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ABSTRACT 
 
 
 

Breast cancer is the second leading malignancy in women behind only non-

melanoma skin cancer.  Likewise, it is the second leading cause of cancer-specific female 

mortality behind only lung cancer.  Breast tumor interleukin-6 (IL-6) expression 

increases with tumor grade, and elevated serum IL-6 levels are associated with poor 

breast cancer patient survival.  However, the mechanisms driving these clinical anomalies 

are currently undefined.  Whereas IL-6 is better known as an inflammatory cytokine 

which mediates hematopoiesis and lymphocyte activation, it is becoming increasingly 

appreciated as a mediator of cancer progression.  Our previous studies demonstrated that 

IL-6 is necessary for breast, bone, and lung fibroblast-induced breast cancer cell growth 

enhancement and furthermore, showed that IL-6 alone is a potent growth factor for breast 

cancer cells.  Thus, we set out to further characterize the molecular consequences of IL-6 

signaling in breast cancer, focusing on those associated with poor clinical outcome. 

 In Chapter 2, we highlight IL-6 as one of only few factors capable of inducing a 

carcinoma-associated epithelial-mesenchymal transition (EMT) phenotype.  Such EMT 

phenotypes correlate with decreased breast cancer patient survival. In particular, we 

demonstrated E-cadherin repression among multiple estrogen receptor-alpha (ERα)-

positive human breast cancer cell lines following IL-6 exposure.  Ectopic IL-6 expressing 

MCF-7 cells (MCF-7IL-6) exhibited a gene expression profile and phenotype consistent 
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with EMT including down-regulated E-cadherin and aberrant induction of N-cadherin, 

Vimentin, Twist, and Snail.  Furthermore, ectopic autocrine IL-6 signaling promoted 

breast cancer cell invasiveness.  Intriguingly, Twist, a transcriptional repressor of E-

cadherin, was shown to promote IL-6 production and constitutive STAT3 

phophorylation.  Ectopic IL-6 expression maintained an EMT phenotype in an orthotopic 

xenograft model, which exhibited increased tumor cell proliferative index, advanced 

histologic grade, and poor tumor cell differentiation. 

 Chapter 3 exposes E-cadherin as a suppressor of breast cancer cell growth and IL-

6 production.  The objective of these studies was to characterize the mechanisms by 

which IL-6 promotes breast cancer cell growth.  As shown in Chapter 2, IL-6 induces 

repression of E-cadherin, a putative regulator of epithelial cell adhesion, phenotype, and 

consequent homeostasis.  Hence, we hypothesized that IL-6-induced E-cadherin 

repression may promote breast cancer cell growth and moreover, that E-cadherin 

expression may inhibit breast cancer cell growth.  IL-6 enhanced ERα-positive breast 

cancer cell growth in a 3-dimensional (3D) tumor growth assay (TGA) and promoted E-

cadherin repression in a dose-dependent manner.  Additionally, E-cadherin expression 

status was inversely associated with breast cancer cell growth rates.  Likewise, cells 

which lack E-cadherin due to ectopic Twist expression showed unaffected growth 

following IL-6 exposure.  These findings are corroborated by our results in Chapter 2, 

which showed that Twist stimulated autocrine IL-6 production, which may negate the 

effects of additional IL-6 supplementation.  To determine if E-cadherin inhibits breast 

cancer cell growth, we expressed either full-length E-cadherin or truncated E-cadherin 

lacking a β-catenin binding domain (mutant E-cadherin) in MDA-MB-231 cells, a 
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commonly used aggressive E-cadherin-negative breast cancer cell line.  Full-length E-

cadherin completely abrogated IL-6 production, and mutant E-cadherin induced an 

intermediate impairment of IL-6 production, suggesting that β-catenin and to a lesser 

extent, E-cadherin adhesive activity, may mediate IL-6 expression.  Full-length E-

cadherin also inhibited MDA-MB-231 cell growth.  Furthermore, mutant E-cadherin 

sustained slightly increased growth rates compared to full-length E-cadherin, suggesting 

that β-catenin may regulate MDA-MB-231 growth as well as IL-6 production. 

 Non-melanoma skin cancer (NMSC) incidence rates far exceed any other type of 

human cancer and continue to increase annually.  Ultraviolet light B (UVB) is considered 

a predominant risk factor for NMSC.  Whereas higher incidence rates in men have been 

attributed to increased chronic male sun exposure, work from our laboratory has revealed 

inherent gender differences in the well-established Skh-1 mouse model of UVB-induced 

skin carcinogenesis.  In particular, we have previously shown that male mice exhibit less 

inflammation, more oxidative DNA damage, and increased tumorigenesis upon UVB 

exposure compared to female mice. 

