). High expression of EGFRvIII was found 

only in 5% of primary breast cancers and 27% of metastatic lymph-nodes (105). 

Similarly, EGFRvIII was co-expressed in 40% of ErbB2-expressing breast cancers and 

75% of ErbB2-expressing metastatic lymph node specimens (105). EGFRvIII was not 

detected in normal breast tissues (104;105). In addition, it was found that co-

expression of EGFRvIII with ErbB2 in 32D cells enhanced the tumorigenic potential 

of the cells, and mediated sustained activation of downstream pathways, whereas EGF 

induced a robust, yet transient activation of these pathways in 32D cells expressing 

wild-type EGFR (105) (Fig. 1). Finally, EGFRvIII expression in an ErbB2-

overexpressing, estrogen-receptor (ER) positive breast cancer cell line resulted in an 

estrogen-independent, tamoxifen-resistant phenotype in vivo characterized by a 

reduction in ER expression, loss of progesterone receptor (PgR), and modulation of 

apoptotic proteins (106). An absence of PgR was also correlated to EGFRvIII 

expression in human invasive breast cancers (106) (See Table I for EGFRvIII-induced 

phenotypes in breast cancer cells).  

 Although the clinical value of circulating cancer cells in cancer patients is still 

being determined, EGFRvIII expression was found in circulating breast cancer cells, 

and was associated with metastatic disease (107;108). A recent publication that 

attempted to address the prognostic significance of EGFRvIII expression in breast 

cancer concluded that there was no association of EGFRvIII with patient outcomes.  
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Fig. 1 Signaling cascades activated by EGFRvIII in breast cancer cells 
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Table I. EGFRvIII-Induced Phenotypes in Breast Cancer Cells 
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However, this study only detected EGFRvIII expression in 4% of their patient 

specimens, and a conclusion on the impact of EGFRvIII expression in breast cancer is 

premature (109). 

 

6. Targeting EGFRvIII 

 Since EGFRvIII is tumor specific and it expresses a novel extracellular 

sequence, several targeted therapies have been developed. RNA interference (RNAi) 

has shown that suppressed expression of EGFRvIII in mouse fibroblasts and 

glioblastoma cells leads to suppressed Akt activation, increased apoptosis, and a 

partial arrest at the G2M phase of the cell cycle (110). Lenti-viral delivery of 

EGFRvIII-targeting short-hairpin RNA (shRNA) also inhibited proliferation, 

invasiveness, and colony formation of glioblastoma cells expressing EGFRvIII (111). 

Combining small-interfering RNA (siRNA) with inhibitors of PI3K further increased 

cell cycle arrest and apoptosis (110).  

 Early studies have shown that immunotoxins specific for EGFRvIII are 

cytotoxic to EGFRvIII-expressing mouse fibroblasts and glioblastoma cells, while 

untransfected parental cells were unaffected (112). Specific EGFRvIII antibodies 

alone or conjugated to cytotoxic agents, including radioisotopes and toxins, have 

shown to be have antitumor effects in preclinical models and may be promising for 

brain tumor therapy in humans (113). Immunoliposomes conjugated to fragments of 

cetuximab have been shown to be internalized by tumor cells overexpressing wild-
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type EGFR and EGFRvIII, thereby, successfully delivering multiple anticancer drugs 

such as doxorubicin, epirubicin, and vinorelbine (114). Cetuximab alone, binds to 

EGFRvIII and causes internalization, leading to decreased phosphorylation of 

EGFRvIII, and a reduction in cell proliferation,invasion, and tumor growth (115;116). 

This antibody was also found to induce antibody-dependent cell-mediated cytotoxicity 

to EGFRvIII-expressing glioma cells (117). However, one report also reported that 

despite the ability to down-regulate EGFRvIII, cetuximab did not affect the growth 

rate or radiosensitivity of glioma cells expressing EGFRvIII (118). The anti-EGFRvIII 

mAb 806 was shown to decrease both tumor growth and angiogenesis by decreasing 

the phosphorylation of EGFRvIII and down-regulation of Bcl-xL in nude mice bearing 

intracranial xenografted gliomas expressing EGFRvIII (119;120). Although few 

reports have identified increased Src activity in EGFRvIII-expressing cells, Src 

inhibitors enhance the antitumor activity of mAb 806 and gefinitib (98;121;122). 

Erlotinib and the mTOR inhibitor, rapamycin, are also being evaluated as a treatment 

combination for patients with recurrent glioblastoma (123). Since resistance to mTOR 

inhibitors has been observed, the activation of AMPK, a metabolic checkpoint that 

integrates growth factor signaling with cellular metabolism, may also be a potential 

target to inhibit mTOR signaling and inhibit the growth of EGFRvIII-expressing 

glioblastomas (124). 

 Preimmunization of mice with a peptide derived from the EGFRvIII fusion 

junction inhibited tumor formation by cells expressing EGFRvIII (125). Tumor cell 
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inoculation followed by immunization also enhanced the regression of existing tumors 

(125). Peptide ligands against EGFRvIII have also been developed for diagnostic 

imaging and tumor-targeting purposes (126). Immunizations with dendritic cells 

mixed with an EGFRvIII-specific peptide resulted in an immunological response 

which increased the survival time amongst mice challenged with intracerebral tumors 

expressing EGFRvIII (127). Genetically modified T-lymphocytes which recognize 

EGFRvIII also induced IFN-γ secretion, successful tumor cell lysis, and inhibition of 

tumor growth of EGFRvIII-positive cells (128). Potent cellular and humoral immune 

responses have also been detected in humans vaccinated with peptide vaccine specific 

to EGFRvIII (129;130).  

 Clinical trials for mAbs, TKIs, vaccines, and other targeted therapies are 

currently underway for patients with malignancies of the central nervous system with 

EGFRvIII-positive tumors (131). Combining some of these agents with temozolomide 

and radiation may also improve patient survival rates (132). 

 

B.  CXCR4 

1. Chemokines and Chemokine Receptors 

 The chemokine network is a complex network of pro-inflammatory or 

signaling cytokine-like proteins which exert their numerous biological functions by 

interacting with their G-protein coupled receptors (GPCRs). Chemokines induce the 

chemotaxis of responsive cells and hence are referred to as chemotactic cytokines. At 
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least 46 chemokines and 18 chemokine receptors have been identified. Chemokines 

are small (8-10 kDa) soluble proteins which interact with seven-transmembrane 

GPCRs. The chemokines are subdivided into four major groups, CXC, CC, C, and 

CX3C based on the cysteine residue motifs in highly conserved positions within the 

amino (N)-terminus of their protein sequence. Chemokine ligands are signified by an 

L at the end of their cysteine residue motifs, and their receptors are signified by an R. 

Chemokine receptors range from 340-370 amino acids with a short extracellular acidic 

N-terminus as well as numerous serine and threonines in the short intracellular C-

terminal tail that become phosphorylated upon ligand binding to the receptor 

(133;134). Evidence exists that chemokine receptors form homodimers and become 

tyrosine phosphorylated which may be involved in receptor signaling (135). 

Ubiquitination of chemokine receptors may also play a role in their intracellular 

trafficking and turnover through proteasomes and lysosomes (136). 

 Like other GPCRs, chemokine receptors are complexed with a αβγ-trimeric G 

protein having a GDP at its guanine nucleotide-binding site in the absence of a ligand 

in its ligand-binding site. Upon ligand binding, the αβγ-trimer disassociates to a α- 

and a βγ-subunit, and is released from the receptor. The subsequent exchange of the 

GDP from the α−subunit for a GTP causes a GTP-GDP exchange reaction that results 

in the transmission of a signal to an effector protein through its interaction with the 

GTP-bound α- and/or βγ-subunits.  The G protein is thus activated and can activate or 

inhibit some common effectors such as adenylate cyclase, cGMP phosphodiesterase, 
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phospholipase C, potassium channel, calcium channel, and phospholipase A2. 

Hydrolysis of the GTP bound to the α-subunit of a G protein to a GDP due to intrinsic 

GTPase activity of this peptide results in the reassembly of the αβγ-trimer and restores 

the inactive state of the G protein complexed with a receptor (137).    

 In order for chemokine receptors to mediate cell migration, the cell must first 

become polarized in the direction of the chemokine concentration gradient and the 

guanine triphosphate exchange factors (GTPases) Rac and Rho coordinate actin 

polymerization allowing for cell movement by the extension of pseudopodia in the 

direction of the chemokines and retraction of the cell body in contact with the lower 

concentration of the chemokines. The number of chemokine receptors also increases 

in the part of the cell near the highest concentration of the chemokines. Upon ligand 

binding to the receptor, the exchange of GDP for GTP in the α-subunit and the 

disassociation of the αβγ-trimer, allows the βγ-subunit to activate PI3K family 

members and the generation of phosphatidylinositol-3,4,5-triphosphate (PIP3) which 

co-localizes with Rac in the leading edge of the cell. There PIP3 causes cellular 

activation and migratory responses, and PI3Kγ causes activation of FAK and Crk, both 

of which are involved in signaling for migration and lead to the eventual 

polymerization of actin in the pseudopodia and its forward extension. In the lagging 

edge, Rho GTPases cause activation of myosin, which leads to the generation of actin-

myosin complexes and retracts the back side of the cell (133). 
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2. CXC Ligands and Receptors in Normal Biology and Non-Malignant 

Disease 

 The genes encoding CXC chemokines are located on  human chromosome 4, 

with the exception of the gene for stromal cell-derived factor-1 (SDF-1/CXCL12) 

which is located on chromosome 10. The genes for chemokine receptors are located 

on either chromosome 2 or 3. While CC, C, and CX3C chemokines do not attract 

neutrophils, CXC chemokines act as neutrophil chemoattractants.  CXCL12 and IL-8 

(IL8/CXCL8) are also active on other classes of leukocytes, including monocytes. 

CXC chemokines, like IL-8, that contain the highly conserved three amino acid ELR 

motif (Glu-Leu-Arg) immediately preceding the first cysteine in their N-terminal CXC 

motif are angiogenic, unlike non-ELF CXC chemokines, which are anti-angiogenic. 

Although CXCL12 is a non-ELF CXC chemokine, it has been shown to induce 

neovascularization in vivo (133). 

  Other than cell migration, CXC chemokines are also involved in the 

translocation of the transcription factor nuclear factor kappa-B (NFκB) to the nucleus, 

leading to the synthesis of proinflammatory cytokines, proteases, and oxidant-

generating machinery involved in inflammation and host defense. Activation of PLCβ, 

also leads to an increase in intracellular calcium by opening store-operated calcium 

channels and signals several physiological changes in the cell, including activation of 

PKC. Granule exocytosis and release of enzymes which kill bacteria in response to 

CXCR4 activation is a method for defense against infection, but also leads to host 
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tissue damage in diseases of inflammation or chronic infection. Granule exocytosis is 

mediated by β-Arrestins and is also important in down-regulation of receptor 

expression at the membrane in response to chemokine stimulation. Activation of CXC 

receptors such as CXCR1 also causes the release of superoxide molecule by activation 

of the NADPH oxidase and the specific activation of phospholipase D, which is active 

in cytoskeletal rearrangement and the exocytotic response (133) (See Fig. 2 for the 

CXCL12/CXCR4 signaling cascade in normal lymphocytes). 

It is important to briefly mention that CXC chemokines and receptors are 

involved in numerous human diseases. CXCR1 and CXCR2 mediate the recruitment 

of neutrophils which are involved in various disease including acute respiratory 

syndrome, emphysema, ischemia reperfusion injuries, and inflammatory bowel 

disease. CXCR3 is also involved in immune surveillance and T-cell function and 

therefore, is a target for drug therapy for patients experiencing acute allograft rejection 

and complications in allogeneic stem-cell transplantation. Very little is known about 

the biology of CXCR5 and CXCR6, and therefore, its role in pathology is unclear. 

Recently, CXCR7 was identified as a new CXC receptor that binds CXCL12 and 

promotes chemotaxis of T lymphocytes (138). CXCR7 was shown to be expressed in 

various cancer cells and may provide a growth and survival advantage and increased 

adhesion versus cell migration/invasion as is the case for CXCR4 in most cancers 

(139). CXC receptors are also involved in the migration of primitive hematopoietic 

stem and progenitor cells to the bone marrow, the migration of T-cell progenitors to 
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Fig. 2 The CXCL12/CXCR4 signaling cascade in normal lymphocytes
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the thymus, in immune surveillance of the intestine, proper central nervous system 

physiology, and are implicated in pulmonary disease and atherosclerosis as well as 

multiple sclerosis (MS) (133;140).    

 

3. Role of CXC Receptors in Human Cancer 

 CXC receptors have been implicated in many aspects of carcinogenesis 

including cellular transformation, regulation of angiogenesis, TH1 cell mediated 

immunity and angiostasis, tumor cell invasion, and the homing of cancer cells to 

specific organs.  Support for CXCR2’s involvement in the preneoplastic-to-neoplastic 

transformation of lung cancer has shown that the human Kaposi’s sarcoma herpes 

virus (KSHV) mediates the pathogenesis of Kaposi’s sarcoma via a GPCR 

homologous to CXCR2, similar pathways are activated by both GPCRs and protein 

tyrosine kinase receptors (PTKRs), and the persistent activation of CXCR2 by ligands 

or point mutations leads to cellular transformation. 

 Since chemokines are either promoters or inhibitors of angiogenesis-family 

members containing the ELR motif are potent promoters of angiogenesis or those that 

lack the ELR motif are IFN-inducible and are inhibitors of angiogenesis, it is of no 

surprise that chemokines are involved in the regulation of angiogenesis in tumors. 

VEGF up-regulates the anti-apoptotic protein Bcl-2, which is associated with 

expression of the endothelial cell IL-8, which functions in autocrine/paracrine manner 

to maintain the angiogenic phenotype of the endothelial cell. Activation of GPCR and 
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PTKR also contribute to the expression of angiogenic CXC chemokines via NFκB 

activation in cancer cells. All ELR+ CXC chemokine ligands bind to CXCR2 which 

mediates the angiogenic activity of ELR+ CXC chemokines. CXCR2 was also shown 

to mediate endothelial cell rapid stress fiber assembly, chemotaxis, enhanced 

proliferation, and phosphorylation of p44/42 MAPK in response to IL-8. A lung 

cancer syngeneic tumor model system also showed that CXCR2 -/- mice had lung 

cancers with reduced growth, increased tumor-associated necrosis, and inhibited 

tumor-associated angiogenesis and metastatic potential in comparison to CXCR2 +/+ 

mice. Non-ELR+ CXC chemokines which inhibit angiogenesis, such as breast and 

kidney-expressed chemokine (BRAK/CXCL14), were found to be down-regulated in 

tumor specimens more than normal adjacent tissue, and the loss of BRAK constitutive 

expression is associated with the transformation of normal epithelial cells to cancer 

cells and the promotion of a proangiogenic microenvironment. 

 Platelet factor 4 (PF4/CXCL4) was shown to inhibit epidermal growth factor 

(EGF)-simulated endothelial-cell proliferation by causing a decrease in E-cyclin-

dependent kinase2 (E-cdk2) activity that results in a decrease in the rate of 

retinoblastoma protein (Rb) phosphorylation. The mechanism is related to PF4-

dependent sustained increase in the levels and binding of the cyclin-dependent kinase 

inhibitor (CKI), p21 (Cip1/WAF1), to the cyclin E-cdk2 complex.  This inhibits cell-

cycle progression by preventing the down-regulation of p21, leading to the inhibition 

of both cyclin E-cdk2 activity and phosphorylation of Rb (133).   
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The major receptor that has been identified for angiostatic CXC chemokines is 

CXCR3, and it exists in alternative splice forms (CXCR3A, CXCR3B, and CXCR3-

alt) that are involved in mediating recruitment of Th1 cells and act as the receptors for 

inhibition of angiogenesis. IFN-γ-inducible protein (IP-10/CXCL10) binding to 

CXCR3 was shown to cause a reduction tumor growth of human melanoma xenografts 

in immunoincompetent mice associated with a reduction in tumor-associated 

angiogenesis, leading to the observed increase in apoptosis and necrosis of tumor 

cells. Since CXCR3 ligands play a critical role in the recruitment of Th1 cells 

expressing CXCR3 during cell-mediated immunity and also inhibit angiogenesis, this 

combined immunoangiostatis effect leads to the suppression of tumor growth in 

preclinical models of non-small cell lung cancer (NSCLC). Intratumoral injection of a 

recombinant CC chemokine, CCL21, in tumors induced complete tumor eradication in 

several of the treated mice which was dependent on the generation of CXCR3 ligands 

(133).   

The support of the CXC ligands in invasion and metastasis include 

experiments that showed that the expression of IL-8 by human melanoma cells up-

regulated MMP-2 activity and increased tumor growth and metastasis. The 

overexpression of IL-8 enhanced tumorigenicity and metastatic potential of the 

melanoma cells in vivo and heightened collagenase activity and increased invasiveness 

in vitro. Similar findings were also shown in prostate cancer, where IL-8 expression 
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regulated tumorigenicity and metastases in androgen-independent prostate cancer 

(133).   

The role of CXC chemokines in organ-specific metastasis of cancer primarily 

involve CXCL12/CXCR4 and will be discussed in the next sections along with 

evidence that this chemokine and chemokine receptor is involved in other steps in 

cancer progression. 

 

4. CXCL12/CXCR4, Normal Development, and Infectious Disease 

 CXCL12 was identified as a potent lymphocyte chemoattractant, though B-

cells, germ cells, tumor cells, plasma cells, and hematopoietic progenitor cells are 

responsive to CXCL12 stimulation (141). CXCL12 exists as two major isoforms (α, 

β), though four new isoforms have been identified (γ, δ, ε, φ), all resulting from 

alternative splicing of a single gene (142). CXCL12 is constitutively expressed in 

numerous tissues, including the brain, heart, kidney, liver, lung, spleen, and bone 

marrow, and by numerous cell types including dermal fibroblasts, endothelial cells, 

astrocytes, and neurons. It was shown that deletion of CXCL12 or its receptor, 

CXCR4, is lethal in mice and causes profound defects in embryonic lymphopoesis, 

vascularization, cardiac organogenesis, central nervous system development and limb 

innervation and myogenesis (133;143;144). Though it lacks an ELR motif, CXCL12 is 

chemotactic for endothelial cells and exhibits both angiogenic and angiostatic 

properties (133). The CXCL12/CXCR4 axis may be required for the proper 



30 

regeneration of tissues (145-148). Since CXCR4 is required for the proper 

maintenance of hematopoietic stem cells, it has been used as a marker to identify 

various stem cell populations, such as very small embryonic-like (VSEL) stem cells, 

breast progenitor cells, tissue-committed stem cells, neural stem cells, and cancer stem 

cells (147;149-160). 

 CXCR4 was identified as fusin, the co-receptor with CD4, for syncytium-

inducing laboratory strains of HIV-1. CXCR4 is constitutively expressed by a wide 

variety of cell types, including naive T-lymphocytes, endothelial cells, microglia, 

astrocytes, and neurons. The expression of the chemokine receptor is normally up-

regulated by VEGF, basic fibroblast growth factor (bFGF), TNF-α, and it is down-

regulated by IFN-γ (133).   

 Although CXCR4 may have roles in other infectious diseases, such as WHIM 

syndrome in which mutations in the CXCR4 gene are involved, most research has 

focused on the role of CXCR4 in HIV infection (143;161). HIV uses chemokine 

receptors CCR5 and CXCR4 (and possibly CCR-3) as co-receptors with CD4 

molecules to mediate viral envelope-mediated fusion binding to CD4+ T-lymphocytes 

and macrophages (133;162). This binding will lead to subsequent membrane fusion, 

which precedes viral entry. As a result, several therapies targeting CXCR4 such as 

CXCR4-directed antibodies, synthetic peptidic antagonists of CXCR4, small-molecule 

CXCR4 antagonists, and gene therapies such as CXCL12α intrakine and CXCR4 

antisense oligonucleotides have been developed to block HIV viral entry.     
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5. CXCR4 Expression in Human Cancers  

Expression of CXCR4 transcripts and/or protein has been reported in several 

human cancers, with new reports of the involvement of this chemokine receptor in 

disease progression of other cancers being published frequently. It is believed that 

CXCR4 responsive cancer cells are “homed” to organ-sites which express the CXCR4 

ligand, CXCL12, and therefore, the expression of CXCR4 is correlated with the 

invasiveness of the cancer.  Human lung (both small and non-small cell), 

hepatocellular, intrahepatic chloangiocarcinoma, oral squamous cell, head and neck, 

laryngeal/hypopharyngeal/nasopharyngeal, renal, breast, prostate, pancreatic, gastric, 

bladder, colorectal, ovarian, cervical, endometrial, thyroid, salivary gland, and 

esophageal tumors as well as leukemias, lymphomas, multiple myeloma, 

osteosarcoma,  rhabdomyosarcoma, chondrosarcoma, soft tissue sarcoma, 

hemangioblastoma, neuroblastoma,  medulloblastoma, glioma, meningioma, 

basal/squamous cell carcinoma of the skin, melanoma, and germ cell tumors of adults 

and adolescents all have been shown to express CXCR4 and their respective cancer 

cell lines have been to shown to express the chemokine receptor and show chemotaxis 

mediated by CXCL12/CXCR4 (163-201). Many of these human cancers have also 

been shown to express CXCL12 (173;174;180;183;196;198;199;202-209). 

Polymorphisms in CXCL12 and CXCR4 have been reported to be associated with 

cancer risk and malignant cell dissemination (210-217). Only one report has identified 

a migration-enhancing CXCR4 mutation in human colon cancer and melanoma cells 
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(218). CXCR4 expression was associated with lymph node metastasis, metastatic 

spread to organs which are known to express CXCL12, poor prognosis, and decreased 

survival rates for most of these cancers (176;177;179;183;184;187;188;190-192;195-

197;201;204;209;219-250). CXCR4 expression was also related to the expression of 

VEGF, MMP-9, MMP-2, Twist, nitric oxide, HIF-1, Neuropilin (Nrp2), and the serine 

protease inhibitor, Maspin (188;199;232;234;237;251-263). 

The expression of CXCR4 in human breast cancer revealed that CXCR4 is 

expressed in both normal and cancerous breast tissue, but that breast cancer tissues 

highly expressed CXCR4 compared with corresponding normal tissues (264-266). 

CXCR4 was also shown to be expressed in human ductal carcinoma in situ (DCIS) as 

well as atypical ductal hyperplasia suggesting a role of CXCR4 in tumor progression 

and providing support to the idea that targeting chemokine networks can be used as a 

therapeutic approach in malignant disease or as a chemopreventive strategy (265;267). 

The progression of benign human prostatic epithelium to malignancy was also shown 

to involve TGFβ-mediated up-regulation of CXCR4 and its signaling (268). Both 

CXCL12 and CXCR4 were expressed in pancreatic intraepithelial neoplasia (PanIN) 

leading to an autocrine loop regulated by MAPK which may be involved in the 

progression of pancreatic cancer (269).  

In breast cancer, high nuclear expression of CXCR4 was associated with 

patients who had lymph node-negative tumors, while high cytoplasmic expression of 

CXCR4 was associated with lymph node-positive tumors and ErbB2 
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expression/amplification (265;270;271). In contrast to the breast, cytoplasmic CXCR4 

staining in primary central nervous system lymphoma was suggested to interfere with 

cell migration, and therefore, provide an explanation for the low propensity of this 

lymphoma to disseminate extracerebrally (178). Furthermore, the retention of CXCR4 

in the endoplasmic reticulum in a murine lymphoma model resulted in the prevention 

of dissemination (178). Nuclear and not cytoplasmic expression of CXCR4 also 

predicted lymph node metastasis or poor survival rates in colorectal cancer and non-

small cell lung cancer (209;272;273). Localization of CXCR4 and the migratory 

behavior of cancer cells may therefore be tumor-specific and the mechanism and role 

of the differential localization of CXCR4 requires further investigation. 