Myeloid-derived suppressor cells (MDSC) represent a heterogeneous population 

of immature myeloid cells with potent immunosuppressive properties and were the focus 

of Chapter 4.  Although peripheral MDSC induction has been described in various mouse 

tumor models and in patients with a wide range of cancers, this is not the case for UVB-

induced NMSC.  IL-6, which has been shown to be up-regulated following UVB 

irradiation, also promotes MDSC expansion in vivo.  Therefore, we conducted a pilot 

study to evaluate the presence of peripheral MDSC in Skh-1 tumor-bearing mice 

following chronic UVB exposure.  We hypothesized that tumor-bearing mice would have 



v 

relatively elevated MDSC levels compared to tumor-free control mice.  Additionally, we 

hypothesized that male mice may be more susceptible to peripheral MDSC expansion due 

to their relatively low inflammatory response compared to females following UVB 

exposure. 

 Our preliminary results confirmed our previous report of higher UVB-induced 

skin tumor burden in male mice.  An expanded MDSC population of splenocytes was 

detected in UVB-induced skin tumor-bearing mice and moreover, our findings suggest a 

gender discrepancy in which male mice appear more susceptible to skin tumor-induced 

MDSC expansion.  Furthermore, relatively high compared to relatively low tumor burden 

mice showed more MDSC, particularly in males.  We evaluated splenocyte interferon 

(IFN)-induced STAT1 phophorylation as a measure of systemic immune function in 

tumor-free and tumor-bearing mice.  Whereas we did not detect a gender difference in 

IFN responsiveness in tumor-free mice, male high tumor burden mice showed an 

apparent decrease in IFN responsiveness compared to female high tumor burden mice.  In 

fact, IFN-stimulated STAT1 phosphorylation was completely abrogated in male high 

tumor burden mice when compared to male tumor-free control mice. 

Collectively, the following body of research emphasizes the potential impact of 

IL-6 on breast cancer progression and non-melanoma skin carcinogenesis.  Although our 

results strengthen the notion that IL-6 promotes carcinoma progression and contest that 

which considers IL-6 a mere consequence of cancer-associated inflammation, future 

clinical studies will be needed to validate these conclusions. 
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CHAPTER 1:  INTRODUCTION 
 
 
 
1.1 Anatomy of the Breast 

 Human female breasts provide essential neonate nourishment and immunity in the 

form of milk, thus sustaining life since the dawn of humanity.  The majority of our 

knowledge of gross breast anatomy dates back to essential dissections and descriptions of 

lactating female cadavers reported by Sir Astly Cooper in 1840 (Cooper, 1840).  Breasts 

are composed of a branching system of glandular lobules and milk ducts surrounded by 

stroma including fibroblasts, immune cells, adipose tissue, and extracellular matrix 

(ECM) and overlay the pectoralis major muscle.  The innermost functioning units of the 

breast are the fifteen to twenty mammary gland lobes which are composed of lobules.  

Fifteen to twenty-five draining milk ducts and connected lobule alveoli (or acini) 

collectively form terminal duct lobular units (TDLU) (Weigelt and Bissell, 2008).  These 

ducts align radially and end at the outermost breast protrusion, the nipple.  A single layer 

of luminal epithelial cells forms an epithelium that surrounds the duct lumen, and 

myoepithelial cells, so-called due to a phenotype and morphology similar to those of 

smooth muscle cells, comprise the outer layer of the duct and reside around the 

epithelium.  A basement membrane lines the outer myoepithelial layer such that each 

duct is separate from surrounding breast stroma. 
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 A major arterial blood supply enters the breast through the internal mammary 

artery as well as the lateral thoracic artery.  The internal thoracic, axillary, and cephalic 

veins drain circulating blood from each breast.  The lymphatic system circulates 

throughout the breast, and drainage to the axillary lymph nodes is the most common 

route. 

 The non-lactating ratio of glandular to adipose tissue is difficult to precisely 

assess due to the heterogeneous composition of breast tissue, but it has been estimated at 

1:1.  Conversely, although highly variable among women, lactating breasts have an 

increased mean glandular to adipose tissue ratio of approximately 2:1 (Geddes, 2007).  

Upon egg fertilization, female hormones such as estrogen and progesterone remain 

elevated to maintain a full-term pregnancy.  Luminal epithelial cells differentiate into 

lactocytes that facilitate milk production during the secretory differentiation phase of 

lactation throughout mid to late stage pregnancy.  Estrogen and progesterone levels fall 

sharply following parturition while prolactin levels continue to increase, thus promoting 

the second stage of lactation, the secretory activation phase in which milk is actively 

produced and secreted (Pang and Hartmann, 2007). 