 

6. CXCR4 in Cancer Cell Migration, Invasion, and Metastasis 

 Since chemokines and their receptors direct leukocyte migration, a great deal 

of research has been focused on studying the role of chemokines and their receptors in 

cancer metastasis. Research in this field has gained much momentum since it was 

discovered that CXCR4 was one of the chemokine receptors most expressed in human 

breast cancer (186;264;274). More specifically, CXCL12 was expressed in the lung, 

liver, bone marrow, lymph nodes, and to a lesser extent in the brain, and is believed to 

be responsible for breast cancer metastasis by directing CXCR4-expressing breast 

cancer cells to these organs (186). Upon stimulation with CXCL12, breast cancer cells 

showed actin polymerization and pseudopodia formation, and migrated and invaded in 
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an CXCL12-directed manner (186). The human cancers listed in the previous section 

all display adhesive, migratory, and invasive responses to CXCL12 or mediate organ-

specific metastasis. Epithelial to mesenchymal changes such as down-regulation of the 

epithelial markers cytokeratin, E-cadherin, and β-catenin, and the up-regulation of the 

mesenchymal markers, vimentin and snail, have also been reported to be involved in 

metastatic process involving the CXCL12/CXCR4 axis (275). The metastatic potential 

of some cancer cells was also shown to be dependent on the involvement of 

CXCL12/CXCR4 and the expression and activity of other molecules including matrix 

metalloproteinases such as MMP-2, MT2-MMP, MMP-9, MMP-13, VEGF, TNF-α, 

urokinase-type plasminogen activator receptor (uPAR), and adhesion through integrins 

(167;170;189;196;254;276-293). 

Inhibiting CXCL12 interaction with CXCR4 using neutralizing CXCR4 

antibodies, or anti-HIV agents such as the specific CXCR4 antagonist AMD3100, and 

peptidic CXCR4 antagonists, as well as inhibiting CXCR4 signaling using the specific 

inhibitor of Gαi proteins, Pertussis Toxin, impaired CXCR4 mediated migration and 

invasion (163;169;171;186;195;282;283;293-307). New CXCR4 antagonists such as 

(4F-benzoyl-TE14011 (4F-bTE) and compounds from the family of chalcones have 

been developed and have been shown to inhibit CXCR4-mediated migration and 

invasion (308;309). Combining these inhibitors with chemotherapy or immunotherapy 

can also prevent metastasis (310). Knocking-down CXCR4 expression with RNAi or 

antisense CXCR4 also decreased cancer cell migration, invasion, and adhesion in vitro 



35 

and also inhibited cancer metastasis in vivo (176;198;294;311-318). RNAi retrovirus 

vectors targeting CXCR4 driven by tissue-specific antigen and human telomerase 

reverse transcriptase (hTERT) promoters have also been developed and inhibit 

CXCR4 expression and its biological functions both in vitro and in vivo (319;320). 

Furthermore, inhibiting the polymerization of CXCR4 has been suggested to prevent 

CXCR4-mediated migration, and the inhibition of CXCR4 expression along with the 

silencing of MT1-MMP has shown to prevent metastasis in mice (321-323).  

 The expression of CXCL12 by tumor cells results in multiple biological 

functions. It has been shown that the silencing of CXCL12 by DNA hypermethylation 

leads to increased cancer cell invasion and metastasis (324). Re-introduction of 

CXCL12 in cells can promote the growth of tumors, but can significantly reduce 

metastasis (325). Low CXCL12 plasma levels in breast cancer patients were also 

associated with increased risk of developing distant metastasis and poorer breast 

cancer-specific survival than patients with high levels (326-328). However, CXCL12 

promoter methylation and low expression may be an early event in glioblastoma 

development, while high CXCL12 expression in high-grade glioblastoma may play a 

different role (250). Aberrant CXCL12 promoter methylation was also associated with 

an unfavorable prognosis in non-small cell lung cancer (329). Endogenous expression 

of CXCL12 in colorectal carcinoma cells was shown to also increase anoikis, and 

thereby, inhibit metastasis (330). In most cases, CXCL12 may function to promote cell 
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survival, proliferation, or angiogenesis at the primary tumor site and the loss of 

CXCL12 expression by cancer cells leads to increased metastatic potential. 

 

7. CXCR4 in Cancer Cell Proliferation and Survival 

 Though blocking the CXCL12/CXCR4 axis inhibits cancer cell migration, 

invasion, and metastasis in mouse models, emerging data suggests that this chemokine 

and its receptor plays a role in cancer cell proliferation and survival. CXCL12 was 

shown to be essential for the proliferation or tumor growth of CXCR4-positive head 

and neck squamous cell carcinomas, oral squamous cell carcinomas, salivary gland 

carcinomas, colorectal carcinomas, non-Hodgkin’s lymphoma, and neuroblastoma 

(198;282;313;331-334). Inhibition of CXCR4 alone and with chemotherapy also 

increased antitumor activity in gliomas, acute myeloblastic leukemia cells, small cell 

lung cancer cells, ovarian cancer cells, and multiple myeloma cells (222;335-341). 

Enhanced proliferation of ovarian cancer, colorectal cancer, melanoma, gastric cancer, 

cervical cancer, and meningioma cells was also shown in response to CXCL12 

stimulation as well as increased DNA synthesis in multiple myeloma cells and glioma 

cells (164;167;202;203;249;283;342-345). The proliferation of glioblastoma-derived 

tumorospheres and glioblastoma progenitor cells is also stimulated by CXCL12 

(159;346). Furthermore, blocking cyclic AMP (cAMP) production by activated 

CXCR4 also inhibits brain tumor growth (347). CXCL12 was shown to enhance the 

proliferative effectives of cytokines, such as IL-7 and IL-3 in acute lymphoblastic 
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leukemia (348). Stromal fibroblasts isolated from the prostates of older men express 

and secrete higher levels of CXCL12 than fibroblasts isolated from younger men, 

leading to the induction of CXCR4-mediated proliferation in both benign prostatic 

hyperplasia (BPH) and prostate cancer cells (349). Autocrine/paracrine 

CXCL12/CXCR4 signaling pathways result in increased proliferation along with 

increased invasiveness and migration (350). The expression of CXCR4 also 

determined the growth of tumors along with the ability of cancer cells to form 

metastasis in various organs. CXCR4-low-expressing MCF-7 breast cancer cells 

formed small tumors at inoculated sites in severe combined immunodeficient (SCID) 

mice while completely failing to metastasis to various organs (351). In contrast, 

CXCR4-high-expressing MDA-MB-231 breast cancer cells formed larger tumors and 

organ-metastasis (351). Reports have also shown that CXCR4 knock-down with 

siRNA decreased proliferation of breast cancer cells in vitro and prevented the 

formation of tumors in SCID mice and neutralizing CXCL12/CXCR4 interaction in 

vivo inhibited CXCR4 dependent tumor-growth and vascularization of head and neck, 

gastrointestinal, prostate, and breast tumors (352-356). However, the engraftment of 

leukemic cells in SCID mice was not correlated with CXCR4 expression and 

chemotactic function (166). 

Signaling through CXCR4 has also been suggested to be a part of a tumor cell 

survival program (187). CXCL12 was shown to protect breast cancer, pancreatic 

cancer, cervical cancer, and chronic lymphocytic leukemia cells from spontaneous 
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apoptosis, and ovarian cancer and chronic myelogenous leukemia cells from drug-

induced apoptosis (169;246;297;357;358). Activation of CXCR4 can also rescue cells 

from type II programmed cell death, autophagic cell death (359). Activation of 

CXCR4 has also been shown to protect breast cancer cells from detachment-induced 

cell death (anoikis) to promote metastasis (360). Furthermore, CXCR4 inhibitors were 

shown to antagonize the anti-apoptotic effect of synthetic CXCL12 and treatment with 

CXCR4 antagonists re-sensitized chronic lymphocytic leukemia cells cultured with 

stromal cells to fludarabine-induced apoptosis (297;361). CXCL12 was also able to 

suppress the rate of apoptosis induced by cisplatin in head and neck cancer cells (187). 

Activation of integrins and CXCR4 may cooperate in mediating survival signals from 

the tumor microenvironment as shown for small cell lung cancer cells (362). Tumor 

cells may also influence the immune system by up-regulating CXCL12, and thereby, 

repulsing tumor-specific T cells, or by negatively regulating MHC class I and class II 

gene expression (363-365). 

 

8. CXCR4 in Hypoxia and Angiogenesis 

 Hypoxic conditions within the tumor promote angiogenesis and are also 

suggested to contribute to cancer cell invasiveness. Hypoxia was shown to be involved 

in cancer cell invasiveness by inducing CXCR4 (366;367). CXCR4 mRNA and 

protein was induced in cancer cells as well as in normal endothelial cells and B-cells 

under hypoxic conditions (367-370). Adenosine generated within the extracellular 
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fluid of solid tumors because of their hypoxia was shown to up-regulate CXCR4 

mRNA and cell-surface CXCR4 protein on human colorectal carcinoma cells, and this 

increase in CXCR4 enabled the carcinoma cells to migrate toward CXCL12, and 

enhanced their proliferation (344).  CXCR4 induction by hypoxia is dependent on the 

activation of HIF-1, and NFκB was also activated by hypoxia and participated with 

HIF-1 to increase CXCR4 expression (366;371-373). Knock-down of HIF-1 resulted 

in reduced invasion, adhesion, and migration of non-small cell lung cancer cells in 

response to CXCL12 (366).  Hemangioblastomas and clear cell-renal cell carcinomas 

(CC-RCCs) have a loss-of-function of the von Hippel-Lindau (VHL) tumor suppressor 

which is required for oxygen-dependent degradation of HIF-1 (199;374).  

Overexpression of HIF-1 in these cancers leads to increased expression of not only 

VEGF, but also increases the expression of CXCR4 and CXCL12, which may 

establish an autocrine signaling pathway important in the pathogenesis of 

hemangioblastoma and CC-RCCs (199;259;374).  

   CXCL12 was shown to increase the expression of VEGF in many cancer 

cells, including ovarian cancer cells, colorectal cancer cells, pancreatic cancer cells, 

and glioma cells (167;222;343;375-377). A similar up-regulation of CXCR4 by VEGF 

was observed in breast cancer cells and was shown to be required for CXCL12-

mediated migration, but VEGF may play a more important role in tumor angiogenesis 

(296;368). VEGF also up-regulated CXCR4 on vascular endothelial cells (VEC), 

synergized CXCL12-mediated VEC migration, and hypoxia-induced CXCL12 and 
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VEGF production synergistically induced neoangiogenesis in tumors (378-380). 

Increased CXCL12/CXCR4 signaling can also decrease phosphogylcerate kinase 1 

(PGK1) at metastatic sites leading to increased secretion of VEGF and IL-8 (381). 

CXCL12 also induces IL-6, leading to increased angiogenesis (382). Knocking down 

CXCR4 expression with siRNA resulted in reduced blood vessel formation in SCID 

mice co-transplanted with prostate cancer and human endothelial cells (242). Silencing 

CXCR4 expression also prevents cancer-induced tube formation by human umbilical 

vein endothelial cells (383). Tumor-derived Platelet-Derived Growth Factor-BB 

(PDGF-BB) also induced CXCL12 expression in endothelial cells, resulting in the 

formation of CXCL12 chemotaxis gradient, which coincides with the PDGF-BB-

induced pericyte recruitment during angiogenesis (384). Neutralizing the interactions 

of CXCL12/CXCR4 in vivo with CXCR4 specific antibodies also inhibited CXCR4-

dependent prostate tumor vascularization, which may be associated with the blocking 

of VEGF secretion by prostate cancer cells (354;385). VEGF expression in PC3 

prostate cancer cells was dependent on Akt activation and the expression of 

angiostatin levels was inversely related to CXCR4 levels, and inhibited by CXCL12 

stimulation in prostate cancer cells (242). However, the VEGF concentration in 

gastrointestinal tumors was not affected by the neutralization of CXCR4 and the anti-

angiogenic effects of the blockade of CXCR4 was related to a reduction of the 

establishment of tumor endothelium independently of VEGF inhibition (352).  

Regardless of the involvement of VEGF in CXCL12/CXCR4-mediated tumor 
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angiogenesis, blocking CXCR4 may not only reduce tumor cell migration and 

invasion, but may also prevent angiogenesis of tumors. 

 

9. CXCL12 and CXCR4 Regulation 

Although it is understood that CXCR4 expression is regulated by the activation 

of HIF-1, Ets1, and NFκB in many cancers, the protein tyrosine kinase, CHK (Csk 

Homologous Kinase) was shown to down regulate CXCR4 mRNA and protein levels 

by altering the binding of the transcription factor, YY1, to the CXCR4 promoter 

(281;367;371;386-388). Experiments with mutated CHK revealed that a mutation 

within the ATP binding site of CHK failed to inhibit CXCR4 expression (388).  Later 

it was discovered that CHK also inhibited the expression of CXCL12 leading to 

decreased growth of neuroblastoma cells (389).  

Internalization and degradation of CXCR4 regulates its expression at the cell 

surface. Internalization after ligand stimulation is an essential step in the activity of 

CXCR4, and three such molecules which have been identified in this process are 

cortactin, β-arrestin 2, and the 73-kDa heat shock cognate protein (HSC73).  Cortactin 

immunoprecipitated with CXCR4, and co-localized with CXCR4, followed by 

internalization of CXCR4 together with cortactin into endosomes after CXCL12 

stimulation (390). While cortactin overexpression promoted CXCR4 internalization 

and recycling as well as enhanced CXCL12 induced chemotaxis, cortactin mutant 

(cortactin-Y421A), or knockdown with RNAi reduced internalization and chemotaxis 
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(390). Beta-arrestin 2 was shown to attenuate CXCR4-mediated G protein activation 

and enhance CXCR4 internalization (391). It was further shown that the suppression 

of β-arrestin 2 blocked the activation of both p38 MAPK and p44/42 MAPK, but that 

inhibition of ASK/p38 MAPK activation effectively blocked the CXCL12-mediated 

chemotaxis through β-arrestin 2 (392). The carboxy terminal domain of CXCR4 was 

determined to interact with HSC73, and in response to CXCL12 stimulation, CXCR4 

underwent internalization and co-localization with HSC73 (393). Knocking down of 

HSC73 with RNAi also reduced endocytosis of CXCR4 and was able to reduce 

CXCR4-mediated chemotaxis of glioma cells (393). Once internalized CXCR4 was 

shown to be ubiquitinated by the E3 ubiquitin ligase AIP4 and subsequently degraded 

by the lysosome (394). 

 CXCR4 is also regulated by many pharmacologic agents, natural compounds, 

and signal transducers. CXCR4 has been shown to be down-regulated by 

biphosphonates, histone deacetylase inhibitors (HDAIs), vesnarinone, thalidomide, 

dioxin, granulocyte colony-stimulating factor (G-CSF), indole-3-carbinol (I3C), 3,3’-

diindolylmethane (DIM), genistein, circumin, zerumbone, Feiyanning formula (a 

compound in traditional Chinese herbal medicine), omega-3 polyunsaturated fatty 

acids (n-3 PUFA), bacterial proteins, PPARγ agonists, Nordy, SHIP, LRRC4, breast 

cancer metastasis suppressor 1 (BRMS1), p90 ribosomal protein S6 kinase 4 (RSK4), 

Kruppel-like factor 5 (KLF5), Toll-like receptor 3 (TLR3), Slits, and by integrin-

mediated laminin-1 adhesion, G-CSF-induced expression of transcriptional repressor 
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growth factor independence-1 (Gfi-1), and IFN-γ-activated STAT1 (395-424). The 

tumor suppressor p53 was also shown to down-regulate both the expression of 

CXCR4 and CXCL12 (425;426). Conversely, CXCR4 has also been shown to be up-

regulated by TNFα, IL-1, CD24, TGFβ, dexamethasone, ERG, Notch activation, 

elastin, phosphoglycerate kinase 1 (PGK1), the Procollagen 1 COOH-terminal 

fragment, nitric oxide, GLI1, SHIP2, and E6/E7 HPV oncoproteins 

(189;261;281;368;427-442). Furthermore, estradiol increased the expression of 

CXCR4 in ErbB2-overexpressing, estrogen-receptor positive breast cancer cells and 

tamoxifen reduced the expression of CXCR4 in breast cancer cells via DNA 

methyltransferase 3B activity, while both estradiol and tamoxifen can induce the 

expression of both CXCR4 and CXCL12 in endometrial cancer cells (443;444). 

CXCR4 is also found in microsomes and can be transferred from cell to cell as was 

shown for acute myelogenous leukemia patients (445).  

  Normal and tumor-associated stromal cells, such as smooth muscle cells, bone 

marrow stromal cells, osteoblasts, fibroblasts, endothelial cells, and normal epithelial 

cells often secrete CXCL12 leading to increased CXCL12/CXCR4 signaling and 

tumor cell proliferation, angiogenesis, migration, and invasion (194;287;349;446-448). 

 

10. CXCL12/CXCR4 Signaling 

Activation of CXCR4 by CXCL12 leads to the activation of a multitude of 

signaling cascades in cancer cells. Studies have shown that CXCL12-stimulated 
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cancer cells have enhanced calcium signaling, tyrosine phosphorylation, and 

association of components of focal adhesion complexes such as FAK, paxillin, and 

Crk as well as selective activation of Rac and Rho, PI3K, Akt, mTOR, p44/42 MAPK, 

Src, p38 MAPK, JNK, c-Jun, PKCδ, JAK/STATs, NFκB, the enhanced expression of 

integrins, and the accumulation of β-catenin in the nucleus 

(164;167;174;182;185;196;203;242;268;277;279;286;295;297;312;338;348;359;367;3

71;375;387;392;447;449-474). CXCL12 also increases the transcriptional activity of 

the estrogen receptor, and induces the shedding of syndecans through MMP-9 up-

regulation and activity (276;450;475). Activation of these signal transducers mediated 

the reorganization of the actin cytoskeleton leading to cancer cell adhesion, migration, 

and invasion, enhanced proliferation and cell survival, and angiogenesis in a tissue-

specific manner. The ability of cancer cells, as is the case for breast cancer cells, to 

respond to CXCL12 may depend not on the expression of CXCR4, but by the 

functionality of the receptor. Non-invasive breast cancer cell lines were unresponsive 

to CXCL12 stimulated calcium mobilization, actin polymerization, and chemotaxis as 

well as CXCL12 activated signaling pathways in contrast to highly invasive breast 

cancer cells due to the inability of the G protein α and βγ-subunits to form a 

heterotrimeric complex with CXCR4 (476). Therefore, it is suggested that the 

transition from nonmetastatic to malignant tumors may rely on the regulation of 

CXCR4 function by differential G protein-receptor complex formation (476). 
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Interestingly, growth factor stimulation with either Insulin-like Growth Factor-

1 (IGF-1) or EGF induced the transactivation of CXCR4 and CXCL12 transactivation 

of ErbB-family receptors such as EGFR and ErbB2 involving Src kinase activation led 

to the activation of downstream intracellular kinases such as p44/42 MAPK and Akt 

(134;294;298;375;477;478). ADAM (A Disintegrin and Metalloproteases) and Src-

dependent shedding of EGFR ligands by CXCR4 activation also transactivates EGFR 

(479). Hepatocyte growth factor (HGF) also induces both CXCR4 and CXCL12 

expression through increased transcriptional activity of Ets1 and NFκB (371;480;481). 

EGF has also been shown to induce the expression of CXCR4 in ovarian cancer cells, 

and both CXCL12 and EGF induce the expression of MMP-9, suggesting crosstalk 

between the receptor signaling pathways (482). The combination of hypoxia and EGF 

stimulation of EGFR-overexpressing non-small cell lung cancer cells also increased 

the expression of CXCR4 and migratory capacity (483). The ubiquitin-binding protein 

Hrs and endosomal sorting complex required for transport (ESCRT)-II subunit 

Vps22/EAP30 was also shown to be involved in the degradation of both EGFR and 

CXCR4 (484). Another study supporting a link between ErbB-family receptors and 

CXCR4 signaling pathways showed that ErbB2 expression enhances the expression of 

CXCR4 by down-regulating AIP4, which is required for ErbB2-mediated lung 

metastasis (302). CXCR4 was also shown to co-localize in lipid rates of prostate 

cancer cells and CXCL12/CXCR4 transactivates ErbB2 through Src activation which 

leads to enhanced invasion and growth of metastatic deposits in the bone (451).  
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 Signaling through CXCL12/CXCR4 can be negatively regulated by kisspeptin-

10, the androgen receptor, and heparins (485-488). 

   

11. CXCR4 and Breast Cancer 

 Chemokine receptors are thought to be involved in breast cancer cell 

proliferation, tumor growth, angiogenesis, and are key players in the metastatic 

process including adhesion, migration, and invasion (135;136). Numerous chemokine 

receptors are expressed in breast cancer lines, with CXCR4 and CCR7 being the two 

chemokine receptors most expressed in breast cancer cell lines, malignant breast 

tumors, and metastases (186;264;274). More specifically, CXCL12 was found to be 

expressed in organ sites for breast cancer metastasis (186). CXCL12 can also increase 

vascular permeability, resulting in the penetration of breast tumor cells through human 

brain microvascular endothelial cells during breast cancer metastasis to the brain 

(489). CXCL12 can also prevent anoikis, a critical step in the metastatic process (360). 

Inhibiting CXCL12 interaction with CXCR4 using neutralizing antibodies, small 

molecule inhibitors, and peptidic inhibitors as well as knocking down CXCR4 

expression with siRNA, shRNA, and microRNA (miRNA) also decreases breast 

cancer cell migration, invasion, and adhesion in vitro and also inhibits breast cancer 

metastasis in vivo (300;302;304;305;311;314-318;355;490-492). 

 Multiple studies have correlated CXCR4 expression with risk of metastases 

and patient survival. High CXCR4 expression in human invasive breast cancers is 
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correlated with lymph node metastasis as well as breast cancer metastasis to the bone 

and liver, and higher incidence of reoccurrence and cancer-related death 

(205;220;264;270;271;327;493-502). The combination of CXCR4, VEGF, and MMP-

9 expression in human breast cancer had a stronger correlation with lymph node 

metastasis than did each alone (252). Co-expression of CXCR4 with both wild-type 

EGFR and ErbB2 has been shown to be correlated with increased breast cancer 

metastases and death (265;270;302;328;494;495). High CXCL12 expression has also 

been linked to lymph node and distal metastasis and poor survival rates, and CXCL12 

polymorphisms have been linked to increased breast cancer risk and poor survival 

rates (205;216;274;327;500). One study also showed that primary invasive breast 

carcinomas had a higher membrane CXCR4 expression than corresponding lymph 

node metastasis, which was explained by high levels of CXCL12 inducing ligand-

dependent lysosomal degradation of CXCR4 and lowered HIF-1 levels in the lymph 

node (266). These studies suggest that CXCR4 facilitates the metastasis of breast 

cancer cells. 

Although an increase in CXCR4 expression was found in pre-cancerous 

lesions of the breast, the role of the CXCL12/CXCR4 axis during the progression of 

breast cancer is largely unknown and has only recently been investigated (265;267). A 

recent report has revealed a dynamic relationship between epithelial and stromal cells 

in MCF10ADCIS mouse xenografts where CXCL12 was detected in the epithelial 

cells in early carcinoma in-situ, but was produced in stromal cells in invasive 
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carcinoma, while CXCR4 expression is maintained in the xenografts at all times (503). 

The biology of these interactions and the CXCL12/CXCR4 signaling cascades in pre-

cancerous breast lesions has not been thoroughly investigated and the use of CXCR4 

inhibitors or signal transducer inhibitors in preventing the progression of pre-

cancerous breast lesions to invasive breast cancer is unknown. 

 CXCR4 is regulated by VEGF in an autocrine loop to mediate the migration 

and invasion of breast cancer cells towards CXCL12 (296). Activation and subsequent 

binding of the p65 and p50 subunits of NFκB to the promoter region of CXCR4 

regulates CXCR4 transcription, leading to increased migration of breast cancer cells 

and lung metastasis (456). CXCR4 is also up-regulated by HGF and hypoxia in breast 

cancer cells (367). HGF-mediated up-regulation of CXCR4 was shown to be mediated 

by the activation and DNA-binding of Ets1 and NFκB (371;480). TGFβ and hypoxia 

also up-regulate CXCR4 (429). Another method of increased CXCR4 expression and 

chemotaxis towards CXCL12 is the transfer of CXCR4 from platelet-derived 

microvesicles to breast cancer cells (504). DNA methylation inhibitors, PICP, nitric 

oxide, SHIP2, and IL-1 have also been reported to up-regulate CXCR4 in breast 

cancer cells (261;431;433;437;438;505). 

 CXCR4 is negatively regulated transcriptionally by CHK through altered YY1 

binding to the CXCR4 promoter (388). Depletion of p53 can also increase endogenous 

levels of CXCR4 in breast cancer cells (425). CXCR4 expression and the chemotaxis 

and metastasis of breast cancer cells can be down-regulated by the food-derived 
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antitumor compounds such as I3C, DIM, curcumin, zerumbone, n-3 PUFA as well as 

dioxin, RSK4, and tamoxifen-induced up-regulation of DNA methyltransferase 3B 

(396;404-406;413;417;418;421;444). 

 Since CXCL12 is regulated by the estrogen receptor, studies have shown that 

this chemokine can induce the proliferation of breast cancer and ovarian cells through 

an autocrine/paracrine pathway (506). CXCL12 is also increased by p160 family 

coactivators SRC-1, SRC-2 (TIF-2), and SRC-3 (AIB1) which are also involved in 

estrogen signaling (507). CXCL12 induces the growth of breast cancer cells by 

increasing estrogen-receptor transcriptional activity and expression of ER target genes, 

including CXCL12 itself (475). Carcinoma-associated fibroblasts (CAFs) also secrete 

CXCL12 leading to increased breast tumor growth and the recruitment of endothelial 

cells leading to angiogenesis (508). Secretion of CXCL12 by endothelial cells, normal 

breast epithelial cells, and adipose tissue-derived stem cells (ASCs) are also 

implicated in inducing the invasion of breast cancer cells (287;509). 

CXCL12/CXCR4-induced secretion of VEGF also promotes angiogenesis and growth 

in vivo (510). CXCR4 knockdown with RNAi has shown to inhibit breast cancer 

growth in addition to inhibiting angiogenesis and metastasis (353;355;383). The 

antitumor effects of CXCL12/CXCR4 may also occur through the down-regulation of 

MHC class I and II gene expression in breast cancer cells, leading to altered immune 

surveillance in the primary tumor site (363;365). 
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 Breast cancer cells equipped with an autocrine CXCL12/CXCR4 signaling 

pathway also had increased the invasiveness, migration, and growth rates (274;350). 

However, recent studies show that the CXCL12 promoter region is hypermethylated in 

cells lines and primary mammary tumors, and re-expression of CXCL12 in these 

breast cancer cells can increase proliferation and tumor growth, but reduce metastasis 

(325;328). Breast cancer patients with low plasma levels of CXCL12 or decreased 

tumor CXCL12 expression also have increased risk of developing distant metastasis 

and poorer survival rates (326-328;511). This suggests that epigenetic silencing of 

CXCL12 allows for breast cancer cells to migrate and invade towards an external 

CXCL12 source. 

CXCL12/CXCR4 biological functions have been shown to require calcium 

signaling, and the activation of RAFTK/Pyk2, FAK, paxillin, SHP2, Cbl, PI3K, PKC, 

Akt, p44/42 MAPK, p38 MAPK, JNK, Src, CREB, FKHRL1, Tac1, and an up-

regulation of uPA (287;298;452;464;472;474;489;510;512). CXCR4 mediated 

chemoinvasion also requires the activation of MMP-2 and MMP-9 (464). However, it 

has been shown that Slits, Kisspeptin-10, and heparins can inhibit signaling by the 

CXCL12/CXCR4 axis, thereby inhibiting breast cancer cell chemotaxis, 

chemoinvasion, and adhesion (409;464;486-488).  

A transactivational relationship exists between CXCL12/CXCR4 and growth 

factor receptors in breast cancer cells. CXCL12 transactivates ErbB-family receptors 

such as EGFR and ErbB2 via Src activity that leads to the activation of downstream 
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signaling pathways (298;477). EGFR is not only transactivated by ecoptic CXCL12, it 

is also transactivated through estrogen-mediated up-regulation and secretion of 

CXCL12, leading to increased proliferation of breast cancer cells (477). The 

chemotaxis of breast cancer cells to IGF-1 was also dependent on CXCR4 expression 

and the association of IGF-1R, CXCR4, and G protein subunits (294). Furthermore, 

ErbB2 expression was shown to enhance the expression of CXCR4, which was 

required for ErbB2-mediated invasion in vitro and lung metastasis in vivo, and 

CXCR4 is also up-regulated post-transcriptionally in ErbB2-expressing estrogen 

receptor-positive by estrogen-induced activation of PI3K/Akt/MAPK/mTOR via 

tuberin (302;513). 

 

12. Clinical Applications 

 The use of CXCR4 inhibitors as antitumor agents in the clinical setting has yet 

to be evaluated. Long-term inhibition of the CXCL12/CXCR4 axis may prove difficult 

as many normal cells require this pathway for proper maintenance and function (514). 

One study has suggested that transient disruption of the CXCL12/CXCR4 axis could 

prevent the tumor growth after chemotherapy by blocking the recruitment of 

endothelial progenitor cells (515). Granulocyte colony-stimulating factor and fucoidan 

(a sulfated polysaccharide) have also shown to disrupt the CXCL12/CXCR4 axis, 

leading to the release of hematopoeitic stem cells from the bone marrow for 

transplantation purposes (516-519). However, the small molecule inhibitor, 
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AMD3100, is being pursued as a more rapid and less toxic stem cell mobilizer for 

transplantation patients in multiple myeloma and non-Hodgkin’s and Hodgkin’s 

lymphoma (516;518-527). The adverse side effects of AMD3100 administration were 

GI disorders and injection site reactions (525). It has been shown to also increase the 

progression-free survival time after autologous stem cell transplantation in non-

Hodgkin’s lymphoma patients (528). This antagonist may also be used to improve the 

effectiveness of chemotherapy for leukemia patients.  

  

 Since EGFRvIII expression is found to be associated with human breast cancer 

metastasis and the CXCL12/CXCR4 axis has a significant impact on ErbB-receptor-

mediated breast cancer cell migration, invasion, and metastasis, the following studies 

investigated the role of CXCR4 in EGFRvIII-expressing breast cancer cells for the 

first time. The regulation of CXCR4 by EGFRvIII and CXCR4-mediated invasion in 

EGFRvIII-expressing breast cancer is initially presented. Then the significance of 

CXCR4 suppression on EGFRvIII-mediated breast cancer cell invasion and 

proliferation as well as its impact on EGFRvIII expression and signaling is addressed. 

Finally, since DIM has been shown to inhibit ErbB-receptor signaling and their 

oncogenic functions as well as CXCL12 and CXCR4 expression, the antitumor 

properties of this natural compound on cancer cells expressing EGFR mutants, 

including EGFRvIII, was determined.
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II. EGFR VARIANT-MEDIATED INVASION BY ENHANCED CXCR4 
EXPRESSION THROUGH TRANSCRIPTIONAL AND 

POST-TRANSLATIONAL MECHANISMS
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A. Summary 

The expression of the potent, constitutively activated EGFR variant, 

EGFRvIII, has been linked to breast cancer metastasis, but the mechanisms of 

EGFRvIII and CXCR4 crosstalk, which may facilitate breast cancer invasion, have 

never been explored. Here we report that CXCR4 expression is increased in breast 

cancer cells expressing EGFRvIII regardless of the ER/PgR status of the cells. 

Treatment of EGFRvIII-expressing breast cancer cells with the tyrosine kinase 

inhibitor, AG1478, reversed CXCR4 expression back to levels expressed in parental 

cells. In addition, expressing EGFRvIII enhances CXCL12/CXCR4-mediated 

invasion, which can be inhibited by CXCR4 inhibitors. Surprisingly, CXCR4 mRNA 

and its transcriptional regulator, HIF-1α, were up-regulated only in ER+/PgR+, 

estrogen-dependent, EGFRvIII-expressing breast cancer cells, but not in ER-/PgR- or 

estrogen-independent cell lines, suggesting that HIF-1α and hormone receptor-

mediated actions may have a role in the transcriptional regulation of CXCR4. We also 

demonstrate that p38 MAPK is one of the major downstream signaling molecules 

responsible for EGFRvIII/CXCR4-mediated invasion as p38 MAPK activity was 

induced by CXCL12 stimulation under both normoxic and hypoxic conditions. More 

interestingly, inhibition of p38 MAPK activity significantly reduced CXCR4 

expression and inhibited the invasive potential of EGFRvIII-expressing breast cancer 

cells, suggesting an essential role for p38 MAPK in EGFRvIII/CXCR4 induced 

invasion. Furthermore, CXCR4 is regulated post-translationally through decreased 
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expression of AIP4 and β-Arrestin 1/2, molecules involved in CXCR4 internalization, 

cellular trafficking, and degradation. These results provide a plausible mechanism for 

EGFRvIII-mediated invasion and establish a functional link between the EGFRvIII 

and CXCR4 signaling pathways. 

 

B. Background 

The biological and clinical significance of the Epidermal Growth Factor 

Receptor (EGFR) variant, EGFRvIII, in malignancies not associated with the central 

nervous system, continues to remain underdeveloped. Although recent studies have 

attempted to evaluate the clinical significance of EGFRvIII mRNA and protein 

expression, a conclusion on the clinical value of EGFRvIII expression in breast cancer 

is premature (107;109).   

Our earlier studies have shown that the frequency of EGFRvIII expression 

increases with the pathogenesis of breast cancer, and no detectable levels of EGFRvIII 

were observed in normal tissues (104;105). We also demonstrated that high levels of 

EGFRvIII expression are capable of transforming 32D cells (non-tumorigenic 

hematopoeitic cells) and enhance tumorigenesis with ErbB2 (102;105). Constitutively 

activated EGFRvIII also mediates sustained signaling and activation of downstream 

signaling pathways, which is further enhanced with ErbB2 co-expression in these cells 

(105). Co-expression of EGFRvIII with ErbB2 has been detected in a subset of breast 

tumors, and furthermore, co-expression of EGFRvIII with ErbB2 enhances ErbB2 
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activation, and amplifies the downstream signaling pathways observed in both 

EGFRvIII-expressing 32D cells and in breast cancer cells (102;105). Studies have also 

shown that EGFRvIII increases the motility of mouse fibroblasts, enhances the 

invasive potential of cancer cells, was detected in the peripheral blood of breast cancer 

patients, yet the molecular mechanisms by which EGFRvIII can enhance the invasive 

behavior of breast cancer cells remain unknown (86;87;89;90;107). 

Chemokines exert their actions in responsive cells by activating their seven-

transmembrane G-protein coupled receptors (GPCRs). CXCR4 was one of the 

chemokine receptors most frequently expressed in breast cancer cell lines, malignant 

breast tumors, and metastases (186). Stromal-derived factor-1 (CXCL12), the only 

ligand for CXCR4, is expressed in the lung, liver, bone marrow, lymph nodes, and to a 

lesser extent in the brain, and is believed to be responsible for breast cancer metastasis 

by directing CXCR4-expressing breast cancer cells to these organs (186). Upon 

stimulation with CXCL12, breast cancer cells show actin polymerization and 

pseudopodia formation, and migrate and invade in CXCL12-directed manner (186).  

Several studies have linked the expression of receptor tyrosine kinases (RTKs), 

such as ErbB-receptors, to CXCR4 expression in breast cancer. ErbB2 expression was 

shown to enhance the expression of CXCR4, which was required for ErbB2-mediated 

invasion in vitro and lung metastasis in vivo (302). CXCL12/CXCR4 signaling also 

transactivates EGFR and ErbB2 through Src activation in breast cancer cells (298). A 

high correlation between CXCR4 expression and the expression of EGFR and ErbB2 
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was observed in human breast tumor tissues and correlated with a poor overall 

survival rate in patients with breast cancer (265;302;495;529;530). In non-small cell 

lung cancer cells, activation of EGFR has been shown to up-regulate CXCR4 

transcriptionally through increased expression and activity of HIF-1α (483). However, 

in breast cancer, mechanisms by which EGFR or EGFRvIII can regulate CXCR4 

expression have yet to be established. 

Here we report that EGFRvIII-expressing breast cancer cells have increased 

expression of CXCR4 and exhibit enhanced CXCL12/CXCR4-mediated invasion. 

CXCR4 in EGFRvIII-expressing breast cancer cells is regulated not only 

transcriptionally by its well-known transcriptional regulator, HIF-1α; it is also post-

translationally regulated through multiple mechanisms. First, increased p38 MAPK 

activation was observed in EGFRvIII-expressing breast cancer cells, and treatment 

with a p38 MAPK inhibitor reduced CXCR4 expression and attenuated the invasive 

potential of EGFRvIII-expressing breast cancer cells. These results suggest that p38 

MAPK plays a role in EGFRvIII/CXCR4 induced invasion. Finally, AIP4 and β-

Arrestin 1/2 are mediators of lysosomal degradation of CXCR4. We observed that 

EGFRvIII inhibits AIP4 and β-Arrestin 1/2 expression to reduce the degradation of 

CXCR4, which eventually results in up-regulation of CXCR4 expression in 

EGFRvIII-expressing breast cancer cells. 

 

C. Material and Methods 
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1. Cell Culture and Reagents 

The 32D mouse pro-B-lymphocyte cell line derivatives were grown in RPMI 

1640 supplemented with 10% FBS and IL-3 supplied as 10% conditioned medium 

from the WEHI-3B mouse myelomonocytic leukemia cell line. Breast carcinoma cell 

lines and their derivatives were maintained in IMEM supplemented with 10% FBS. 

Since endogenous EGFRvIII expression is lost in cancer cells under in vitro 

conditions, stable EGFRvIII-expressing breast cancer cells were generated as 

previously described (5;102). Human recombinant CXCL12 and Epidermal Growth 

Factor (EGF) were purchased from R&D Systems (Minneapolis, MN). Tyrphostin 

AG1478, SB203850, Pertussis toxin (P.T.), AMD3100, and cycloheximide were 

purchased from Sigma-Aldrich (St. Louis, MO). 

 

2. Immunohistochemistry 

 The breast disease spectrum tissue array (BR722) containing normal, pre-

cancerous, and cancer in different stages was obtained from US Biomax, Inc. 

(Rockville, MD). The slide was deparaffinized in xylenes and rehydrated in graded 

ethanol. The slide was treated with heat induced epitope retrieval (HIER) by 

incubating it at 98°C for 20 minutes in citrate buffer (pH 6.0) (Zymed; San Francisco, 

CA). The slide was incubated with 3% H202 to block endogenous peroxidase activity 

for 15 minutes at room temperature (RT). After rinsing, the slide was incubated with 

10% normal goat serum for 15 minutes at RT, followed immediately by an incubation 
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with 1:500 anti-CXCR4 antibody (mab173; R&D Systems) for 60 minutes at RT. 

After rinsing, the slide was incubated with biotinylated anti-mouse (Vector Labs; 

Burlingame, CA) secondary antibody for 30 minutes at RT, rinsed, and incubated with 

ABC reagent (Vector Labs) for 30 minutes at RT. After rinsing, the slide was 

incubated with DAB chromagen (DAKO; Carpinteria, CA) for 5 minutes and the 

reaction was stopped. The slide was counterstained with hematoxylin, dehydrated in a 

series of graded ethanol to xylenes, mounted and coverslipped. 

 

3. Fluorescence-Activated Cell Sorting (FACS) Analysis 

  Cells (0.5-1.0 x 106) were harvested and then stained for 1 hour with anti-

CXCR4 (mab172 or mab173; R&D Systems), anti-CXCR7 (R&D Systems), and anti-

EGFRvIII [4-5H, see (105)] antibodies at 4°C. Stained cells were then washed with 

cold PBS. A secondary FITC-anti-mouse antibody (KPL; Gaithersburg, MD) was 

added for 30 minutes, and the CXCR4, CXCR7, and EGFRvIII levels were quantified 

by flow cytometry. 

 

4. Quantitative Real-Time PCR 

RNA was reverse transcribed from random hexamers using SuperScript®  III 

Reverse transcriptase (Invitrogen; Carlsbad, CA). Real-time quantitative PCR was 

performed using the Real-time PCR system 7900 (Applied Biosystems; Foster City, 

CA). In brief, the PCR amplification reaction mixtures (25 µL) contained cDNA, RT2 
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PCR Primer Assay (SA Biosciences; Frederick, MD), and RT2 Real-Time SYBR 

Green Master Mix (SA Biosciences) (performed in triplicates). The thermal cycle 

conditions included maintaining the reactions at 50°C for 2 minutes and at 95°C for 10 

minutes, and then alternating for 40 cycles between 95°C for 15 seconds and 60°C for 

1 minute. The relative gene expression for each sample was determined using the 

formula 2 (–  Ct) = 2 (Ct (GAPDH)–Ct (target)), which reflected the target gene expression 

normalized to GAPDH levels. 

 

5. Immunoblot Analysis 

Breast cancer cells were plated in culture plates and grown to 50-80% 

confluence. Unless otherwise specified, cells were lysed after the removal of growth 

media. Some cultures were serum-starved overnight and then stimulated with 

CXCL12 or EGF or treated with the tyrosine kinase inhibitor (TKI) AG1478 or 

cycloheximide for the specified times. Hypoxia experiments were performed in a 

computer monitored hypoxia chamber (94% nitrogen, 5% carbon dioxide, and 0.5 to 

1% oxygen) for 24 hours. Cells were rinsed, lysed, and equal amounts of protein were 

then separated by SDS-PAGE and transferred to nitrocellulose membranes for 

immunoblot analysis. Antibodies against phospho-EGFR (Tyr1173), phospho-Akt 

(Ser473), phospho-p44/42 MAPK (Thr202/Tyr204), p44/42 MAPK, phospho-p38 

MAPK (Thr180/Tyr182), p38 MAPK, and Tubulin were purchased from Cell 

Signaling Technology (Danvers, MA); the antibody for HIF-1α was purchased from 
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BD Biosciences; the antibodies for HIF-2α and HIF-1β were purchased from Novus 

Biologicals (Littleton, CO); antibodies against Akt (Akt1), AIP4, and β-Arrestin 1/2 

were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); the antibody 

for EGFR (Ab-12) and CXCR4 (Ab-2) was purchased from NeoMarkers (Fremont, 

CA); and the antibody for GAPDH was purchased from Sigma-Aldrich. Densitometry 

measurements were performed using Scion Image software (Scion Corporation; 

Frederick, MD). 

 

6. Immunoprecipitation 

 For immunoprecipitation, the lysates (1 mg of total proteins) were incubated 

with 1 µg of either anti-IGF-1R (Santa Cruz), anti-CXCR4 (mab170, R&D Systems), 

anti-EGFR (Ab-1; Neomarkers), or anti-EGFRvIII antibody (4-5H), at 4 °C overnight. 

Immunocomplexes were precipitated with protein A or G-coated microbeads at 4 °C 

for 1 hour and purified on magnetic microcolumns (Miltenyi Biotec; Auburn, CA). 

The bound proteins were eluted from the column in preheated sample buffer. The 

immunoprecipitates were then subjected to SDS-PAGE. 

  

7. Invasion Assays 

 Invasion was measured using 24-well cell culture inserts with membranes with 

8 µm pores and a matrigel-coating to mimic the basement membrane (BD Biosciences; 

San Jose, CA). Breast cancer cells were suspended in serum-free medium with 0.1% 
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BSA and 2.0 x 105 cells were plated in the top part of the insert. The CXCR4 

neutralizing antibody mab170 (1 or 10 µg/mL) (R&D Systems), AMD3100 (1 or 10 

µg/mL), P.T. (0.25 µg/mL), SB203580 (10 µM), or the proper vehicle was added as 

pre-treatments and to the cell suspension. The inserts were placed in wells containing 

serum-free medium with 0.1% BSA, with or without CXCL12, or 10% FBS in IMEM. 

After incubation at 37°C for 48 hours, residual cells were wiped off the top of the 

membranes with cotton swabs, and invaded cells on the underside of the membranes 

were fixed and stained using the HEMA-3 kit (Fisher Diagnostics; Pittsburgh, PA). 

Cells were counted in 10 fields from three inserts per experimental condition. 

Experiments were performed in a minimum of two independent studies. 

 

8. Statistics 

Statistical analysis was performed using ANOVA, followed by the Tukey test 

using SigmaStat software. Results were considered statistically significant at p<0.05. 

 
 

D. Results 

1. CXCR4 is up-regulated in human breast cancer specimens and cell lines 

 To select an appropriate model system to study the role of CXCR4 in 

EGFRvIII-expressing breast cancers, the expression level of CXCR4 was determined 

in human breast tissues and cell lines. Although the number of specimens in the tissue 

array was low, moderate or high CXCR4 staining was found in approximately 9% of 
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breast pre-cancerous lesions and approximately 17% of invasive breast cancers (Fig. 1 

and Table I). Normal breast and lymph node tissues containing breast cancer 

metastasis had little to no CXCR4 staining (Fig. 1 and Table I). A similar observation 

has been reported previously (266). In addition, FACS analysis revealed that most 

breast cancer cell lines expressed low levels of CXCR4, including MCF10A 

immortalized normal breast epithelial cells (Table II). MDA-MB-361 breast cancer 

cells were found to have the highest expression of CXCR4 in the panel of breast 

cancer cells used (Fig. 2). Attempts were made to measure total CXCR4 levels in the 

cell lines using immunoblot analysis, however, the antibodies for CXCR4 did not 

reveal a distinguishable protein band at the predicted molecular weight for all the cell 

lines. Intracellular levels of CXCR4 using FACS analysis yielded no results as the 

antibodies using this technique revealed excessive non-specific staining of cells. 

Finally, quantitative real-time PCR analysis confirmed that CXCR4 expression was 

highest in the MDA-MB-361 cell line, followed by BT474, MCF-7, and SKBR3 

breast cancer cells (Fig. 2).  
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Fig. 1 Representative immunohistochemistry images of CXCR4 expression in normal 

breast, breast hyperplasia, invasive breast cancer, and breast cancer lymph 

node metastasis specimens. As expected, CXCR4 expression was increased in 

malignant breast tissues, but hyperplastic breast tissues also have increased 

expression of CXCR4 compared to normal breast tissue.  
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Table I. CXCR4 Expression in Human Breast Tissues 
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Table II. CXCR4 Expression in Human Breast Cancer Cell Lines 
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Fig. 2 FACS and quantitative real-time PCR analysis revealed highest levels of 

CXCR4 protein and mRNA in the MDA-MB-361 breast cancer cell line. 