 

1.2 Breast Cancer Epidemiology, Therapy, and Cost 

 Breast cancer is the second most common type of female cancer behind non-

melanoma skin cancer, and it is the second leading cause of cancer-associated female 

mortality behind lung cancer.  Over 192,000 new cases of breast cancer will be diagnosed 

in the United States in 2009, and over 1.2 million patients are diagnosed with breast 

cancer every year worldwide.  In addition, more than 40,000 deaths will occur due to the 
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disease in the United States in 2009 (www.cancer.gov), and worldwide, breast cancer was 

responsible for approximately 548,000 deaths in 2007 (www.who.org).  Male breast 

cancer is rare, representing approximately 1% of annual total breast cancer incidence 

(www.cancer.gov), and will not be discussed in further detail.  As with most cancers, 

breast cancer incidence increases with age, and the majority of diagnoses occur in 

postmenopausal women.  In the United States, the median age at breast cancer diagnosis 

was 61 from 2002 through 2006, and during the same period approximately 0.0% were 

diagnosed under age 20; 1.9% 20-34; 10.5% 35-44; 22.5% 45-54; 23.7% 55-64; 19.6% 

65-74; 16.2% 75-84; and 5.5% >85.  Again from 2002 to 2006, the breast cancer 

incidence rate was 123.8 per 100,000 women per year, and the 5-year relative survival 

rate from 1999 through 2005 was 89.1% (www.cancer.gov).  Developing invasive breast 

cancer can be predicted according to age-dependent relative risk as follows:  0.48% <39 

(1 in 210); 3.86% 40-59 (1 in 26); 3.51% 60-69 (1 in 28); 6.95% >70 (1 in 15); and 

12.28% lifetime risk (1 in 8) (www.cancer.org). 

 Invasive breast cancer is most commonly thought to arise from premalignant 

tumors within TDLU (Weigelt and Bissell, 2008).  Most of these are diagnosed as ductal 

carcinoma in situ (DCIS), which describes hyperplasia of the luminal epithelial cells 

within mammary ducts of TDLU.  DCIS is a noninvasive lesion retained within the 

boundaries of a ductal basement membrane, and therefore, the term “carcinoma” is 

perhaps inappropriate.  Although up to 15% of patients demonstrate eventual invasive 

local recurrence, the 10-year disease-specific survival rate for DCIS is over 97%.  Some 

patients demonstrate poorly differentiated DCIS with HER2 overexpression, mutated 

p53, and elevated markers of angiogenesis and cellular proliferation.  These more 
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aggressive DCIS tumors are generally estrogen receptor (ER)/progesterone receptor 

(PR)-negative and progress rapidly compared to better differentiated ER/PR-positive 

DCIS that may take up to twenty years for clinical detection.  Due to the invasive 

potential of DCIS, definitive surgical therapy in the form of breast conservation therapy 

(e.g., partial mastectomy/lumpectomy/quadrantectomy with negative margins, breast 

irradiation) or total mastectomy is indicated.  Surgical options are determined by size of 

the lesion relative to the size of the breast and location and extent of the lesion based on 

mammography and biopsy results. 

 Unlike DCIS, lobular carcinoma in situ (LCIS) is a histologic diagnosis 

associated with increased breast cancer risk rather than a lesion requiring surgical 

resection (Frykberg, 1999).  Although first described as a mammary lobule-specific 

tumor, it has since been shown to arise from discohesive ductal or lobular epithelial cells 

of TDLU.  The exact incidence of LCIS is difficult to quantify due to its asymptomatic 

nature and subsequent complicated diagnosis.  LCIS does not present as a hard palpable 

mass and cannot be routinely detected by mammography (Ho and Tan, 2009).  Past 

studies showed equal risk of LCIS recurrence in ipsilateral and contralateral breasts (Li et 

al., 2006) and upon diagnosis, it is usually bilaterally detected throughout most breast 

tissue (Frykberg, 1999).  Risk reduction measures for patients with LCIS include close 

interval follow up with 6 monthly examinations, bilateral prophylactic mastectomies, and 

chemoprevention with tamoxifen. 

 DCIS or LCIS tumor cells may eventually acquire the capability to invade 

through the basement membrane into the breast parenchyma, which then initiates direct 

tumor-stroma interaction and ensuing invasive breast cancer.  DCIS has the potential to 
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give rise to invasive ductal carcinoma of the breast (IDC), the most common type of 

invasive breast cancer representing approximately 80% of cases.  Although LCIS is most 

commonly associated with subsequent IDC as well, LCIS is also found in association 

with invasive lobular carcinoma of the breast (ILC), which represents 15% of invasive 

breast cancer cases.  IDC exhibits a diffuse glandular pattern of invasion, while ILC tends 

to invade in a single line composed of adjacent cells (Turashvili et al., 2005). 