FACS and quantitative RT-PCR analyses were performed in at least two 

independent experiments and these results are representative results of those 

experiments. 
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2. EGFR, ErbB2, and EGFRvIII enhance CXCL12/CXCR4 signaling, but 

CXCL12 does not transactivate EGFR, ErbB2, or EGFRvIII 

 CXCL12/CXCR4 signaling in cancer cells are varied, therefore, the signaling 

cascades activated by CXCL12 in breast cancer cells was initially determined. 

Although ERα-positive, low EGFR and high ErbB2-expressing MDA-MB-361 breast 

cancer cells contained the highest levels of CXCR4, the activation of p44/42 MAPK 

and p38 MAPK by CXCL12 was relatively low compared to EGF stimulation (Fig. 3). 

Increased phosphorylation of Akt by CXCL12 was rarely observed in breast cancer 

cells (Fig. 3). The signaling cascades in ERα-positive, low EGFR and low ErbB2-

expressing MCF-7 and ERα-negative, high EGFR and high ErbB2-expressing SKBR3 

breast cancer cells was also determined. While MCF-7 breast cancer cells had no 

stimulation of downstream signaling cascades, CXCL12 induced high levels of p44/42 

MAPK activation as well as activation of p38 MAPK in SKBR3 breast cancer cells 

(Fig. 4). In breast cancer cells containing high levels of EGFR and/or ErbB2, 

EGFRvIII-expression enhanced CXCL12/CXCR4-induced activation of downstream 

signaling cascades (Fig. 3-4). These results suggest that increased levels and activity 

of EGFR, ErbB2, and EGFRvIII, enhance CXCL12/CXCR4 signaling. 

 Previous studies have shown that CXCL12 transactivates EGFR and ErbB2 

through increased Src activity (298). However, treating EGFRvIII-expressing MDA-

MB-361, BT474, MCF-7, and SKBR3 breast cancer cells did not transactivate EGFR, 

ErbB2, or EGFRvIII (Fig. 5). In fact, the phosphorylation of all of these receptors was 
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decreased after CXCL12 treatment (Fig. 5). Surprisingly, in most cell lines EGFR and 

EGFRvIII protein expression was decreased, while ErbB2 expression was mostly 

unchanged with the exception of MCF-7 cells expressing EGFRvIII, where ErbB2 

protein levels were also decreased (Fig. 5). This implicates that CXCR4 and ErbB-

receptors crosstalk, but we found no evidence that activation of CXCR4 by CXCL12 

transactivates ErbB-receptors using our experimental condition with our model 

systems. 
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Fig. 3 Immunoblot analysis of lysates from MDA-MB-361/wt and MDA-MB-

361/vIII breast cancer cells showing that CXCL12 (50 ng/mL) induces the 

phosphorylation of p44/42 MAPK and p38 MAPK slightly while EGF (50 

ng/mL) robustly phosphorylates Akt, p44/42 MAPK, and p38 MAPK after 5 

minutes of treatment. EGFRvIII slightly enhances CXCL12-induced activation 

of these pathways. Immunoblot analyses were performed in at least two 

independent experiments and this immunoblot is a representative blot of those 

experiments. 
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Fig. 4 Immunoblot analysis of lysates from MCF-7/wt, MCF-7/vIII, SKBR3/wt, and 

SKBR3/vIII breast cancer cells showing that CXCL12 (50 ng/mL) induces the 

phosphorylation of p44/42 MAPK and p38 MAPK after 5 minutes of 

stimulation only in SKBR3 breast cancer cells which express high levels of 

EGFR and ErbB2. Activation of these pathways by CXCL12 is enhanced in 

EGFRvIII-expressing SKBR3 breast cancer cells, while MCF-7 breast cancer 

cells continue to be unresponsive even in the presence of EGFRvIII 

expression. Immunoblot analyses were performed in at least two independent 

experiments and this immunoblot is a representative blot of those experiments. 
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Fig. 5 Immunoblot analysis of lysates from MDA-MB-361/vIII, BT474/vIII, MCF-

7/vIII, and SKBR3/vIII breast cancer cells showing that CXCL12 (50 ng/mL) 

decreases the phosphorylation of EGFR, ErbB2, and EGFRvIII in EGFRvIII-

expressing breast cancer cells after 5 minutes of stimulation. The expression of 

EGFR and EGFRvIII is also reduced in most cell lines, while ErbB2 is only 

decreased in MCF-7/vIII breast cancer cells and unchanged in all other cell 

lines. Immunoblot analyses were performed in at least two independent 

experiments and this immunoblot is a representative blot of those experiments. 
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3. The TKI AG1478 inhibits CXCL12/CXCR4-mediated activation of 

downstream signaling pathways and increases cell surface levels of CXCR4 

Since CXCL12/CXCR4 signaling was enhanced in breast cancer cells 

expressing high levels of EGFR and ErbB2, to determine whether the levels of 

expression of these receptors or their activities are required for the enhancement of 

CXCL12/CXCR4 signaling, the effect of the TKI AG1478 on CXCL12/CXCR4 

signaling was addressed. The activation of p44/42 MAPK by CXCL12 in the moderate 

EGFR and high ErbB2-expressing BT474 breast cancer cell line was abolished with 

AG1478 (Fig. 6). Although basal levels of p44/42 MAPK activation was inhibited by 

AG1478, CXCL12 was unable to activate this signaling cascade, suggesting that the 

activity of EGFR and ErbB2 is required for the activation of various signaling 

pathways (Fig. 6). Furthermore, inhibition of EGFR and ErbB2 activation with 

AG1478 results in increased expression of CXCR4 at the cell surface of breast cancer 

cells suggesting that EGFR and ErbB2 may crosstalk or crossregulate CXCR4 to 

compensate for lack of growth factor signaling (Table III). However, treating breast 

cancer cells with various levels of EGFR expression with EGF did not increase 

CXCR4 levels at short (10 minutes) or long (24 hours) exposure times (Fig. 7). This 

relationship may be independent of a physical association between ErbB-receptors and 

CXCR4 as it was previously shown that ErbB2 does not co-localize with CXCR4 in 

breast cancer cells, and immunoprecipitating EGFRvIII or CXCR4 did not reveal any 

protein bands suggesting that these proteins interact with one another (Fig. 8) (298).    
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Fig. 6 Immunoblot analysis of lysate from BT474/wt breast cancer cells treated with 

the TKI AG1478 (10 µM) for 1 hour before being treated with CXCL12 (50 

ng/mL) for 5 minutes showing that inhibition of EGFR and ErbB2 activity can 

abolish CXCL12-induced phosphorylation of p44/42 MAPK, and CXCL12 

does not induce the phosphorylation of Akt. Immunoblot analyses were 

performed in at least two independent experiments and this immunoblot is a 

representative blot of those experiments. 
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Table III. FACS Analysis Reveals an Up-Regulation of CXCR4 in Breast Cancer 

Cells Upon Treatment with the TKI AG1478 
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Fig. 7 FACS analysis revealed that EGF (50 ng/mL) did not increase CXCR4 levels 

after 10 minutes or 24 hours in breast cancer cells with varying levels of 

EGFR. FACS analyses were performed in at least two independent 

experiments and these FACS results are representative results of those 

experiments. 
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Fig. 8 Immunoprecipitation experiments with lysates from MDA-MB-361/wt and 

MDA-MB-361/vIII breast cancer cells do not identify protein bands of the 

appropriate molecular weights suggesting that CXCR4 interacts with 

EGFRvIII. Immunoprecipitation/immunoblot analyses were performed in at 

least two independent experiments and this immunoblot is a representative blot 

of those experiments. 
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4. EGFRvIII increases CXCR4 expression in breast cancer cells 

Expressing EGFRvIII is associated with increased proliferation, enhanced 

tumorigenesis and invasiveness of cancer cells (86;87;89;90;102;104;105). To 

determine whether ectopic expression of EGFRvIII alters CXCR4 expression to 

facilitate enhanced invasion of breast cancer cells, four EGFRvIII-expressing breast 

cancer cell lines were used for this study, including estrogen receptor (ER)-positive 

MDA-MB-361, BT474, MCF-7, and ER-negative SKBR3 cells.  However, ectopically 

expressing EGFRvIII in MDA-MB-361 breast cancer cells induces an estrogen-

independent phenotype in vitro and in vivo. EGFRvIII is constitutively active in breast 

cancer cells (Fig. 9a). Interestingly, regardless of the ErbB2 or ER status of these cells, 

all the breast cancer cell lines expressing EGFRvIII had increased expression levels of 

CXCR4 in comparison to their parental cells based on FACS analysis. As shown in 

Fig. 9b, EGFRvIII-transfected MDA-MB-361 (MDA-MB-361/vIII) and BT474 

(BT474/vIII) breast cancer cells showed an increase in cell surface expression of 

CXCR4 in comparison to parental cells (MDA-MB-361/wt or BT474/wt).  Similar 

observations were also observed in MCF-7 and SKBR3 breast cancer cells transfected 

with EGFRvIII cDNA (Fig. 11).  

In order to determine whether ectopic expression of individual ErbB-receptors 

including EGFRvIII influences the expression of CXCR4, the hematopoietic 32D cell 

line was used since these cells do not endogenously express ErbB-receptors. 

Ectopically expressing EGFRvIII (32D/vIII) or ErbB2 (32D/ErbB2) enhanced the 
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expression of CXCR4, and the combination of EGFRvIII/ErbB2 expression 

(32D/vIII+ErbB2) also further enhanced the CXCR4 protein levels in 32D cells (Fig. 

9c). However, expressing full-length un-activated wild-type EGFR did not alter the 

expression levels of CXCR4 in 32D cells. We then further determined whether 

activated full-length EGFR had the ability to increase CXCR4 levels in 32D cells 

expressing EGFR (32D/EGFR).  Stimulating 32D/EGFR cells with EGF for 24 hours 

also resulted in enhanced expression of CXCR4 in comparison to untreated 

32D/EGFR cells (Fig. 9d). These results suggest that the activation of EGFR, but not 

the EGFR protein, is required for enhanced CXCR4 expression. To confirm that the 

up-regulation of CXCR4 expression is due to the activity of EGFRvIII, EGFRvIII-

expressing MDA-MB-361 and BT474 breast cancer cells were treated with the TKI 

AG1478; Fig. 9e demonstrates that CXCR4 expression levels were reduced to the 

levels expressed in the parental breast cancer cells. An early study has shown that 

ErbB2 can enhance CXCR4 expression; CXCR4 is required for ErbB2-induced breast 

cancer cell invasion and metastasis (302). In order to further dissect whether the up-

regulation of CXCR4 is due to constitutively activated EGFRvIII or ErbB2 in 

EGFRvIII-expressing breast cancer cells, the anti-ErbB2 antibody Herceptin, and the 

ErbB2 TKI AG825, were used. Interestingly, inhibiting ErbB2 with Herceptin or 

AG825 had little to no effect on the increased CXCR4 expression in breast cancer 

cells expressing EGFRvIII (data not shown). These results suggest that up-regulation 

of CXCR4 is likely due to activated EGFRvIII. 
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Fig. 9 (a) Immunoblot analysis showing EGFRvIII is constitutively active in MDA-

MB-361 and BT474 breast cancer cells (parental cells are labeled “wt” and 

EGFRvIII-expressing cells are labeled “vIII”). (b) FACS analysis shows 

increased expression of CXCR4, but not CXCR7, in MDA-MB-361 and 

BT474 breast cancer cells stably expressing EGFRvIII. (c) FACS analysis 

shows increased expression of CXCR4 in 32D cells stably expressing 

EGFRvIII, ErbB2, and both EGFRvIII and ErbB2. (d) FACS analysis shows 

increased expression of CXCR4 in 32D cells stably expressing full-length 

EGFR (“32D/EGFR”) upon EGF (50 ng/mL) stimulation for 24 hours. (e) 

FACS analysis shows a reduction of CXCR4 in EGFRvIII-expressing MDA-

MB-361 (“361”) and BT474 (“BT”) breast cancer cells upon treatment with the 

TKI AG1478 (“AG”) (10 µM) for 24 hours. Bar graphs represent the relative 

expression based on the mean geometric fluorescence of cells in each 

group/control cells. Actual FACS plots are available in Figure 10. Immunoblot 

and FACS analyses were performed in at least two independent experiments 

and these results are representative results of those experiments. 
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Fig. 10 (a) FACS analysis shows increased expression of CXCR4, but not CXCR7, in 

MDA-MB-361 and BT474 breast cancer cells stably expressing EGFRvIII 

[antibody 4-5H was used to detect EGFRvIII as previously described (105)]. 

Black lines, secondary antibody only; red lines, parental (“wt”) cells; blue 

lines, EGFRvIII (“vIII”) transfectants. (b) FACS analysis shows increased 

expression of CXCR4 in 32D cells stably expressing EGFRvIII, ErbB2, and 

both EGFRvIII and ErbB2. Black line, secondary antibody only; red line, 

parental cells; blue line, EGFRvIII transfectants; purple line, ErbB2 

transfectants; green line; EGFRvIII and ErbB2 transfectants. (c) FACS analysis 

shows increased expression of CXCR4 in 32D cells expressing full-length 

EGFR upon EGF (50 ng/mL) stimulation for 24 hours. Black line, secondary 

antibody only; red line, parental cells; blue line, untreated EGFR transfectants; 

purple line, EGFR cells treated with EGF. (d) FACS analysis shows a 

reduction of CXCR4 in EGFRvIII-expressing MDA-MB-361 and BT474 

breast cancer cells upon treatment with the TKI AG1478 (10 µM) for 24 hours. 

Black lines, secondary antibody only; red lines, parental cells; blue lines, 

vehicle (DMSO) treated EGFRvIII transfectants; purple lines, EGFRvIII 

transfectants treated with AG1478. The x-axis represents fluorescence intensity 

and the y-axis represents cell counts. FACS analyses were performed in at least 

two independent experiments and these FACS results are representative results 

of those experiments. 
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Fig. 11 (a) FACS analysis shows increased expression of CXCR4 in MCF-7 and 

SKBR3 breast cancer cells stably expressing EGFRvIII. Black lines, secondary 

antibody only; red lines, parental (“wt”) cells; blue lines, EGFRvIII (“vIII”) 

transfectants. The x-axis represents fluorescence intensity and the y-axis 

represents cell counts. (b) FACS results quantified. Bar graphs represent the 

relative expression based on the mean geometric fluorescence of cells in each 

group/control cells. FACS analyses were performed in at least two independent 

experiments and these FACS results are representative results of those 

experiments. 
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5. The CXCL12/CXCR4 axis contributes to EGFRvIII-mediated breast 

cancer cell invasion 

 Since both CXCR4 and EGFRvIII expression is associated with increased 

breast cancer metastasis, we investigated whether EGFRvIII enhanced CXCR4 

expression resulted in increased CXCL12/CXCR4-mediated invasion (105;186). 

MDA-MB-361/vIII and BT474/vIII breast cancer cells had enhanced 

CXCL12/CXCR4-mediated invasion in comparison to parental cells, whereas the 

parental cells showed little to no invasive potential (Fig. 12a). Although, variations in 

MDA-MB-361 and BT474 breast cancer cell lines and/or assay conditions may 

account for a lack of CXCL12-mediated invasion in parental cells, CXCL12-mediated 

migration was observed in parental cells (Fig. 13). Both a neutralizing anti-CXCR4 

antibody and the small molecule CXCR4 inhibitor, AMD3100, completely abrogated 

the CXCL12-enhanced invasion observed in the BT474 breast cancer cells expressing 

EGFRvIII (Fig. 12b). MDA-MB-361/vIII breast cancer cells display higher levels of 

invasion without a chemoattractant in the invasion assays, therefore, we determined 

whether inhibiting the CXCL12/CXCR4 axis would decrease this basal invasive 

potential. Using AMD3100 and the CXCR4 neutralizing antibody, we observed a 

significant decrease in basal invasive potential only in MDA-MB-361/vIII breast 

cancer cells treated with AMD3100, while the parental MDA-MB-361 breast cancer 

cells were unaffected by both inhibitors (Fig. 12c). This suggests that either an 

autocrine loop involving CXCL12 is inhibited by AMD3100 or that this small 
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molecule inhibitor may have off-target or unknown effects on EGFRvIII-expressing 

breast cancer cells. Therefore, we examined whether Pertussis Toxin (P.T.), which 

inhibits the re-coupling of G-proteins to the receptors, inhibits serum-induced 

invasion. Fig. 12d demonstrates that the invasion of MDA-MB-361/vIII breast cancer 

cells is significantly inhibited by a non-toxic concentration of P.T., confirming that the 

activity of GPCRs is essential to the overall invasive potential of EGFRvIII-expressing 

breast cancer cells. 
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Fig. 12 (a) Invasion of MDA-MB-361/vIII and BT474/vIII breast cancer cells was 

significantly stimulated by CXCL12 (50-100 ng/mL) (* = p<0.001; ANOVA). 

Cells were plated in 0.1% BSA/IMEM in the upper chamber of transwells with 

membranes with 8 µm pores, and with CXCL12 in the lower chamber. After 

48 hours of incubation, the membranes were fixed and stained, and cells were 

counted on the underside of the membranes. (b) The addition of a CXCR4 

neutralizing antibody (10 µg/mL) and the small molecule inhibitor AMD3100 

(10 µg/mL) significantly inhibited the invasion of cells towards CXCL12 (* = 

p<0.001, ANOVA). (c) The addition of only AMD3100 (10 µg/mL) 

significantly inhibited the basal invasive potential of MDA-MB-361/vIII breast 

cancer cells (* = p<0.001, ANOVA). (d) The addition of Pertussis Toxin (P.T.) 

(0.25 µg/mL) significantly inhibited the overall invasion of cells toward serum 

(* = p<0.001, ANOVA). The results shown are the mean and SE from 10 

fields counted on triplicate membranes, and are representative of at least two 

repeated experiments. 
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Fig. 13 Migration of MDA-MB-361/wt and MDA-MB-361/vIII breast cancer cells 

toward CXCL12 (50 ng/mL). Cells were plated in 0.1% BSA/IMEM in the 

upper chamber of transwells with membranes with 8 µm pores coated only 

with fibronectin (20 ng/mL), and with CXCL12 in the lower chamber. After 24 

hours of incubation, the membranes were fixed and stained, and cells were 

counted on the underside of the membranes. The results shown are the mean 

and SE from cells counted on triplicate membranes. 
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6. EGFRvIII up-regulates HIF-1αααα and CXCR4 under normoxic and hypoxic 

conditions 

An early study indicated that CXCR4 expression is modulated under low 

oxygen tension, through the transcriptional activity of HIF-1α (483). Therefore, we 

next determined whether CXCR4 expression can be up-regulated in EGFRvIII-

expressing breast cells under hypoxic conditions. BT474/vIII breast cancer cells had 

an increased expression of CXCR4 under both normoxic and hypoxic conditions, as 

expected (Fig. 14a). In addition, HIF-1α protein levels were markedly increased in 

BT474 breast cancer cells expressing EGFRvIII under both normoxic and hypoxic 

conditions (Fig. 14a; inset). Furthermore, up-regulation of HIF-1α was completely 

abolished with AG1478 treatment (Fig. 14b), indicating that the activity of EGFRvIII 

accounts for the up-regulation of HIF-1α. However, induction of HIF-1α protein was 

only observed in EGFRvIII-transfected ER+/progesterone receptor-positive (PgR+) 

estrogen-dependent breast cancer cells (BT474/vIII and MCF-7/vIII), but not in the 

estrogen-independent breast cancer cells (MDA-MB-361/vIII and SKBR3/vIII) (Fig. 

14c), suggesting they account for estrogen-mediated actions (106). These results lead 

us to hypothesize that although up-regulation of CXCR4 protein levels was observed 

in all the EGFRvIII-expressing breast cancer cell lines regardless of their ER 

expression status, CXCR4 mRNA may be only increased in ER+/PgR+ estrogen-

dependent breast cancer cells, but not in the estrogen-independent breast cancer cells. 

Indeed, investigation of CXCR4 transcripts has revealed that CXCR4 mRNA levels 
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were up-regulated in only EGFRvIII-expressing ER+/PgR+ (BT474/vIII and MCF-

7/vIII) breast cancer cells, but not in MDA-MB-361/vIII or SKBR3/vIII breast cancer 

cells under normoxic conditions (Fig. 14d). Again, these observations are closely 

related to the maintenance of an estrogen-dependent phenotype in EGFRvIII-

expressing breast cancer cells, as the estrogen-dependent MDA-MB-361 breast cancer 

cells become estrogen-independent and mimic estrogen-receptor negative cells when 

forced to express EGFRvIII (106). SKBR3/vIII breast cancer cells have decreased 

CXCR4 transcripts (Fig. 14d), yet have increased expression of CXCR4 at the cell 

surface (Fig. 11), suggesting that CXCR4 expression may also be regulated at the 

protein level. Moreover, up-regulation of CXCR4 mRNA levels was correlated with 

increased expression of HIF-1α, suggesting that a role of HIF-1α in the regulation of 

CXCR4 mRNA expression in ER+/PgR+ EGFRvIII-expressing breast cancer cell 

lines. Furthermore, neither the expression of HIF-1β nor HIF-2α was altered in any of 

the cells (Fig. 15b). 

Next, we evaluated the CXCL12/CXCR4 signaling cascades under both 

normoxic and hypoxic conditions in EGFRvIII-expressing breast cancer cells. Under 

normoxic conditions, the activity of p44/42 and p38 MAPK were enhanced by 

CXCL12 stimulation (Fig. 14e). Under hypoxic conditions, BT474/vIII breast cancer 

cells exhibited higher basal levels of p44/42 and p38 MAPK activation, and activation 

of CXCL12/CXCR4 signaling cascades further enhanced the activation of these 

downstream signaling molecules as well as Akt (Fig. 14e). 
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Fig. 14 (a) FACS analysis shows increased expression of CXCR4 in BT474/vIII breast 

cancer cells under both normoxic and hypoxic (24 hours) conditions in 

comparison to BT474/wt breast cancer cells. Bar graphs represent the relative 

expression based on the mean geometric fluorescence of cells in each 

group/control cells. Actual FACS plots are available in Figure 15a. Inset, 

immunoblot analysis of lysates from BT474/wt and BT474/vIII breast cancer 

cells under normoxic and hypoxic (24 hours) conditions showing increased 

expression of HIF-1α in BT474/vIII breast cancer cells under both normoxic 

and hypoxic conditions. (b) Immunoblot analysis of lysates from BT474/wt 

and BT474/vIII breast cancer cells treated with the TKI AG1478 (10 µM) for 

24 hours showing that inhibition of EGFRvIII activity can abolish increased 

HIF-1α expression in BT474/vIII breast cancer cells under normoxic 

conditions. (c) Immunoblot analysis of lysates from MDA-MB-361 (“361”), 

BT474, MCF-7, and SKBR3 breast cancer cells with and without EGFRvIII 

expression showing that HIF-1α is up-regulated in multiple breast cancer cells 

expressing EGFRvIII under normoxic conditions. (d) Quantitative real-time 

PCR analysis revealed significantly increased CXCR4 transcript levels only in 

BT474/vIII and MCF-7/vIII breast cancer cells in comparison to parental cells 

(** = p<0.001; * = p<0.05, ANOVA). (e) Immunoblot analysis of lysates from 

BT474/wt and BT474/vIII breast cancer cells treated with CXCL12 (50 

ng/mL) for 5 minutes showing that hypoxic conditions enhanced CXCL12-
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induced phosphorylation of Akt, p44/42 MAPK, and p38 MAPK. BT474/vIII 

breast cancer cells also have higher basal levels of p44/42 MAPK and p38 

MAPK activation under hypoxic conditions. FACS, immunoblot, and 

quantitative RT-PCR analyses were performed in at least two independent 

experiments and these results are representative results of those experiments. 
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Fig. 15 (a) FACS analysis shows increased expression of CXCR4 in BT474/vIII breast 

cancer cells under both normoxic and hypoxic (24 hours) conditions in 

comparison to BT474/wt breast cancer cells. Black line, secondary antibody 

only; red line, parental cells under normoxic conditions; purple line, EGFRvIII 

transfectants under normoxic conditions; blue line, parental cells under 

hypoxic conditions; green line, EGFRvIII transfectants under hypoxic 

conditions. The x-axis represents fluorescence intensity and the y-axis 

represents cell counts. (b) Immunoblot analysis of lysates from MDA-MB-361 

(“361”), BT474, MCF-7, and SKBR3 breast cancer cells with and without 

EGFRvIII expression showing that neither HIF-2α or HIF-1β is up-regulated 

in multiple breast cancer cells expressing EGFRvIII under normoxic 

conditions. FACS and immunoblot analyses were performed in at least two 

independent experiments and these results are representative results of those 

experiments. 

 



97 

7. Suppression of p38 MAPK activity decreases CXCR4 expression and 

reduces invasion in EGFRvIII-expressing breast cancer cells 

The enhanced p38 MAPK activity observed in EGFRvIII-expressing breast 

cancer cells lead us to investigate the role of p38 MAPK in EGFRvIII-expressing 

breast cancer cells. The activity of p38 MAPK is involved in the trafficking of GPCRs 

and ErbB-receptors and has been shown to be essential for breast cancer cell invasion 

(531-534). We observed that breast cancer cells expressing EGFRvIII have an 

increased basal activation of p38 MAPK and upon stimulation with EGF causes an 

even more enhanced activation of p38 MAPK (Fig. 16a). Hypoxic conditions enhance 

the phosphorylation of p38 MAPK in EGFRvIII-expressing breast cancer cells (Fig. 

14e). To further test the functional role of p38 MAPK in EGFRvIII-induced CXCR4 

expression and invasion, a p38 MAPK inhibitor was used. Inhibition of p38 MAPK 

with SB203580 only slightly reduced the CXCR4 expression in MDA-MB-361 

parental breast cancer cells, whereas CXCR4 expression was down-regulated even 

more in MDA-MB-361/vIII breast cancer cells (Fig. 16b). However, a down-

regulation of EGFR, EGFRvIII, or ErbB2 at the cell surface was not observed under 

the same conditions (data not shown). Most importantly, treatment with SB203580 

significantly attenuated the invasive potential of MDA-MB-361/vIII breast cancer 

cells (Fig. 16c), indicating that p38 MAPK has an important role in the regulation of 

cell surface expression of CXCR4 and the enhanced invasive phenotype associated 

with EGFRvIII expression. Moreover, this effect on CXCR4 expression was not 
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observed when MDA-MB-361/wt and MDA-MB-361/vIII breast cancer cells were 

treated with the MAPK inhibitor PD98059 (data not shown).  
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Fig. 16 (a) Immunoblot analysis of lysates from serum-starved MDA-MB-361/wt and 

MDA-MB-361/vIII breast cancer cells stimulated with EGF (50 ng/mL) for 5 

minutes showing that MDA-MB-361/vIII breast cancer cells have increased 

activation of p38 MAPK. (b) FACS analysis shows a pronounced decrease in 

the expression of CXCR4 in MDA-MB-361/vIII breast cancer cells after 24 

hours of treatment with the p38 inhibitor SB203580 (10 µM). Bar graphs 

represent the relative expression based on the mean geometric fluorescence of 

cells in each group/control cells. Actual FACS plots are available in Figure 17. 

(c) The addition of SB203580 (10 µM) significantly inhibited the overall 

invasion of cells towards serum (* = p<0.001, ANOVA). The results shown 

are the mean and SE from 10 fields counted on triplicate membranes. 

Immunoblot and FACS analyses as well as invasion assays were performed in 

at least two independent experiments and these results are representative 

results of those experiments. 
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Fig. 17 FACS analysis shows a pronounced decrease in the expression of CXCR4 in 

MDA-MB-361/vIII breast cancer cells after 24 hours of treatment with the p38 

inhibitor SB203580 (10 µM). Black lines, secondary antibody only; red lines, 

cells treated with vehicle control (DMSO); blue lines, cells treated with 

SB203580. The x-axis represents fluorescence intensity and the y-axis 

represents cell counts. FACS analyses were performed in at least two 

independent experiments and these FACS results are representative results of 

those experiments. 
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8. EGFRvIII stabilizes CXCR4 protein levels by decreasing CXCR4 

degradation 

To elucidate whether de-regulation of CXCR4 degradation results in increased 

expression levels of CXCR4 in the EGFRvIII transfectants, we determined the rate of 

CXCR4 degradation. By inhibiting new protein synthesis using cycloheximide, we 

were able to show that CXCR4 protein levels were more stable in MDA-MB-361/vIII 

breast cancer cells (Fig. 18a). The experiments were performed using both FACS (Fig. 

18a) and immunoblotting (Fig. 18b) analysis as the detection of CXCR4 using 

immunoblotting techniques was found to be difficult for most of the breast cancer 

cells. These results suggest that enhanced CXCR4 protein stability may account for 

the up-regulation of CXCR4 in EGFRvIII-expressing breast cancer cells. 

Subsequently, we elucidated the mechanisms of enhanced CXCR4 protein stability 

through evaluation of the proteins that are involved in CXCR4 internalization, 

recycling, and degradation, such as the Nedd4-like E3 ubiquitin ligase for CXCR4, 

AIP4, and β-Arrestin 1/2, which are involved in endosomal sorting of CXCR4 to the 

lysosome (392;394;532;535;536). Fig. 18c shows that AIP4 is highly expressed only 

in BT474/wt breast cancer cells, and is down-regulated in BT474/vIII breast cancer 

cells, while β-Arrestin 1/2 was shown to be universally down-regulated in all of the 

breast cancer cells expressing EGFRvIII (Fig. 18c). Treating BT474/vIII breast cancer 

cells with the TKI AG1478 also returned both AIP4 and β-Arrestin 1/2 back to levels 

expressed in parental BT474 breast cancer cells (Fig. 20). We found no changes in 
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cortactin levels, a key regulator of CXCR4 internalization, nor any changes in ligand-

induced internalization of CXCR4 (data not shown) (390). Finally, we propose that 

EGFRvIII expression in breast cancer cells results in increased expression of CXCR4 

and enhanced invasive potential by regulating CXCR4 at the transcriptional level 

through HIF-1α up-regulation and post-translationally by stabilizing CXCR4 

expression through a reduction of molecules associated with CXCR4 internalization, 

cellular trafficking, lysosomal degradation and enhanced p38 MAPK activation (Fig. 

21). 



104 

 



105 

Fig. 18 FACS (a) and immunoblot (b) analysis MDA-MB-361/wt and MDA-MB-

361/vIII breast cancer cells treated with the protein synthesis inhibitor 

cycloheximide (10 µg/mL) showing that EGFRvIII-expressing breast cancer 

cells have increased stability of CXCR4 protein levels. (b - bottom panel), 

densitometry measurements of CXCR4 immunoblot results. (c) Immunoblot 

analysis of lysates from MDA-MB-361 (“361”), BT474, MCF-7, and SKBR3 

breast cancer cells with and without EGFRvIII expression showing that AIP4 

and β-Arrestin 1/2 are down-regulated in multiple breast cancer cells 

expressing EGFRvIII. See Fig. 19 for an additional β-Arrestin 1/2 blot. FACS 

analyses were performed in three independent experiments. Immunoblot 

analyses were performed in at least two independent experiments and these 

immunoblots are representative blots of those experiments. 
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Fig. 19 An additional immunoblot analysis of lysates from MDA-MB-361 (“361”), 

BT474, MCF-7, and SKBR3 breast cancer cells with and without EGFRvIII 

expression showing that β-Arrestin 1/2 is down-regulated in multiple breast 

cancer cells expressing EGFRvIII. Immunoblot analyses were performed in at 

least two independent experiments and this immunoblot is a representative blot 

of those experiments. 
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Fig. 20 Immunoblot analysis of lysates from BT474wt and BT474/vIII breast cancer 

cells treated with the TKI AG1478 (10 µM) for 24 hours showing that 

inhibition of EGFRvIII activity returned AIP4 and β-Arrestin 1/2 expression 

back to levels expressed in parental BT474 breast cancer cells. Immunoblot 

analyses were performed in at least two independent experiments and this 

immunoblot is a representative blot of those experiments. 
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Fig. 21  EGFRvIII enhances CXCR4 expression transcriptionally through the up-

regulation of HIF-1α and post-translationally by increasing p38 MAPK 

activation and decreasing AIP4 and β-Arrestin 1/2, leading to decreased 

CXCR4 internalization, cellular trafficking, and lysosomal degradation. 
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E. Discussion 

In recent years, chemokines and their receptors have evolved into a major field 

in cancer research as these chemokine networks have been implicated in every aspect 

of cancer biology. CXCR4 plays a major role in ErbB-receptor mediated metastasis in 

several cancers, including ErbB2-mediated breast cancer (302). Here, we evaluated the 

relationship between CXCR4 and the naturally occurring EGFR variant, EGFRvIII, a 

potent oncogene that has been shown to be associated with breast cancer progression 

and metastasis. We have provided evidence that both an activated EGFR and ErbB2 

have the ability to increase CXCR4 expression. We also demonstrated that up-

regulation of CXCR4 is mediated by the activity of EGFRvIII, but not ErbB2 in all of 

the breast cancer model systems that we have examined. In addition to the role of 

CXCR4 in ErbB2-mediated breast cancer metastasis, our study has demonstrated that 

CXCR4 is likely to play an essential role in EGFRvIII-mediated invasion in breast 

cancer cells (302).  

CXCR4 expression is increased under hypoxic conditions by the 

transcriptional activity of the oxygen-dependent HIF-1α (483). However, non-small 

cell lung cancer cells were shown to up-regulate the expression of CXCR4 through 

EGFR-dependent HIF-1α protein stability and increased DNA binding and 

transcriptional activity at the CXCR4 promoter irrespective of oxygen levels (483). In 

this study, we report, for the first time, that EGFRvIII up-regulates HIF-1α protein 

levels and CXCR4 expression under both normoxic and hypoxic conditions in breast 
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cancer cells. Increased CXCR4 transcripts were found to correlate with increased HIF-

1α levels under normal oxygen tension in estrogen-dependent EGFRvIII-expressing 

breast cancer cells. Increased protein expression of other HIF-1α regulated genes, 

such as Survivin (Fig. 22), under normoxic conditions further supports the notion that 

increased HIF-1α activity is a novel signaling cascade in estrogen-dependent 

EGFRvIII-mediated oncogenesis (537). It is important to note that while EGF 

stimulation of parental breast cancer cells did increase HIF-1α levels at a short 

exposure time, EGF stimulation did not consistently increase CXCR4 levels in these 

cells at short or long exposure times. In contrast, constitutively activated EGFRvIII 

mediates sustained downstream signaling, and therefore, may allow for HIF-1α 

protein accumulation under normal oxygen levels and consequently promote the 

transcription of CXCR4. Alternatively, increased HIF-1α protein and/or CXCR4 

transcripts may be a distinct and unique hallmark of EGFRvIII signaling which is not 

obtained through the activation of full length EGFR in breast cancer. This is possible 

as it has been shown that full length EGFR and EGFRvIII do not share common 

signaling pathways in gliomas (538).  

AIP4 overexpression suppresses CXCR4 expression in ErbB2-overexpressing 

breast cancer cells by decreasing the stability of CXCR4 protein levels (302). We have 

discovered that EGFRvIII decreases endogenous levels of AIP4 in BT474/vIII breast 

cancer cells, but AIP4 was undetectable in other model systems. However, β-Arrestin 

1/2 expression level was reduced in all the EGFRvIII-expressing model systems. 
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Since, β- Arrestin 1/2 plays an essential role in the trafficking of several GPCRs, these 

results provide a possible mechanism in which the reduction of AIP4 and β-Arrestin 

1/2 expression promote an aberrant degradation of CXCR4, thereby leading to its up-

regulation in EGFRvIII-expressing breast cancer cells. It should be mentioned that 

although we did not detect increases in CXCR7 or CXCR3 (data not shown) in 

EGFRvIII-expressing breast cancer cells, other GPCRs involved in breast cancer 

metastasis may be up-regulated in EGFRvIII-expressing breast cancer cells.  The use 

of the GPCR inhibitor, Pertussis Toxin, was able to abolish the increased invasive 

potential of EGFRvIII-expressing breast cancers, suggesting that EGFRvIII-enhanced 

invasion may be the result of increased GPCR expression and/or signaling. However, 

knocking-down CXCR4 also decreases the invasive potential of EGFRvIII-expressing 

breast cancer cells (see Chapter III), implicating a significant role for CXCR4 in 

EGFRvIII-mediated invasion. 

 Re-introduction of CXCL12 in breast cancer cells can enhance tumor growth, 

but inhibit CXCL12/CXCR4-mediated metastasis (325;328). Furthermore, epigenetic 

silencing of CXCL12 in breast cancer patients is associated with breast cancer 

metastasis and poor prognosis in breast cancer patients (326-328;511). In addition to 

increased CXCR4 expression in EGFRvIII-expressing breast cancer cells, CXCL12 

expression was decreased in most EGFRvIII-expressing breast cancer cells, except 

EGFRvIII-expressing BT474 breast cancer cells (Figure 23). However, these cells 

have increased CXCL12/CXCR4-mediated invasion in comparison to parental BT474 
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breast cancer cells. Therefore, in EGFRvIII-expressing breast cancer cells, CXCL12 

expression may not have a significant impact of the invasive potential of the cells, 

though this does not rule out that increased CXCL12 production in certain EGFRvIII-

expressing breast cancer cells may be involved in an autocrine loop which may 

influence the invasion or proliferation of these cells. 

Taken together, our results also show that induction of CXCR4 protein 

expression is regulated both transcriptionally and post-translationally. In ER negative 

and estrogen-independent breast cancer cells, EGFRvIII-induced CXCR4 expression 

is likely to be regulated at the post-translational level by increasing the synthesis rate 

of CXCR4 protein and enhancing CXCR4 protein stability through decreasing the 

expression levels of those molecules involved in the cellular trafficking and 

degradation of CXCR4. In contrast, in estrogen-dependent ER+/PgR+ breast cancer 

cells, EGFRvIII-mediated up-regulation of CXCR4 expression may be regulated at the 

transcriptional level through up-regulation of HIF-1α, as well as at the post-

translational level. Therefore, both transcriptional and post-translational mechanisms 

are likely responsible for EGFRvIII-mediated up-regulation of CXCR4 protein levels 

in EGFRvIII-expressing breast cancer cells. 

Our results have also demonstrated that p38 MAPK is one of the major 

downstream signaling molecules involved in EGFRvIII/CXCR4-mediated invasion. 

The activity of p38 MAPK was markedly induced by CXCL12 stimulation under both 

normoxic and hypoxic conditions. Inhibition of p38 MAPK activity significantly 
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reduced CXCR4 levels and attenuated the invasive potential of EGFRvIII-expressing 

breast cancer cells, whereas MAPK inhibitors do not have this effect on CXCR4 

expression. These results suggest that p38 MAPK plays a role in EGFRvIII/CXCR4 

induced invasion. 

 Finally, glioma cell lines ectopically expressing EGFRvIII did not exhibit 

enhanced CXCR4 expression in comparison to parental cells (data not shown). This 

observation appears to be unique to our EGFRvIII breast cancer model system. It is 

likely that the glioma cells express higher basal levels of CXCR4 in comparison to 

breast cancer cells, which is also reflected in the highly invasive phenotype of glioma 

cells. EGFRvIII may only enhance CXCR4 expression in cancer cells that have low 

invasive potential, as is the case for the cancer cell lines used in our studies. These 

results suggest that CXCR4 has an essential role in enhanced invasion of EGFRvIII-

expressing breast cancer cells. Hence, further investigations are required in order to 

fully elucidate the relationship between CXCR4 and EGFRvIII in breast cancer and 

whether targeting these two molecules with pre-existing or novel therapies will 

prevent breast cancer metastasis and potentially other oncogenic functions involving 

both CXCR4 and EGFRvIII.  
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Fig. 22 Immunoblot analysis of lysates from BT474/wt and BT474/vIII breast cancer 

cells under normoxic and hypoxic (24 hours) conditions showing increased 

expression of HIF-1α and Survivin in BT474/vIII breast cancer cells under 

both normoxic and hypoxic conditions. Immunoblot analyses were performed 

in at least two independent experiments and this immunoblot is a 

representative blot of those experiments. Lanes have been crossed out as those 

experiments were performed under serum-free conditions. 
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Fig. 23 Quantitative real-time PCR analysis revealed significantly decreased CXCL12 

transcript levels only in MDA-MB-361/vIII and SKBR3/vIII breast cancer 

cells in comparison to parental cells, while BT474/vIII breast cancer cells had 

significantly increased CXCL12 expression (** = p<0.001; * = p=0.001, 

ANOVA). Quantitative RT-PCR analyses were performed in at least two 

independent experiments and these quantitative RT-PCR results are 

representative results of those experiments. 
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F. Findings 

• CXCR4 is up-regulated in human pre-cancerous breast lesions and invasive 

breast cancer specimens as well as breast cancer cell lines 

• CXCL12/CXCR4-induced activation of downstream signaling pathways is 

enhanced by EGFR, ErbB2, and EGFRvIII expression and activity, although 

this seems to occur through crosstalk between the receptors and not 

transactivation of ErbB-receptors by CXCL12 

• Inhibition of EGFR and ErbB2 activity abolishes CXCL12-CXCR4 activation 

of downstream signaling pathways and up-regulates CXCR4, but EGF does 

not induce the expression of CXCR4 

• EGFRvIII-expressing breast cancer cells have increased CXCR4 expression 

• EGFRvIII-expressing breast cancer cells have enhanced SDF-1/CXCR4-

mediated invasion 

• Increased levels of HIF-1α, a transcriptional regulator of CXCR4, is correlated 

to increased CXCR4 transcripts in ER+/PgR+ EGFRvIII-expressing breast 

cancer cells 

• Inhibition of p38 MAPK activity results in reduced CXCR4 expression and 

attenuated EGFRvIII-induced invasion 

• CXCR4 is regulated post-translationally through decreased expression of AIP4 

and β-Arrestin 1/2, key molecules involved in CXCR4 internalization, cellular 

trafficking, and degradation
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III. CXCR4 SUPPRESSION ATTENUATES EGFRVIII-MEDIATED 
INVASION AND INDUCES P38 MAPK-DEPENDENT PROTEIN 

TRAFFICKING AND DEGRADATION OF EGFRVIII IN BREAST  CANC ER 
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A. Summary 

Our previous report has shown that the constitutively activated EGFR variant, 

EGFRvIII, up-regulates the pro-metastatic chemokine receptor CXCR4 

transcriptionally and post-translationally in breast cancer cells. Here we evaluated the 

biological effect and cell signaling effects of silencing CXCR4 levels in EGFRvIII-

expressing breast cancer cells. Short hairpin RNA (shRNA)-mediated suppression of 

CXCR4 expression significantly reduced the invasive potential and proliferation of 

EGFRvIII-expressing breast cancer cells. These cells exhibited a reduction of 

EGFRvIII activity and protein expression due to increased protein degradation. 

Treating these cells with a proteasome inhibitor (MG132) and an inhibitor of protein 

trafficking (monensin) reduced the rate of EGFRvIII protein degradation. Further 

investigations revealed that CXCR4 shRNA increased p38 MAPK phosphorylation, a 

molecule shown to induce EGFR internalization and down-regulation. Inhibition of 

p38 MAPK activity in CXCR4 shRNA cells returned EGFRvIII protein levels back to 

levels expressed in control cells. Stress conditions, such as hypoxia, which activated 

p38 MAPK, reduced EGFRvIII and ErbB2 phosphorylation, however protein levels 

were increased suggesting that p38 MAPK activity is involved in protein trafficking, 

and the positive or negative regulation of ErbB-receptors. In conclusion, suppression 

of CXCR4 may induce a stress response in EGFRvIII-expressing breast cancer cells 

by which p38 MAPK reduces EGFRvIII expression through proteasomal degradation 
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and altered protein trafficking, leading to inhibition of breast cancer cell invasion and 

proliferation.   

 

B. Background 

Chemokines have been reported to be direct breast cancer metastasis (186). 

The chemokine and chemokine receptor axis of CXCL12/CXCR4 is believed to home 

CXCR4-expressing cells to organ sites expressing CXCL12 (186). The expression of 

CXCR4 in human breast cancer specimens is also associated with metastatic spread 

and poor prognosis (220;270;493;494;497;529;530). CXCR4 neutralizing antibodies 

and other CXCR4 antagonists developed primarily to inhibit HIV-viral entry have 

shown to inhibit the invasive potential of breast cancer cells in vitro as well as reduce 

breast cancer metastasis in nude mice. 

Silencing of CXCR4 expression with RNA-inference (RNAi) has shown to 

inhibit breast cancer cell migration, invasion, and metastasis in vitro and in vivo. 

Initially, an inducible knock-down of CXCR4 using RNAi technology resulted in a 

significant reduction of breast cancer cell migration (311). Down-regulation of 

CXCR4 with short hairpin RNA (shRNA) in breast cancer cells with high metastatic 

potential (MDA-MB-231) not only lowered lung metastasis, it also reduced breast 

cancer cell proliferation (317). Decreased proliferation of breast cancer cells by 

suppressed expression of CXCR4 also resulted in the failure of these cells to grow 

tumors in SCID mice (353). Targeting CXCR4 with the combination of two small 
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interfering RNA (siRNA) duplexes also impaired breast cancer cell invasion using 

matrigel invasion assays and breast cancer metastasis in an animal model (315). 

ErbB2-mediated breast cancer metastasis is also dependent on CXCR4 up-regulation 

as it was shown that shRNA knock-down of CXCR4 in ErbB2-overexpressing breast 

cancer cells inhibited breast cancer metastasis to the lung (302). However, the 

signaling cascades or other molecular events by which this inhibition occurs are not 

well described. 

Our previous studies have found that expression of the Epidermal Growth 

Factor Receptor (EGFR) variant, EGFRvIII, is associated with human breast cancer 

metastasis (105). Expression of this variant has also been detected in circulating breast 

cancer cells and was found to be correlated with metastatic disease, however, the 

mechanism by which this tumor specific, constitutively active oncoprotein promotes 

breast cancer metastasis is not understood (107;108). In Chapter II, we reported that 

EGFRvIII up-regulates CXCR4 in breast cancer cells regardless of estrogen and 

progesterone receptor (ER/PgR) status or levels of endogenous ErbB-receptors (539). 

Furthermore, CXCR4 was transcriptionally up-regulated in EGFRvIII-expressing 

breast cancer cells via up-regulation of HIF-1α and/or post-translationally through 

decreased protein degradation and presumably increased receptor recycling and 

protein trafficking involving p38 MAPK activity and down-regulation of the 

endosomal sorting molecules β-Arrestin 1/2 and the Nedd4-like E3 ubiquitin ligase 

AIP4 (539). More importantly, these cells also had enhanced SDF-1/CXCR4-mediated 
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invasion (539). Since EGFRvIII-expressing breast cancer cells universally had an up-

regulation of CXCR4 and since metastatic breast cancer cells that require CXCR4 for 

breast cancer metastasis often express high levels of ErbB-receptors such as EGFR 

and ErbB2, we were interested in understanding potential changes in the activity or 

expression of these ErbB-receptors upon suppression of CXCR4 expression. 

Here we report that suppression of CXCR4 with shRNA significantly reduces 

not only the invasive potential of EGFRvIII-expressing breast cancer cells, it also 

reduces the proliferation of the cells. Suppression of CXCR4 reduces the protein levels 

of EGFRvIII through enhanced protein degradation of EGFRvIII. Inhibition of the 

proteasome and protein trafficking revealed that both of these pathways are involved 

in the protein turnover of EGFRvIII in CXCR4 shRNA cells. Furthermore, inhibition 

of p38 MAPK, a key molecule which has been shown to be involved in EGFR 

internalization and down-regulation, reverses EGFRvIII protein suppression by 

CXCR4 knock-down, while under stress conditions, which also activate p38 MAPK, 

EGFRvIII protein levels are increased suggesting an essential role of p38 MAPK in 

EGFRvIII protein trafficking. 

 

C. Material and Methods 

1. Cell Culture and Reagents 

MDA-MB-361 and BT474 breast carcinoma cell lines and their EGFRvIII-

expressing derivatives were maintained in IMEM supplemented with 10% FBS. Since 
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endogenous EGFRvIII expression is lost in cancer cells under in vitro conditions (5), 

stable EGFRvIII-expressing breast cancer cells were generated as previously described 

(102). Cycloheximide, MG132, chloroquine, monensin, leupeptin, and SB203850 

were purchased from Sigma-Aldrich (St. Louis, MO). PD150606 and PD98059 were 

purchased from Calbiochem (Gibbstown, NJ).  

 

2. CXCR4 shRNA 

CXCR4 human shRNA constructs were purchased from Origene (Rockville, 

MD). MDA-MB-361 and BT474 cells expressing EGFRvIII were transfected with 

negative control constructs [empty vector (pRS) and GFP-targeting] and four shRNA 

constructs targeting CXCR4 using calcium phosphate precipitation as previously 

described (102). Transfected cells were selected using puromycin. Stable cell lines 

were generated using individual clones and pooled clones. Knock-down of CXCR4 

was verified using fluorescence-activated cell sorting analysis and quantitative real-

time PCR and at least two cell lines transfected with two different CXCR4 shRNA 

constructs that had the most CXCR4 knock-down were used. Pooled clones 

transfected with the negative control constructs were used as negative controls. 

 

3. Fluorescence-Activated Cell Sorting (FACS) Analysis 

  Cells (0.5-1.0 x 106) were harvested and then stained for 1 hour with anti-

CXCR4 (mab172 or mab173; R&D Systems; Minneapolis, MN) or anti-CXCR7 
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(R&D Systems) antibodies at 4°C. Stained cells were then washed with cold PBS. A 

secondary FITC-anti-mouse antibody (KPL; Gaithersburg, MD) was added for 30 

minutes, and the CXCR4 or CXCR7 levels were quantified by flow cytometry. 

 

4. Quantitative Real-Time PCR 

RNA was reverse transcribed from random hexamers using SuperScript®  III 

Reverse transcriptase (Invitrogen; Carlsbad, CA). Real-time quantitative PCR was 

performed using the Real-time PCR system 7900 (Applied Biosystems; Foster City, 

CA). In brief, the PCR amplification reaction mixtures (25 µL) contained cDNA, RT2 

PCR Primer Assay (SA Biosciences; Frederick, MD), and RT2 Real-Time SYBR 

Green Master Mix (SA Biosciences) (performed in triplicates). The thermal cycle 

conditions included maintaining the reactions at 50°C for 2 minutes and at 95°C for 10 

minutes, and then alternating for 40 cycles between 95°C for 15 seconds and 60°C for 

1 minute. The relative gene expression for each sample was determined using the 

formula 2 (–  Ct) = 2 (Ct (GAPDH)–Ct (target)), which reflected the target gene expression 

normalized to GAPDH levels. 

 

5. Invasion Assays 

Invasion was measured using 24-well cell culture inserts with membranes with 

8 µm pores and a matrigel-coating to mimic the basement membrane (BD Biosciences; 

San Jose, CA). Breast cancer cells were suspended in serum-free medium with 0.1% 
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BSA and 2.0 x 105 cells were plated in the top part of the insert. The inserts were 

placed in wells containing 10% FBS in IMEM. After incubation at 37°C for 48 hours, 

residual cells were wiped off the top of the membranes with cotton swabs, and invaded 

cells on the underside of the membranes were fixed and stained using the HEMA-3 kit 

(Fisher Diagnostics; Pittsburgh, PA). Cells were counted in 10 fields from three inserts 

per experimental condition. Experiments were performed in a minimum of three 

independent studies. 

 

6. Anchorage-Dependent Growth Assays 

Cancer cells in normal growth media were seeded in triplicates in 24-well 

plates. Using a cell counter, cancer cells were counted on days 0, 1, 7, and 10.  

  

7. Immunoblot and Immunoprecipitation Analysis 

Breast cancer cells were plated in culture plates and grown to 50-80% 

confluence. Unless otherwise specified, cells were lysed after the removal of growth 

media. Some cultures were pre-treated with MG132, chloroquine, monensin, 

leupeptin, or PD150606, and then cycloheximide for the specified times. Hypoxia 

experiments were performed in a computer monitored hypoxia chamber (94% 

nitrogen, 5% carbon dioxide, and 0.5 to 1% oxygen) for 24 hours. Cells were rinsed, 

lysed, and equal amounts of protein were then separated by SDS-PAGE and 

transferred to nitrocellulose membranes for immunoblot analysis. Antibodies against 



125 

phospho-EGFR (Thr998, Tyr1148, Tyr845, Tyr1173, Tyr1068), phospho-ErbB2 

(Tyr877), phospho-p38 MAPK (Thr180/Tyr182), and p38 MAPK were purchased 

from Cell Signaling Technology (Danvers, MA); the antibodies for EGFR and ErbB2 

were purchased from NeoMarkers (Fremont, CA); the antibody for HIF-1α was 

purchased from BD Biosciences; the antibodies for phospho-Cbl (Tyr774) and Cbl 

were purchased from Upstate (Billerica, MA); and the antibody for GAPDH was 

purchased from Sigma-Aldrich. Densitometry measurements were performed using 

Scion Image software (Scion Corporation; Frederick, MD). 

Immunoprecipitation experiments were performed using 500-1000 µg of lysate 

and 1 µg of anti-EGFR antibody (Neomarkers). After overnight precipitation at 4°C, 

protein A-agarose beads (Amersham Biosciences, NJ, USA) were added and left for a 

2-hour incubation at 4°C. The immunocomplexes were then separated by SDS-PAGE 

and transferred to nitrocellulose membranes (Amersham Biosciences, NJ, USA) for 

immunoblot analysis using anti-phosphotyrosine (Upstate) and anti-EGFR 

(Neomarkers) antibodies. 

 

8. Statistics 

Statistical analysis was performed using ANOVA, followed by the Tukey test 

using SigmaStat software. Results were considered statistically significant at p<0.05. 

 

D. Results 
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1. CXCR4 suppression inhibits the invasion and proliferation of EGFRvIII-

expressing breast cancer cells 

EGFRvIII expression in breast cancer cells results in increased expression of 

CXCR4, therefore, we determined the consequences of stably suppressing CXCR4 

expression in these cells with two different shRNAs targeting CXCR4 (539). 

Successful reduction of CXCR4 mRNA and protein was achieved in both EGFRvIII-

expressing MDA-MB-361 (“MDA-MB-361/vIII”) and BT474 (“BT474/vIII”) breast 

cancer cells, although complete suppression of CXCR4 protein was not achieved by 

any shRNA constructs (Fig. 1a and b). Both of the shRNA constructs specifically 

targeted CXCR4 as expression of the closely related CXCR7 was not suppressed and 

CXCR7 does not compensate for loss of CXCR4 as the expression of this chemokine 

receptor continues to remain relatively low (Fig. 2). It is worthwhile to note that using 

the calcium phosphate precipitation method to transfect the EGFRvIII-expressing 

breast cancer cells with the shRNA constructs resulted in very few clones with stable 

suppression of CXCR4 expression. Significant suppression of CXCR4 may inhibit the 

proliferation or survival of breast cancer cells expressing EGFRvIII, and therefore, the 

EGFRvIII-expressing breast cancer cells that maintained a sufficient level of CXCR4 

protein levels were viable. Only clones which maintained sufficient CXCR4 knock-

down were used in these studies. Lenti-viral delivery of a different set of shRNA 

constructs targeting CXCR4 was also performed, however, control constructs were 

found to dramatically suppress the invasive potential of EGFRvIII-expressing breast 
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cancer cells, and experiments using these cells were discontinued due to concerns of 

off-target effects on the lenti-viral shRNA. 

 Using in vitro invasion assays, it was determined that CXCR4 suppression 

reduces the invasive potential of MDA-MB-361/vIII breast cancer cells (Fig. 1c). The 

reduction of invasion was associated with the level of CXCR4 suppression as clones 

with the most reduction of CXCR4 expression had the most reduction in invasion (Fig. 

1c and Fig. 4). Invasion assays for BT474/vIII breast cancer cells with suppressed 

CXCR4 levels were unsuccessful as these cells usually have low invasive potential. 

However, both MDA-MB-361/vIII and BT474/vIII breast cancer cells with suppressed 

CXCR4 expression had a significant reduction in proliferation (Fig. 1d). The stable 

cell lines obtained from these cells were further characterized. 
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Fig. 1 Quantitative RT-PCR and FACS analyses show shRNA constructs targeting 

CXCR4 suppressed mRNA (a) and protein (b) expression of CXCR4 in MDA-

MB-361 and BT474 breast cancer cells stably expressing EGFRvIII in 

comparison to cells transfected with control constructs [EGFRvIII-expressing 

cells are labeled “vIII”; shRNA negative control cells are labeled “CTRL”; 

individual clones from two different CXCR4 shRNA constructs are labeled 

“shRNA1” (CXCR4 shRNA1-Clone 2) and “shRNA2” (CXCR4 shRNA2-

Clone 2)] (* = p<0.05; ** = p<0.001; ANOVA). FACS bar graphs represent 

the relative expression based on the mean geometric fluorescence of cells in 

each group/control cells. (c) Invasion of MDA-MB-361/vIII breast cancer cells 

was significantly inhibited by stable CXCR4 suppression with shRNA (* = 

p<0.001; ANOVA). Cells were plated in 0.1% BSA/IMEM in the upper 

chamber of transwells with membranes with 8 µm pores, and with serum 

containing media in the lower chamber. After 48 hours of incubation, the 

membranes were fixed and stained, and cells were counted on the underside of 

the membranes. The results shown are the mean and SE from 10 fields counted 

in triplicate filters. (d) Anchorage-dependent growth of MDA-MB-361/vIII 

(“361/vIII”) and BT474/vIII (“BT/vIII”) breast cancer cells was significantly 

reduced by stable CXCR4 suppression with shRNA (* = p<0.05; ANOVA). 

Quantitative RT-PCR and FACS analyses as well as invasion and growth 
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assays were performed in at least two independent experiments and these 

results are representative results of those experiments. 
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Fig. 2 FACS analysis shows shRNA constructs only targeting CXCR4 do not 

suppress CXCR7 protein levels in MDA-MB-361/vIII breast cancer cells. 

CXCR7 protein expression continues to remain low when CXCR4 expression 

is suppressed. FACS bar graphs represent the relative expression based on the 

mean geometric fluorescence of cells in each group/control cells. FACS 

analyses were performed in at least two independent experiments and these 

FACS results are representative results of those experiments. 
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2. CXCR4 suppression reduces EGFRvIII phosphorylation and protein 

expression 

Suppression of CXCR4 in breast cancer cells has been previously shown, but 

signaling changes in these cells remain unreported (302;311;315;317;353). We 

determined whether there were any changes to the phosphorylation and protein levels 

of ErbB-receptors, including EGFRvIII, when CXCR4 levels are reduced. CXCR4 

suppression in EGFRvIII-expressing breast cancer cells resulted in reduced 

phosphorylation and expression of EGFRvIII (Fig. 3 and 4a). The degree by which 

EGFRvIII phosphorylation and protein levels were reduced was correlated with the 

level of CXCR4 protein reduction (Fig. 3). This reduction in EGFRvIII protein levels 

also correlated with a reduction in invasive potential (Fig. 3). Although transactivation 

and crosstalk between EGFR and ErbB2 with CXCR4 has been reported, we found 

increased phosphorylation and expression of ErbB2 in MDA-MB-361/vIII breast 

cancer cells when CXCR4 expression is suppressed (Fig. 4b-BT474/vIII-shRNA1) 

(298). This may be attributed to a feedback mechanism resulting from decreased 

activity of CXCR4 or EGFRvIII as these cells express higher levels of CXCR4 and 

lack high expression of wild-type EGFR. However, in the BT474/vIII breast cancer 

cells, CXCR4 suppression led only to a decrease in ErbB2 phosphorylation when 

CXCR4 and EGFRvIII levels are highly suppressed (Fig. 4b), which may result from 

decreased heterodimerization between EGFRvIII and ErbB2 and the ability of wild-

type EGFR to compensate for loss of CXCR4 and EGFRvIII expression as these cells 
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express higher levels of wild-type EGFR and the phosphorylation and expression of 

wild-type EGFR remains unchanged when CXCR4 expression is suppressed (Fig. 4c). 
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Fig. 3  (a) FACS analysis shows shRNA constructs targeting CXCR4 suppressed 

protein expression of CXCR4 in MDA-MB-361/vIII breast cancer cells stably 

expressing EGFRvIII in comparison to cells transfected with control 

constructs. FACS bar graphs represent the relative expression based on the 

mean geometric fluorescence of cells in each group/control cells. (b) Invasion 

of MDA-MB-361/vIII breast cancer cells was correlated to the suppression of 

CXCR4 expression. Cells were plated in 0.1% BSA/IMEM in the upper 

chamber of transwells with membranes with 8 µm pores, and with serum 

containing media in the lower chamber. After 48 hours of incubation, the 

membranes were fixed and stained, and the total number of cells was counted 

on the underside of duplicate membranes. (c) Immunoblot analysis revealed 

decreased phosphorylation and expression of EGFRvIII in EGFRvIII-

expressing breast cancer cells was correlated to suppressed CXCR4 

expression. FACS and immunoprecipitation/immunoblot analyses were 

performed in at least two independent experiments and these results are 

representative results of those experiments. 



136 

 



137 

Fig. 4 (a) Immunoblot analysis revealed decreased phosphorylation and expression of 

EGFRvIII in EGFRvIII-expressing breast cancer cells with suppressed CXCR4 

expression. (b) Immunoblot analysis revealed altered phosphorylation and 

expression of ErbB2 in EGFRvIII-expressing breast cancer cells with 

suppressed CXCR4 suppression. (c) Immunoblot analysis revealed decreased 

phosphorylation of EGFRvIII at various phosphorylation sites as well as 

EGFRvIII protein levels in BT474/vIII breast cancer cells, while wild-type 

EGFR phosphorylation/expression was unchanged with suppressed CXCR4 

expression. Immunoblot analyses were performed in at least two independent 

experiments and these immunoblots are representative blots of those 

experiments. 
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3. CXCR4 suppression increases the protein degradation of CXCR4 through 

protein trafficking and proteasomal degradation 

Cbl-mediated ubiquintination and proteasomal degradation attenuates activated 

wild-type EGFR signaling, a process EGFRvIII evades (44). Since EGFRvIII levels 

are reduced by suppression of CXCR4, it was determined whether EGFRvIII 

degradation is altered. Treating MDA-MB-361/vIII and BT474/vIII breast cancer cells 

with the protein synthesis inhibitor, cycloheximide, revealed that the EGFRvIII 

degradation rate is increased when CXCR4 levels are knocked-down (Fig. 5a and Fig. 

6). ErbB2 degradation was also slightly reduced in MDA-MB-361/vIII breast cancer 

cells, but ErbB2 degradation was increased in the BT474/vIII breast cancer cells when 

CXCR4 expression is suppressed suggesting that two different cell lines have different 

compensatory feedback mechanisms and potentially different ErbB-receptor 

degradation pathways (Fig. 5b). The degradation of wild-type EGFR appears to also 

be accelerated (Fig. 5a and Fig. 6), although the expression of wild-type EGFR is 

relatively low in both cell lines and a high wild-type EGFR-expressing cell line would 

need to be used to assess the impact of CXCR4 loss on its degradation. Also, these 

alterations were probably not a result of increased Cbl phosphorylation and/or protein 

levels (Fig. 7).  

Next, these cells were treated with MG132 (proteasome inhibitor), chloroquine 

(receptor recycling inhibitor), monensin (intracellular protein trafficking inhibitor), 

and leupeptin and PD150606 (lysosomal protease inhibitors), to determine if these 
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pathways are responsible for EGFRvIII down-regulation (Fig. 8a). While, it was 

expected that MG132 treatment would partially inhibit the degradation of EGFRvIII, 

we also discovered that monensin also partially inhibited the degradation of EGFRvIII 

in the MDA-MB-361/vIII breast cancer cells with suppressed CXCR4 expression (Fig. 

8). However, monensin did not have a similar effect in the BT474/vIII breast cancer 

cells with suppressed CXCR4 expression, suggesting that the two cell lines do actually 

have different mechanisms which induce degradation of EGFRvIII (Fig. 8b). The 

unglycosolated form of EGFRvIII (lowest protein band) seemed to be much more 

sensitive to monensin, while MG132 did not prevent the degradation of the 

unglycosolated form of EGFRvIII (Fig. 8). This led us to conclude that suppression of 

CXCR4 may induce signaling cascades that induce increased EGFRvIII protein 

turnover through the proteasome and protein trafficking.
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Fig. 5 (a) Immunoblot analysis of MDA-MB-361/vIII and BT474/vIII breast cancer 

cells with suppressed CXCR4 expression treated with the protein synthesis 

inhibitor cycloheximide (10 µg/mL) showing that CXCR4 suppression 

decreases the stability of EGFRvIII. (b) Immunoblot analysis of MDA-MB-

361/vIII and BT474/vIII breast cancer cells with suppressed CXCR4 

expression treated with the protein synthesis inhibitor cycloheximide (10 

µg/mL) showing that CXCR4 suppression increases the stability of ErbB2 in 

MDA-MB-361/vIII breast cancer cells, but decreases the stability of ErbB2 in 

BT474/vIII breast cancer cells. Immunoblot analyses were performed in at 

least two independent experiments and these immunoblots are representative 

blots of those experiments. 
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Fig. 6 Immunoblot analysis of additional MDA-MB-361/vIII and BT474/vIII breast 

cancer cells with suppressed CXCR4 expression treated with the protein 

synthesis inhibitor cycloheximide (10 µg/mL) showing that CXCR4 

suppression decreases the stability of EGFRvIII. Immunoblot analyses were 

performed in at least two independent experiments and these immunoblots are 

representative blots of those experiments. 



143 

 

Fig. 7 Immunoblot analysis of MDA-MB-361/vIII and BT474/vIII breast cancer cells 

with suppressed CXCR4 expression showing that the phosphorylation and 

protein levels of Cbl are not altered by suppressed CXCR4 expression. 

Immunoblot analyses were performed in at least two independent experiments 

and this immunoblot is a representative blot of those experiments. 
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Fig. 8 (a) Immunoblot analysis of MDA-MB-361/vIII breast cancer cells with 

suppressed CXCR4 expression pre-treated with the proteasome inhibitor 

MG132 (10 µM), the inhibitor of protein recycling chloroquine (100 µM), the 

inhibitor of protein trafficking monensin (25 µM), the inhibitor of lysosomal 

proteases leupeptin (10 µM), and the inhibitor of lysosomal proteases 

PD150606 (10 µM), then treated with the protein synthesis inhibitor 

cycloheximide (10 µg/mL) for 48 hours showing that CXCR4 suppression 

decreases the stability EGFRvIII mainly through altered proteasomal 

degradation and protein trafficking. (b) Immunoblot analysis of MDA-MB-

361/vIII and BT474/vIII breast cancer cells with suppressed CXCR4 

expression were pre-treated with the proteasome inhibitor MG132 (10 µM) and 

the inhibitor of protein trafficking monensin (25 µM), then treated with the 

protein synthesis inhibitor cycloheximide (10 µg/mL) for 24 hours showing 

that CXCR4 suppression decreases the stability of EGFRvIII through 

proteasomal degradation and altered protein trafficking in MDA-MB-361/vIII 

breast cancer cells, but only proteasomal degradation in BT474/vIII breast 

cancer cells. Immunoblot analyses were performed in at least two independent 

experiments and these immunoblots are representative blots of those 

experiments. 
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4. Suppression of increased p38 MAPK activity in CXCR4 shRNA cells 

reverses the reduction of EGFRvIII protein expression 

Since the suppression of CXCR4 expression caused a reduction in the 

phosphorylation and expression of EGFRvIII, alterations in signaling pathways 

downstream of growth factor receptors were investigated. Surprisingly, very few 

alterations in signaling pathways were found in CXCR4 shRNA expressing MDA-

MB-361/vIII cells (data not shown), despite that these cells exhibited reduced invasion 

and proliferation. Another unexpected result was increased p38 MAPK activity in 

MDA-MB-361/vIII breast cancer cells with suppressed CXCR4 protein levels (Fig. 

9a). Enhanced activation of p38 MAPK was also observed in BT474/vIII breast cancer 

cells when CXCR4 expression is suppressed (Fig. 9a), but this cell line has low 

endogenous p38 MAPK phosphorylation and protein expression. While this is 

inconsistent with our previous results, this result is in agreement with other results 

which have shown that activation of p38 MAPK induces EGFR internalization and 

down-regulation (540;541). Furthermore, inhibition of p38 MAPK with SB203580 

reversed the down-regulation of EGFRvIII when CXCR4 is suppressed in MDA-MB-

361/vIII breast cancer cells (Fig. 9b). The p44/42 MAPK inhibitor PD98059 did not 

have this effect, suggesting that p38 MAPK activity is involved in the down-regulation 

of EGFRvIII (Fig. 9c). Furthermore, we found that stress conditions such as hypoxia, 

which activate p38 MAPK, down-regulate EGFRvIII and ErbB2 phosphorylation, but 

actually increase EGFRvIII protein levels (Fig. 10). This suggests that p38 MAPK is 
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involved in the protein trafficking of EGFRvIII and possibly other ErbB-receptors, 

although the activation of this pathway may positively or negatively regulate ErbB-

receptor protein expression based on the cellular context of the cells and the tumor 

microenvironment.  



148 

  



149 

Fig. 9 (a) Immunoblot analysis of MDA-MB-361/vIII and BT474/vIII breast cancer 

cells with suppressed CXCR4 expression showing that CXCR4 suppression 

increases the phosphorylation of p38 MAPK. (b) Immunoblot analysis of 

lysates from MDA-MB-361/vIII breast cancer cells with suppressed CXCR4 

expression showing that EGFRvIII protein levels can be induced after 24 hours 

of treatment with the p38 MAPK inhibitor SB203580 (10 µM), while 24 hours 

of treatment with the p44/42 MAPK inhibitor PD98059 (2 µM) does not have 

a similar effect on EGFRvIII expression (c). Immunoblot analyses were 

performed in at least two independent experiments and these immunoblots are 

representative blots of those experiments. 
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Fig. 10 Immunoblot analysis of MDA-MB-361/vIII breast cancer cells under hypoxic 

conditions for 24 hours showing that stress conditions such as low oxygen 

tension induce the phosphorylation of p38 MAPK, but suppression of 

EGFRvIII and ErbB2 phosphorylation and an induction of EGFRvIII protein 

levels. Immunoblot analyses were performed in at least two independent 

experiments and this immunoblot is a representative blot of those experiments. 
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E. Discussion 

The SDF-1/CXCR4 axis plays a pivotal role in breast cancer metastasis. In 

Chapter II, we found that the naturally occurring EGFR variant, EGFRvIII, up-

regulates CXCR4 through multiple mechanisms (539). In this chapter, we found that 

suppression of CXCR4 in EGFRvIII-expressing breast cancer cells decreased the 

invasive potential and the proliferation of EGFRvIII-expressing breast cancer cells. 

Suppression of CXCR4 expression also increased the degradation of EGFRvIII 

through the proteasome as well as altered protein trafficking, and the activity of p38 

MAPK seemed essential for the down-regulation of EGFRvIII. 

We discovered that complete suppression of CXCR4 protein levels was 

unattainable in EGFRvIII-expressing breast cancer cells, although CXCR4 mRNA 

levels were significantly suppressed by shRNA constructs targeting CXCR4. 

Previously, we showed that increased p38 MAPK activity mediated by EGFRvIII 

induces increased cell surface expression of CXCR4 presumably through altered 

protein trafficking (539). Both the ectopic expression of EGFRvIII in breast cancer 

cells and hypoxic conditions that induce p38 MAPK activity, lead to an up-regulation 

of CXCR4 (539). Here we also unexpectedly discovered increased p38 MAPK activity 

when CXCR4 expression is suppressed. Increased activation of this pathway may 

explain why we observed less suppression of CXCR4 protein levels although CXCR4 

mRNA levels were highly suppressed in most of our stable cell lines. Forced 

suppression of CXCR4 expression may induce a stress response by which cells 
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maintain CXCR4 protein levels by activating p38 MAPK. Subsequently, activation of 

p38 MAPK negatively regulates EGFRvIII expression as inhibition of the p38 MAPK 

pathway restores EGFRvIII expression in breast cancer cells with suppressed CXCR4 

expression. Interestingly, hypoxic conditions induced p38 MAPK activity and a 

reduction in EGFRvIII and ErbB2 phosphorylation, but EGFRvIII protein levels were 

increased. Therefore, the p38 MAPK pathway may regulate the protein trafficking and 

regulation of ErbB-receptors in order to meet the requirements of cancer cells under 

stress conditions to maintain cellular signaling, proliferation, and invasion. Whether 

activation and up-regulation of CXCR4 under stress conditions such as low oxygen 

tension directly influences the phosphorylation and protein expression of oncogenes 

such as ErbB-receptors as well as the activity of p38 MAPK remains to be 

investigated.  

Our results also showed that EGFRvIII down-regulation in breast cancer cells 

with suppressed CXCR4 expression may be mediated by different pathways. This is 

also the case for the up-regulation of CXCR4 in EGFRvIII-expressing breast cancer 

cells as  CXCR4 is primarily regulated post-translationally in MDA-MB-361 breast 

cancer cells expressing EGFRvIII (estrogen-independent cells), while it is regulated 

transcriptionally and post-translationally in BT474 breast cancer cells expressing 

EGFRvIII (estrogen-independent cells) (539). We are unable to study whether CXCR4 

suppression has any impact on transcriptional regulation of EGFRvIII, since cancer 

cell lines do not express endogenous EGFRvIII under cell culture conditions. It is 
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plausible that heterogeneity between breast cancer cells allows for more 

transcriptional control of protein expression in BT474 breast cancer cells expressing 

EGFRvIII, while MDA-MB-361 breast cancer cells expressing EGFRvIII regulate the 

expression of these proteins through post-translational mechanisms such as protein 

stability as these cells have higher activation of the p38 MAPK pathway. Activation of 

p38 MAPK was shown to alter the expression of wild-type EGFR from the cell 

surface to the cytoplasm (542). EGFRvIII is also found to be expressed in cytoplasm 

and whether p38 MAPK activation by the constitutive activity of EGFRvIII alters the 

localization of EGFRvIII and possibly other ErbB-receptors remains to be determined 

(49). Furthermore, MDA-MB-361 breast cancer cells expressing EGFRvIII become 

estrogen-independent and tamoxifen-resistant, characterized by decreased levels of 

estrogen receptor (ER) α and loss of the progesterone receptor. However, these 

molecular changes do not occur in BT474 breast cancer cells expressing EGFRvIII 

(106). Activation of p38 MAPK was shown to be involved in tamoxifen resistance of 

breast cancer cells, and whether a more active p38 MAPK signaling pathway in 

EGFRvIII-expressing MDA-MB-361 breast cancer cells leads to the tamoxifen-

resistant phenotype of cells needs to be investigated, as blockage of this pathway may 

resensitize these cells to tamoxifen (543). Since CXCR4 is an estrogen-regulated 

protein, the impact of CXCR4 suppression on the tamoxifen-sensitivity of these cells 

is also warranted (513).  



154 

EGFRvIII has been shown to protect cancer cells from radiation and hypoxic 

conditions (81). However, the effect of low oxygen tension on EGFRvIII expression 

and signaling has never been described. Although we discovered that hypoxic 

conditions reduce EGFRvIII phosphorylation and induce protein expression, 

EGFRvIII phosphorylation and protein expression persist which may result in the 

protective effect on cancer cells under stress conditions. Increased CXCR4 expression 

in combination with EGFRvIII expression in cancer cells may play an important role 

in this protective effect, and therefore, suppression of CXCR4 in EGFRvIII-expressing 

breast cancer cells may reduce the resistance of these cells to radiation and hypoxia. 

These results continue to implicate that crosstalk and crossregulation by CXCR4 and 

ErbB-receptors is a dynamic, yet important interaction during breast cancer 

progression and metastasis. 
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F. Findings 

• Suppression of CXCR4 expression reduces the invasive potential and 

proliferation of EGFRvIII-expressing breast cancer cells 

• Suppression of CXCR4 universally reduces EGFRvIII phosphorylation and 

protein expression, while wild-type EGFR phosphorylation/expression remains 

unchanged and alteration of ErbB2 phosphorylation/expression possibly 

compensates for EGFRvIII reduction in EGFRvIII-expressing breast cancer 

cells 

• Suppression of CXCR4 increases the degradation of EGFRvIII through 

proteasomal degradation and altered protein trafficking through the p38 MAPK 

pathway in EGFRvIII-expressing breast cancer cells 

• Suppression of CXCR4 induces p38 MAPK phosphorylation and inhibition of 

p38 MAPK reverses the down-regulation of EGFRvIII induced by the 

suppression of CXCR4 in EGFRvIII-expressing breast cancer cells 

• Hypoxic conditions induce p38 MAPK phosphorylation and reduce EGFRvIII 

and ErbB2 phosphorylation, but increase EGFRvIII protein expression 

suggesting p38 MAPK may be involved in altered protein trafficking 

depending on cellular context and tumor microenvironment 
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IV. 3,3’-DIINDOLYLMETHANE (DIM) INHIBITS THE GROW TH AND 
INVASION OF DRUG-RESISTANT HUMAN CANCER CELLS EXPRESSING 

EGFR MUTANTS
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A. Summary 

 Epidermal Growth Factor Receptor (EGFR) mutants are associated with 

resistance to chemotherapy, radiation, and targeted therapies. Here we investigated 

whether the phytochemical 3,3’-Diindolylmethane (DIM) can inhibit the growth of 

breast cancer and glioma cells expressing the EGFR type III mutant (EGFRvIII) or 

non-small cell lung cancer cells expressing EGFR with the delE746-A750 (H1650) or 

the L858R+T790M (H1975) mutations. We found that DIM inhibits the growth of 

cancer cells regardless of the expression of EGFR mutants and the drug-resistant 

phenotype. DIM also simultaneously reduced the activity and expression of EGFR 

mutants as well as ErbB2 and Met. The pro-survival and proliferation Akt and p44/42 

MAPK pathways were also inhibited by DIM, while the stress activated p38 MAPK 

pathway was activated by DIM. DIM also increased the expression of cell cycle 

inhibitors and decreased the expression of Cyclin D1 and cyclin-dependent kinases. 

Investigation of the apoptotic pathway also revealed that DIM treatment induces 

PARP1 cleavage, decreases PARP2 and Survivin expression, and alters the balance 

between pro- and anti-apoptotic proteins, favoring apoptosis. Finally, DIM inhibited 

the invasive potential of cancer cells expressing EGFR mutants. These results suggest 

that in addition to chemoprevention, DIM may be used in treatment regimens to 

inhibit cancer cell growth and invasion, and potentially overcome EGFR mutant-

associated drug resistance.  
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B. Background 

 The Epidermal Growth Factor Receptor (EGFR) is often associated with 

aggressive disease, metastasis, and drug resistance in human cancers (544). In breast 

cancer, high EGFR expression is associated with poor prognosis and resistance to 

endocrine therapy and chemotherapy (544-546). Over 50% of gliomas have EGFR 

gene amplification, and a majority of these cases also express the EGFR type III 

mutation (EGFRvIII) (68;547). EGFRvIII is associated with radioresistance as well as 

chemoresistance (68;544;547). Finally, non-small cell lung cancer patients with high 

EGFR expression are often treated with tyrosine kinase inhibitors (TKIs). A number of 

mutations in EGFR have been identified in the tumors of these patients, where the in-

frame deletion delE746-A750 or the L858R amino acid substitution leads to increased 

sensitivity, while the T790M amino acid substitution confers resistance to TKIs (548-

551). Therefore, exploration of alternative treatment strategies for EGFR mutant-

associated drug resistance is warranted. New antitumor compounds which are well 

tolerated by cancer patients are required to target EGFR as a first-line treatment 

regimen or second-line treatment after the emergence of resistance to pre-existing anti-

EGFR agents. 

 Phytochemicals have been identified as potential chemopreventive agents as 

these natural compounds have been shown to have antitumor effects in preclinical 

models and humans (552;553). One of these compounds which is actively being 

pursued for human usage is 3,3’-Diindolylmethane (DIM), produced from the 
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digestion of Indole-2-Carbinol (I3C) in cruciferous vegetables. DIM has been shown 

to reduce carcinogen-induced breast and lung tumor formation in rodent models of 

carcinogenesis with little toxicity (554-558). Neovascularization and human breast 

tumor xenografts were also shown to be inhibited by DIM administration (559). 

Furthermore, DIM in combination with taxanes has been shown to inhibit breast and 

lung cancer cell growth in vitro as well as in vivo (555;560;561). 

    The mechanism by which DIM inhibits cancer cell growth and induces 

apoptosis is actively being studied, although results remain inconsistent. DIM induces 

cell cycle arrest by inducing the expression of cell cycle inhibitors such as p21 and 

p27 or by reducing the expression of cyclins such as Cyclin D1 or cyclin dependent 

kinases (558;562-567). DIM also induces apoptosis in breast and lung cancer cells by 

down-regulating Survivin and Bcl-2, decreasing Bax, inducing poly (ADP-Ribose) 

polymerase (PARP) cleavage, releasing mitochondrial cytochrome c, and enhancing 

procaspase cleavage (555;560;564-566;568). Down-regulation of estrogen receptor 

(ER)-alpha expression through the activation of the nuclear aryl hydrocarbon (AhR), 

activation of interferon gamma (IFNgamma), increases in major histocompatibility 

complex class-1 (MHC-1) molecules, and activation of the peroxisome proliferators-

activated receptor gamma (PPARgamma) have each been shown to be essential for 

DIM’s antitumorigenic properties in breast cancer (558;569-571).  

 DIM has been shown to have profound effects on ErbB-receptor and 

downstream signaling pathways. In ErbB2-expressing breast cancer, DIM has been 
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shown to induce cell cycle arrest and apoptosis by suppressing the activation of ErbB2 

and downstream signaling cascades including Akt and NF-kappaB, which are 

downstream of growth factor signaling (560;561). DIM was also shown to induce 

apoptosis in MCF10A derived malignant cells, but not in non-tumorigenic parental 

MCF10A cells by inhibiting EGF-induced activation of Akt and NF-KappaB (572). 

Erlotinib and B-DIM (a formulated DIM with greater bioavailability) reduced cell 

viability, induced apoptosis, down-regulated EGFR phosphorylation, NF-kappaB 

DNA-binding activity, and expression of anti-apoptotic genes in pancreatic cells 

(573). DIM can also down-regulate EGFR expression and inhibit PI3K/Akt and NF-

KappaB activity in prostate cancer cells (574). Although I3C can reduce EGFR levels 

in breast cancer cells, the ability of DIM to inhibit the expression or activity of EGFR 

mutants in cancer cells of the breast, lung, and central nervous system has never been 

explored (575). Furthermore, whether DIM treatment can overcome EGFR mutant-

associated drug resistance in human cancers has never been evaluated. 

 In this study, we investigated the ability of DIM to target the tamoxifen or 

radiation/chemotherapy resistance-associated EGFR mutant, EGFRvIII, found in 

breast cancer and gliomas, and the TKI-resistant tyrosine kinase domain mutants of 

EGFR in non-small cell lung cancers. Regardless of which mutant form of EGFR was 

expressed in the cells, the growth of all these drug-resistant EGFR mutant-expressing 

cell lines was sufficiently inhibited by DIM.  Both the phosphorylation and protein 

levels of EGFRvIII in breast cancer and glioma cells, as well as mutant EGFRs found 
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in H1650 (delE746-A750) and TKI-resistant H1975 (L858R+T790M) non-small cell 

lung cancer cells, were significantly suppressed by DIM. DIM also inhibited of the 

activation and protein levels of other growth factor receptors. Interestingly, DIM-

mediated inhibition of proliferation through abrogation of downstream signaling 

pathways of growth factor receptors as well as alterations in molecules involved in cell 

cycle and apoptosis were varied in different cell lines. The changes in protein levels 

were often associated with cell cycle arrest and increased apoptosis. Furthermore, 

DIM also reduced the invasive potential of cells expressing EGFRvIII in breast cancer 

and glioma cells as well as the mutations of EGFR in the non-small cell lung cancer 

cells. 

.  

C. Material and Methods 

1. Cell Culture and Reagents 

 Human breast cancer (MDA-MB-361 and MCF-7), glioma (H4 and U87MG), 

and non-small cell lung cancer (H1650 and H1975) cell lines were maintained in 

IMEM, DMEM, or RPMI-1650 (MediaTech) supplemented with fetal bovine serum 

(FBS), L-glutamine, and sodium pyruvate where appropriate. Stable EGFRvIII-

expressing cells were generated as previously described (102). 3,3’-Diindolylmethane 

(DIM) was purchased from LKT Laboratories (St. Paul, MN).   

 

2. Growth assays 
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 Cancer cells were seeded in triplicates in 24-well plates. Using a cell counter, 

cancer cells were counted on days 0, 1, 2, and 3 after being treated with vehicle 

(DMSO), 10 and 20 µM DIM (breast), 20 and 30 µM DIM (glioma), or 20 and 50 µM 

DIM (lung). Percent of control was calculated by dividing number of cancer cells 

treated with DIM/number of cancer cells treated with vehicle.  

 

3. Immunoblot analysis 

 Cancer cells were plated in culture plates and grown to 50% to 60% 

confluence, and then treated with vehicle (DMSO) or 20 µM (breast), 30 µM (glioma), 

or 50 µM DIM (lung) for 48 hours (in growth media). After the removal of the media, 

cells were rinsed, and then lysed in a lysis buffer containing 50 mM HEPES, 1% 

Triton X-100, 150 mM NaCl, 10% Glycerol, 1 mM EDTA, 1.5 mM MgCl2, 1 mM 

Na3VO4, 1 mM PMSF, 20 µg/mL leupeptin, 10 µg/mL aprotinin, 100 mM NaF, and 

10 µg/mL of trypsin inhibitor. Cell extracts were clarified by centrifugation at 13,000 

rpm, protein concentration was determined by BCA Protein Assay (Pierce, IL, USA), 

and equal amounts of protein were then separated by SDS-PAGE and transferred to 

nitrocellulose membranes (GE Healthcare Life Sciences; Piscataway, NJ) for 

immunoblot analysis. Membranes were blocked with TBST containing 5% non-fat dry 

milk for 1 hour at room temperature with constant agitation. Membranes were probed 

with appropriate primary antibody for 2 hours at room temperature or overnight at 

4°C, washed three times with TBST, and then incubated with secondary antibody for 1 
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hour at room temperature, and finally, washed three times with TBST. 

Immunoreactive bands were visualized by a chemiluminescence reagent (Pierce; 

Rockford, IL), and exposed to film. The antibodies against phospho-EGFR (Tyr1148, 

Tyr992, or Tyr1173), phospho-ErbB2 (Tyr877), phospho-Met (Tyr1234/1235), 

phospho-Akt (Ser473), phospho-p44/42 MAPK (Thr202/Tyr204), p44/42 MAPK, 

phospho-p38 MAPK (Thr180/Tyr182), p38 MAPK, p21, p27, Cyclin D1, CDK6, 

CDK4, Bad, Bax, Bcl-2, and Bcl-xL were purchased from Cell Signaling Technology 

(Beverly, MA); the antibodies for EGFR and ErbB2 were purchased from Neomarkers 

(Fremont, CA); antibodies against Met, Akt (Akt1), PARP, and Survivin were 

purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); and the antibody 

for GAPDH was purchased from Sigma-Aldrich (St. Louis, MO). The secondary 

antibodies were horseradish peroxidase–conjugated sheep anti-mouse (GE Healthcare 

Life Sciences; Piscataway, NJ), donkey anti-rabbit (GE Healthcare Life Sciences; 

Piscataway, NJ), or donkey anti-goat (Santa Cruz Biotechnology, Inc.).  

 

4. Invasion assays 

 Serum-induced invasion was measured using 24-well cell culture inserts with 

membranes with 8 µm pores and a matrigel-coating (BD Biosciences; San Jose, CA). 

Cancer cells were suspended in serum-free medium with 0.1% BSA and plated in the 

top part of the insert. The vehicle (DMSO) or 10 µM (breast and glioma) or 20 µM 

(lung) DIM was added as pre-treatments and to the cell suspension. The inserts were 
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placed in wells containing media supplemented with FBS. After incubation at 37°C for 

48 hours, residual cells were wiped off the top of the membranes with cotton swabs, 

and invaded cells on the underside of the membranes were fixed and stained using the 

HEMA-3 kit (Fisher Diagnostics, Middletown, VA). Cells were counted in 10 fields 

from three inserts per experimental condition. 

 

5. Statistics 

 Statistical analysis was performed using ANOVA, followed by the Tukey test 

using SigmaStat software (Systat Software; San Jose, CA). Results were considered 

statistically significant at p<0.05. 

 

D. Results 

1. DIM inhibits the growth of drug resistant EGFR mutant-expressing 

cancer cells 

 Previous reports have shown that DIM inhibits the growth of various cancer 

cells (555;558-561;563-568;572). To determine if DIM also inhibits the growth of 

cancer cells expressing EGFR mutants associated with drug resistance (see Table I for 

drug-resistant phenotypes associated with EGFR mutants), we performed in vitro 

anchorage-dependent cell growth assays on six different cancer cell lines from three 

different origin of cancers expressing either EGFRvIII or tyrosine kinase mutants of 

EGFR. DIM inhibited the growth of both breast cancer and glioma cells expressing 
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EGFRvIII, as well as non-small cell lung cancer cells expressing the delE746-A750 

(H1650 cells) and TKI-resistant L858R+T790M (H1975 cells) EGFR mutations (Fig. 

1). In general, breast cancer cells were more sensitive to DIM inhibition with the 

lowest IC50 (10 and 20 µM), while glioma cells required slightly higher concentrations 

(20 and 30 µM), and lung cancer cells were less sensitive with the highest IC50 (20 and 

50 µM). Interestingly, MCF-7 breast cancer cells, which express low levels of ErbB2, 

were less sensitive to the growth inhibitory effects of DIM than were high ErbB2-

expressing MDA-MB-361 breast cancer cells (Fig. 1a). Noteworthily, MDA-MB-361 

breast cancer cells expressing EGFRvIII are estrogen-independent and tamoxifen-

resistant, whereas MCF-7 breast cancer cells expressing EGFRvIII remain estrogen-

dependent and tamoxifen-sensitive in vivo (106). However, ectopic EGFRvIII 

expression in these breast cancer cells rendered the cells less sensitive to DIM 

treatment in comparison to that of parental cells regardless of tamoxifen-sensitivity 

(Fig. 1a). In contrast, glioma cells expressing EGFRvIII exhibited similar sensitivity to 

DIM inhibition in comparison to control cells (Fig. 1b). The TKI-sensitive H1650 lung 

cancer cells were also more sensitive to the growth inhibition induced by DIM in 

comparison to that of TKI-resistant H1975 lung cancer cells (Fig. 1c). Nevertheless, 

these results suggest that DIM treatments may be able to circumvent tamoxifen, 

radiation/chemotherapy, and TKI resistance in breast, glioma, and non-small cell lung 

cancer cells expressing EGFR mutants. 
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Table I. Drug-Resistant Phenotypes of EGFR Mutant-Expressing Cancer Cells 
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Fig. 1 The growth of breast cancer (MDA-MB-361 and MCF-7) (a), glioma (H4 and 

U87MG) (b), and non-small cell lung cancer [H1650 (delE746-A750) and 

H1975 (L858R+T790M)] (c) cells was inhibited by DIM.  EGFRvIII-

expressing breast cancer cells (a) and H1975 lung cancer cells (c) were slightly 

less sensitive to growth inhibition by DIM, while EGFRvIII-expressing glioma 

cells (b) were as sensitive as parental cells. Low ErbB2-expressing MCF-7 

breast cancer cells were also less sensitive to growth inhibition by DIM (a). 

Cells were plated and 24 hours later were treated with 10 and 20 µM DIM 

(breast), 20 and 30 µM DIM (glioma), or 20 and 50 µM DIM (lung) for 1, 2, 

and 3 days. Vehicle (DMSO) treated cells were used as controls. Cells were 

counted by a coulter counter. “361” represents MDA-MD-361 breast cancer 

cells; “U87” represents U87MG glioma cells; “wt” represents parental cells; 

“V” represents empty-vector-expressing cells; and “vIII” represents EGFRvIII-

expressing cells. Growth assays were performed in at least two independent 

experiments and these results are representative results of those experiments. 
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2. DIM decreases the phosphorylation and expression of receptor tyrosine 

kinases in cancer cells expressing mutated EGFR 

  Although DIM has also been shown to inhibit EGFR and ErbB2 

expression/activity, DIM suppression of mutated EGFR expression or activity has 

never been shown (560;561;572-574). Our results revealed that DIM not only inhibits 

the phosphorylation of EGFRvIII, it also decreases EGFRvIII expression in breast and 

glioma cells (Fig. 2a and b). Surprisingly, H1650 and H1975 lung cancer cells also 

have decreased EGFR phosphorylation, but a much less pronounced effect on the 

reduction of EGFR expression was observed in these cells (Fig. 2c). Since EGFR and 

EGFR mutants heterodimerize with other ErbB-receptors and often crosstalk with 

other receptor tyrosine kinases, we wondered whether DIM also has inhibitory effects 

on other ErbB-receptors and other receptor tyrosine kinases. Amplification of ErbB2 

has played a crucial role in breast cancer and Met has been implicated in the 

progression of a wide variety of cancers, including glioma and lung cancer (576-578). 

The amplification of Met has recently been linked to TKI-resistant lung cancer 

(579;580). We found that DIM also reduces the phosphorylation and expression of 

ErbB2 in breast cancer cells (Fig. 2a) and inhibits the phosphorylation and expression 

of Met in glioma and lung cancer cells (Fig. 2b and c). Furthermore, full-length wild-

type EGFR is also down-regulated in breast cancer and glioma cells, although the 

effect is more pronounced in glioma cells, which often express higher levels of full-
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length EGFR (Fig. 2a and b). These results confirm that DIM inhibits the growth of 

cancer cells by targeting growth factor receptors. 
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Fig. 2 Immunoblot analysis of lysates from breast cancer (a), glioma (b), and non-

small cell lung cancer (c) cells treated with 20 µM (breast), 30 µM (glioma), or 

50 µM (lung) DIM for 48 hours showing that the activation and/or expression 

of EGFR, EGFRvIII, ErbB2, and Met is decreased by DIM. Immunoblot 

analyses were performed in at least two independent experiments and these 

immunoblots are representative blots of those experiments. 
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3. DIM decreases the activation of survival/proliferative signaling pathways, 

while increasing the activation of stress-activated signaling pathways 

 DIM has also been shown to inhibit the activation of PI3K/Akt and p44/42 

MAPK (ERK1/2) alone or in combination with other antitumor agents such as 

erlotinib or paclitaxel (560;561;572;574). To determine if DIM inhibits downstream 

signaling cascades often activated in cancer cells expressing mutated EGFR, we 

evaluated the activation of Akt, p44/42 MAPK, and p38 MAPK upon DIM treatment. 

DIM was shown to universally reduce the activation and protein levels of Akt in all 

cell lines expressing EGFR mutants (Fig. 3), while p44/42 MAPK activation and 

protein levels were decreased in breast cancer cells expressing EGFRvIII (Fig. 3a) as 

well as lung cancer cells expressing mutated EGFR (Fig. 3c). In contrast, glioma cells 

either had unchanged or increased activation of p44/42 MAPK upon DIM treatments 

(Fig. 3b), suggesting a possible feedback mechanism between the survival and 

proliferative pathways involving Akt and MAPKs. DIM-treated cells also exhibited 

increased activation of p38 MAPK (Fig. 3), which is expected as activation of this 

stress pathway has been shown to inhibit cell growth and induce apoptosis in DIM-

treated cells (571;581;582). 
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Fig. 3 Immunoblot analysis of lysates from breast cancer (a), glioma (b), and non-

small cell lung cancer (c) cells treated with 20 µM (breast), 30 µM (glioma), or 

50 µM (lung) DIM for 48 hours showing that the activation and/or expression 

of Akt and p44/42 MAPK is decreased by DIM in cancer cells expressing 

EGFR mutants. DIM also activates the stress associated p38 MAPK pathway 

in these cells. Immunoblot analyses were performed in at least two independent 

experiments and these immunoblots are representative blots of those 

experiments. 
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4. DIM alters the expression of cell cycle regulators and pro- and anti-

apoptotic proteins, favoring cell cycle arrest and apoptosis 

 Early studies have shown that DIM inhibits cancer cell growth by inducing cell 

cycle arrest and/or apoptosis (555;558-561;563-568;571;572;581;582). Interestingly, 

DIM-mediated growth suppression in cancer cells expressing EGFR mutants seems to 

occur through differential modulation of cell cycle regulators. We found that some 

cancer cells had either increased expression of the cell cycle inhibitors, p21 and p27, 

decreased expression of cell cycle drivers such as Cyclin D1, CDK4, and CDK6, or 

combinations all suggesting cell cycle arrest due to heterogenicity of tumor cells (Fig. 

4). In breast cancer model systems regardless of EGFRvIII expression, all cell lines 

have an enhanced expression of p21 or p27, and a reduction in Cyclin D1, CDK4, and 

CDK6 expression upon DIM treatment (Fig. 4a). In glioma model systems, although 

we did not observe down-regulation of Cyclin D1 in H4 cells by DIM treatment 

possibly due to p16 deficiency in these cells, the expression of CDK4 and CDK6 was 

reduced and either p21 or p27 expression was up-regulated (Fig. 4b). In lung cancer 

model systems, DIM decreased Cyclin D1 as well as CDK4 and CDK6 in both H1650 

and H1975 cells (Fig. 4c). The cell cycle inhibitor p27 remains unchanged in both 

lung cancer cell lines, while p21 is up-regulated in H1975 lung cancer cells by DIM 

(Fig. 4c).    

 We also used immunoblot analysis to determine which proteins involved in 

apoptosis are altered by DIM in EGFR mutant-expressing cancer cells. We found that 



175 

DIM induced cleavage of PARP1, a hallmark of apoptotic cells, in several of the cell 

lines (Fig. 5). However, PARP1 cleavage was not associated with EGFRvIII 

expression, sensitivity to tamoxifen or TKIs, or sensitivity to the growth inhibitory 

effects of DIM (Fig. 1). We did observe a universal reduction in PARP2 expression in 

all the cell lines treated with DIM (Fig. 5). Furthermore, we found a reduction of the 

anti-apoptotic Survivin expression in all the cell lines treated with DIM (Fig. 5). No 

significant changes of pro- and anti-apoptotic proteins occurred in MCF-7 breast 

cancer cells, while MDA-MB-361 breast cancer cells had a reduction in the pro-

apoptotic Bax and the anti-apoptotic Bcl-xL, which suggests a balancing of pro- and 

anti-apoptotic proteins within these cells (Fig. 5a). In glioma cells, DIM increased the 

expression of the pro-apoptotic Bad and Bax, while the anti-apoptotic Bcl-2 was 

increased slightly, and the anti-apoptotic Bcl-xL was decreased (Fig. 5b). In non-small 

cell lung cancer cells, Bcl-xL and Bax were unchanged by DIM treatment, while Bad 

expression was increased, and Bcl-2 expression was decreased (Fig. 5c). These results 

suggest that DIM may induce apoptosis through PARP1 cleavage and altered 

expression of apoptotic proteins leading to increased apoptosis in cancer cells. 
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Fig. 4 Immunoblot analysis of lysates from breast cancer (a), glioma (b), and non-

small cell lung cancer (c) cells treated with 20 µM (breast), 30 µM (glioma), or 

50 µM (lung) DIM for 48 hours showing that the DIM induces the expression 

of cell cycle inhibitors (p27 and p21), while decreasing the expression of 

Cyclin D1 and cyclin-dependent kinases (CDK6 and CDK4) in cancer cells 

expressing EGFR mutants. Immunoblot analyses were performed in at least 

two independent experiments and these immunoblots are representative blots 

of those experiments. 
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Fig. 5 Immunoblot analysis of lysates from breast cancer (a), glioma (b), and non-

small cell lung cancer (c) cells treated with 20 µM (breast), 30 µM (glioma), or 

50 µM (lung) DIM for 48 hours showing that the DIM induces the cleavage of 

PARP1 and a reduction in PARP2 expression. DIM also decreases the 

expression of the anti-apoptotic Survivin and alters the balance of pro- (Bad 

and Bax) and anti- (Bcl-2 and Bcl-xL) apoptotic proteins- favoring apoptosis. 

Immunoblot analyses were performed in at least two independent experiments 

and these immunoblots are representative blots of those experiments. 
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5. DIM abolishes the invasive potential of cancer cells expressing mutated 

EGFR 

 Expression of EGFRvIII leads to increased invasiveness of cancer cells and is 

often associated with metastasis in humans (86-88;99;105). We wondered whether 

DIM had the ability to inhibit the invasive potential of EGFRvIII-expressing breast 

cancer and glioma cells. Indeed, DIM inhibited the number of invading breast cancer 

and glioma cells expressing EGFRvIII in in vitro invasion assays (Fig. 6a and b). DIM 

also significantly reduced the invasiveness of H4 glioma cells that did not express 

EGFRvIII (Fig. 6b). In addition, we also discovered that the invasive potential of both 

H1650 and H1975 lung cancer cells was reduced by DIM (Fig. 6c). Therefore, in 

addition to inhibiting growth, the invasive potential of aggressive breast cancer, lung 

cancer, and glioma cells can also be inhibited by DIM. 
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Fig. 6 EGFRvIII-expressing MDA-MB-361 breast cancer (a) and H4 glioma (b) cells 

as well as H1650 and H1975 lung cancer cells (c) have significantly reduced 

invasion after being treated with DIM (* = p<0.01; ** = p<0.001; ANOVA).. 

DIM also significantly reduced the invasion of H4 parental cells (b). Cells were 

plated in 0.1% BSA/IMEM in the upper chamber of transwells with 

membranes with 8 µm pores, and with serum containing media in the lower 

chamber. DIM was used as pre-treatments and added to the upper chamber of 

the transwells containing the cells. After 48 hours of incubation, the 

membranes were fixed and stained, and cells were counted on the underside of 

the membranes. The results shown are the mean and SE from 10 fields counted 

in triplicate filters. Invasion assays were performed in at least two independent 

experiments and these results are representative results of those experiments.
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E. Discussion 

The rationale for using EGFR-targeted approaches for cancer treatment is now 

firmly established and numerous clinical trials are in progress. However, resistance to 

EGFR-targeted therapy universally emerges over time. The next challenge is to 

develop novel treatment strategies to overcome the intrinsic and acquired resistance. 

Some “natural products” such as the food derivatives I3C and DIM have antitumor 

properties and can prevent carcinogen-induced tumorigenesis and human tumor cell 

xenograft development in animal models as well as inhibit cancer cell growth in ErbB-

receptor expressing cancer cells (554-561;567;573-575). We investigated the 

inhibitory effects of DIM on human cancer cells of the breast, lung, and central 

nervous system (glioma) which express mutant forms of the EGFR. Our results report, 

for the first time, that although the breast and glioma cells expressing EGFRvIII or 

non-small cell lung cancer cells expressing EGFR mutations can lead to resistance to 

targeted therapies, and in some cases, chemotherapy or radiation, these cells are 

sensitive to the growth inhibition induced by DIM.  

EGFR mutants can heterodimerize with other oncoproteins and crosstalk with 

other receptor tyrosine kinases and activate multiple downstream signaling networks. 

This crosstalk can occur either through a direct association between receptors, or 

indirectly, via common interaction partners or downstream signaling molecules. This 

multi-layered crosstalk can result in the induction of resistance to targeted therapies. In 

breast cancer, EGFRvIII is frequently co-expressed with ErbB2, and defective 
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degradation pathways of EGFRvIII can lead to prolonged and enhanced 

EGFRvIII/ErbB2 signaling (44;105). Although EGFRvIII exhibits defective 

degradation, we found that EGFRvIII was significantly down-regulated in breast 

cancer cells by DIM. Furthermore, high ErbB2-expressing, estrogen-independent, 

tamoxifen-resistant MDA-MB-361 breast cancer cells expressing EGFRvIII were 

much more sensitive to the growth inhibitory effects of DIM in comparison to low 

ErbB2-expressing, estrogen-dependent, tamoxifen-sensitive MCF-7 breast cancer cells 

expressing EGFRvIII (106). The reduction of EGFRvIII and ErbB2 expression in 

MCF-7 breast cancer cells was also much less pronounced than that of in MDA-MB-

361 breast cancer cells expressing EGFRvIII, suggesting that DIM treatment may 

overcome EGFRvIII-mediated tamoxifen resistance in breast cancer. Targeting the 

expression of EGFRvIII and ErbB2 protein, but not its activity may be of clinical 

benefit to breast cancer patients expressing EGFRvIII.  

The expression of Met has been implicated in the progression of a wide variety 

of cancers, including glioma, lung, and breast cancer (576;577). Amplification of Met 

and HGF has been associated with highly invasive and metastatic tumors and poor 

patient prognosis in lung cancer and amplification of Met has recently been linked to 

TKI-resistant lung cancer (579;580). Furthermore, the activity and expression of Met 

has been suggested to crosstalk with EGFR and synergize with EGFRvIII (67;68;583). 

Our study demonstrates, for the first time, that DIM can simultaneously reduce the 

expression levels of Met and EGFR mutants in glioma and lung cancer cells. Hence, 
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as a single agent, DIM can eliminate the oncogenes that drive tumorigenesis, and DIM 

is also able to prevent “oncogene switching” by targeting various oncogenic receptor 

tyrosine kinases simultaneously. Moreover, DIM may circumvent TKI resistance in 

EGFR mutant-expressing non-small cell lung cancer cells and radiation resistance in 

EGFRvIII-expressing glioma cells. These results suggest that DIM may be used in 

combination with conventional therapeutics for the treatment of human malignancies 

expressing EGFR mutants. 

The complexity of signaling networks that develop in cancer cells frequently 

results in a redundancy and overlap of cell survival and proliferation pathways, 

potentially allowing cancer cells to circumvent the therapeutic effects of targeting one 

single growth or survival signaling pathway. Since the ErbB-receptor signaling 

network is enormously diversified, cancer cells exhibit deregulation in multiple 

cellular signaling pathways. It was of no surprise that signaling cascades downstream 

of growth factor receptors were inhibited by DIM. Down-regulation of EGFR mutant 

activity and protein levels by DIM resulted in diminished Akt activity, enhanced 

expression levels of p21 or p27, and reduction of CDK4 and CDK6, which 

subsequently attenuates the progression from the G1 to S phase of the cell cycle. DIM 

treatment also induced PARP1 cleavage, reduced the expression of Survivin, and 

modulated the apoptotic pathway to achieve the inhibition of cancer cell proliferation. 

Suppression of the proliferative p44/42 MAPK pathway by DIM treatment was 

also observed in all the tested cell lines, with the exception of the H4 glioma cells with 
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and without EGFRvIII expression, which had an increased activation of p44/42 

MAPK activity. This increased p44/42 MAPK activity in H4 glioma cells resulted in 

an up-regulation of Cyclin D1. Although this result is counter-intuitive, it has been 

shown that the blockade of the Akt pathway with pharmacologic agents often results 

in increased activation of the p44/42 MAPK pathway (584). This feed-back 

mechanism may be a characteristic of cancer cells which have the ability to activate 

different signaling pathways in order to have a survival or growth advantage under 

stress conditions. Nevertheless, DIM-mediated down-regulation of the Akt pathway 

was able to alter the expression of cell cycle regulators and induce apoptotic changes 

to overcome this feed-back regulation. Furthermore, early studies showed that DIM 

treatment induces activation of the p38 MAPK pathway, leading to apoptosis of cancer 

cells (571;581;582). This stress activated pathway may play a significant role in DIM-

mediated inhibition of ErbB-receptor expression as activation of this pathway has been 

shown to induce internalization and degradation of EGFR (534;585). Activation of 

p38 MAPK pathway may also play a role in DIM-mediated down-regulation of EGFR 

mutants as activation of p38 MAPK upon DIM treatments was clearly evident in these 

drug-resistant EGFR mutant-expressing cancer cell lines.  

 Taken together, we demonstrated that DIM can down-regulate multiple 

oncogenes and block multiple important signaling pathways that are responsible for 

promoting cancer cell survival and growth. Most importantly, our findings suggest 

significant potential clinical benefits as previous results have shown that EGFRvIII 
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expression in cancer cells not only increases the invasiveness of cancer cells, it also 

renders these cells resistant to conventional cancer treatments such as chemotherapy 

and radiation (68;86-88;99;105;544;547). Non-small cell lung cancer cells also 

expressing EGFR mutations (T790M) are also resistant to TKIs, but DIM may be used 

as an alternative to inhibit the growth of these tumors (548-551).   

An additional clinical benefit may be the prevention of metastatic disease or 

recurrence as DIM has the ability to decrease the invasive potential of aggressive 

cancer cells expressing EGFR mutants. The mechanism by which DIM inhibits cancer 

cell migration/invasion is largely unknown, although a few reports suggest the DIM 

suppresses the expression of the pro-metastatic chemokine receptor CXCR4 and its 

ligand CXCL12 (405). Therefore, non-toxic natural products from natural resources 

could be useful in combination with conventional chemotherapeutic agents for the 

treatment of drug-resistant human cancers with lower toxicity and higher efficacy. Our 

future studies will address the mechanism by which DIM inhibits the enhanced 

invasive potential mediated by EGFRvIII in cancer cells and whether DIM alone or in 

combination with other targeted therapies can inhibit increased tumorigenesis 

associated with cancer cells expressing EGFR mutants. 
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F. Findings 

• DIM inhibits the proliferation of drug-resistant breast cancer, glioma, and non-

small cell lung cancer cells expressing EGFR mutants 

• DIM reduces the phosphorylation and/or expression of receptor tyrosine 

kinases including, full length, wild-type EGFR, ErbB2, Met, and EGFR 

mutants in drug-resistant breast cancer, glioma, and non-small cell lung cancer 

cells expressing EGFR mutants 

• DIM reduces the activation of survival (PI3K/Akt) and proliferative (p44/42 

MAPK) signaling pathways, while inducing the activation of stress-activated 

signaling pathways (p38 MAPK) in drug-resistant breast cancer, glioma, and 

non-small cell lung cancer cells expressing EGFR mutants 

• DIM increases the expression of cell cycle inhibitors (p21 and p27), and 

decreases the expression of cyclins (Cyclin D1) and cyclin-dependent kinases 

(CDK4 and CDK6), favoring cell cycle arrest in drug-resistant breast cancer, 

glioma, and non-small cell lung cancer cells expressing EGFR mutants 

• DIM induces PARP1 cleavage, decreases PARP2 and Survivin expression, and 

alters the expression of pro- and anti-apoptotic proteins, favoring apoptosis in 

drug-resistant breast cancer, glioma, and non-small cell lung cancer cells 

expressing EGFR mutants 

• DIM inhibits the invasive potential of drug-resistant breast cancer, glioma, and 

non-small cell lung cancer cells expressing EGFR mutants
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V. SUMMARY AND FUTURE DIRECTIONS
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The current study mainly focused on investigating the role of chemokine 

receptor CXCR4 in the invasive potential of breast cancer cells expressing the tumor-

specific, constitutively active oncogenic EGFR variant, EGFRvIII. The SDF-

1/CXCR4 axis is essential to normal development and has been linked to various steps 

of tumor progression such as cancer cell survival, proliferation, angiogenesis, motility, 

and invasion. CXCR4 has been shown to be required for ErbB2-mediated breast 

cancer metastasis, and therefore, this study attempted to study the relationship between 

EGFRvIII and CXCR4. Several novel findings were obtained, although future 

experiments will help to establish a better understanding of the biological function and 

cell signaling cascades relevant to these two receptors. 

First, EGFRvIII was shown to up-regulate CXCR4 in breast cancer cells 

regardless of endogenous expression of nuclear receptors and ErbB-receptors relevant 

in breast cancer. EGFRvIII-expressing breast cancer cells also exhibited increased 

SDF-1/CXCR4-mediated breast cancer cell invasion. Also, CXCR4 was shown to be 

regulated transcriptionally through HIF-1α up-regulation, and post-translationally 

through increased p38 MAPK activity, and down-regulation of AIP4 and β-Arrestin 

1/2, key regulators of CXCR4 protein trafficking and protein turn-over. It still remains 

to be determined the significance of CXCR4 and EGFRvIII co-expression to breast 

cancer patient outcomes. The antibody used for immunohistochemistry in this study 

was able to detect moderate or high CXCR4 expression in less than 20% of human 

invasive breast cancer specimens, which is less than has been reported. It is necessary 
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to obtain a more sensitive and specific antibody for CXCR4 to accurately determine 

the significance of CXCR4 and EGFRvIII co-expression in human breast cancer. It is 

also necessary to generate a phospho-CXCR4 antibody as it has been shown that 

phosphorylated CXCR4 is correlated with worse prognosis in breast cancer patients. 

This antibody also could be used for immunoblot analysis to determine if EGFRvIII 

induces constitutive phosphorylation of CXCR4 and the impact of CXCR4 

phosphorylation on cell signaling and the biology of EGFRvIII-expressing breast 

cancer cells. If CXCR4 antibodies are unobtainable it is feasible to generate tagged-

CXCR4 constructs allowing for immunoblot/immunoprecipitation studies as well as 

immunofluorescence experiments to study the localization of CXCR4 and EGFRvIII 

in breast cancer cell lines. Breast cancer cells also did not up-regulate CXCR4 upon 

EGF stimulation. This was not a complete surprise as EGF is also a poor 

chemoattractant in the invasion assays. Other EGF-like ligands are able to stimulate 

the invasion of breast cancer cells with and without EGFRvIII expression, and 

therefore, the impact of these other ligands on CXCR4 expression is still being 

determined. The combination of CXCL12 and these EGF-like ligands on cell 

signaling, proliferation, and invasion remains to be determined. 

Second, suppression of CXCR4 expression was able to reduce the invasion and 

proliferation of EGFRvIII-expressing breast cancer cells. Suppression of CXCR4 

expression also reduced EGFRvIII phosphorylation and protein levels through 

increased protein degradation and protein trafficking, a process involving increased 
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p38 MAPK activation upon CXCR4 protein suppression in some EGFRvIII-

expressing breast cancer cells. Since invasion and proliferation was decreased when 

CXCR4 protein levels were reduced, the impact of reduced CXCR4 expression on 

EGFRvIII-mediated breast cancer tumorigenesis and metastasis in vivo will be 

determined in the future. Also, CXCR4 expression and signaling has been linked to 

estrogen-mediated signaling and proliferation, it would be valuable to determine 

whether suppression of CXCR4 can re-sensitize EGFRvIII-expressing breast cancer 

cells to tamoxifen. We also found it difficult to identify signaling cascades altered by 

suppression of CXCR4 by immunoblot analysis, and therefore, micro-array analysis 

will be performed to determine alterations in gene expression. Attempts were also 

made to repeat the shRNA results presented in this study using lenti-viral delivery of 

shRNA targeting CXCR4. While lenti-viral delivery of shRNA generated cell lines 

with suppressed CXCR4 expression with ease and from pooled populations of cells, 

potential off-target effects of the shRNA significantly altered the invasive potential of 

the breast cancer cells used in this study. Once experimental conditions are optimized 

and proper controls are identified, this technique will be used to expand some of the 

experiments mentioned in this study to other breast cancer cell lines as well as using 

shRNA constructs targeting ErbB2 and HIF-1α to look at the role of these two 

proteins in the regulation of CXCR4 expression in EGFRvIII-expressing breast cancer 

cells. The biological effects of suppressing ErbB2 and HIF-1α expression will also be 

determined. 
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Finally, the digestion product of cruciferous vegetables, DIM was found to 

suppress the proliferation and invasion of drug-resistant cancer cells expressing EGFR 

mutants including EGFRvIII. DIM reduced the phosphorylation and protein 

expression of EGFR mutants as well as other growth factor receptors and proteins 

downstream of growth factor receptors. In addition, DIM may induce cell cycle arrest 

and apoptosis through down-regulation of cyclins/cdks, up-regulation of cell cycle 

inhibitors, and alteration of pro- and anti-apoptotic proteins. It remains to be 

determined if DIM can inhibit drug resistant phenotypes of EGFR mutant-expressing 

cancer cells in vivo as well as their metastatic potential. These future experiments will 

expand upon the findings obtained from this study with the ultimate goal of 

establishing rationale for the development of novel treatment regimens for cancer 

patients that express EGFR mutants, particularly those patients with EGFRvIII-

positive tumors. 
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