 Estrogen receptor-alpha (ERα) is a latent cytoplasmic ligand-activated 

transcription factor utilized by clinicians to classify the heterogeneous disease of breast 

cancer.  ERα-positive breast cancer incidence increases up to age 51, the mean age of 

menopause, and continues to increase until age 80.  Conversely, ERα-negative breast 

cancer incidence plateaus and even decreases at age 51, while demonstrating an increase 

prior to age 50 comparable to that of ERα-positive disease.  This discrepancy between the 

two incidence rates at menopause produces an inflection in the incidence rate of all breast 

cancer cases which has been termed Clemmesen’s hook (Anderson and Matsuno, 2006).  

Whereas the prevalence of ERα-positive cells within TDLU of healthy premenopausal 

women has been reported at 7%, this number is estimated at 42% in postmenopausal 

women (Shoker et al., 1999).  In addition, approximately two-thirds of all breast cancers 

are diagnosed as ERα-positive, and 75% of postmenopausal breast cancers are ERα-

positive (Macedo et al., 2009).  Progesterone receptor (PR) and epidermal growth factor 

receptor 2 (EGFR2; HER2; or ErbB2), a receptor tyrosine kinase involved in cellular 

proliferation, have also acquired clinical relevance following reports of dismal survival 

rates in “triple negative” (ERα negative/PR negative/HER2 not overexpressed) breast 

cancer.  Triple negative breast cancer represents approximately 15 to 20% of all breast 
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cancer cases, typically presents with ductal histology, and can only be treated with 

standard chemotherapy as it lacks current adjuvant therapeutic targets.  Such breast 

tumors are highly proliferative with a high mitotic index, increased necrosis, elevated 

apoptosis, and typically are of higher tumor grade.  TP53 gene and p53 protein mutations 

as well as loss of the Rb tumor suppressor protein are common.  Familial breast cancer 

patients with congenital BRCA1 mutations often present with triple negative breast 

cancer, as do relatively younger breast cancer patients and African American women.  

Currently, triple negative breast cancers are associated with a poor prognosis largely due 

to poor survival rates and early relapse.  The fact that these breast tumors respond well if 

not completely to initial chemotherapy may seem counterintuitive, but enhanced 

invasiveness dictates distant metastasis and residual local recurrence to promote poor 

clinical outcomes (Irvin and Carey, 2008). 

 Like many cancers, early detection has decreased breast cancer patient mortality 

over the last twenty years.  Likewise, heightened public awareness and more prevalent 

mammography screening has improved patient outcome in this regard.  Clinical 

assessment for probable breast cancer includes physical examination and radiological 

imaging including mammography.  Upon diagnosis of invasive breast cancer, treatment 

options include surgery, radiation therapy, and/or systemic therapy depending on the 

stage of disease and patient and tumor characteristics.  Surgical tumor resection is the 

primary standard of care, and selection of surgical treatment is based on the findings on 

clinical breast examination, imaging studies, pathology, and patient history.  Whole-

breast or in some instances partial-breast radiotherapy is recommended to follow breast 

lumpectomy to prevent cancer relapse due to residual local tumor cells. 
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 Beyond surgical intervention and radiotherapy of primary breast cancer, both 

adjuvant chemotherapy and, if applicable, selectively targeted adjuvant therapy, are 

utilized to prevent the outgrowth of occult systemic micrometastases.  Importantly, 

systemic adjuvant therapy increases disease-free and overall survival rates in early stage 

breast cancer patients.  The most successful of these to date are the taxanes, including 

paclitaxel and docetaxel, which target cell microtubules to disrupt mitosis, and 

anthracycline antibiotics including doxorubicin (Benson et al., 2009).  Selective estrogen 

receptor modulators (SERM) are non-steroidal synthetic compounds that selectively 

target the estrogen receptor and demonstrate tissue-specific biological activity.  For 

example, the first synthesized and most commonly utilized SERM, tamoxifen, is 

considered antiestrogenic in the breast but elicits the opposite effect in the endometrium 

where it increases the relative risk of endometrial cancer (Oseni et al., 2008).  Tamoxifen 

is currently used as selective adjuvant therapy in ERα-positive breast cancer.  Aromatase 

inhibitors are also employed in the management of ER-positive breast cancer.  Aromatase 

is an enzymatic complex which converts androgens (e.g., testosterone) to estrogens and is 

responsible for estrogen synthesis in postmenopausal women.  Postmenopausal breast 

tissue exhibits aromatase activity, and therefore, aromatase inhibitors function to reduce 

breast tissue estrogen levels and therefore, are only utilized in postmenopausal patients.  

Third-generation aromatase inhibitors such as letrozole (Femara) are currently being used 

as initial selective adjuvant therapy to treat hormone responsive breast cancer in 

postmenopausal patients (Macedo et al., 2009).  Trastuzumab (Herceptin®), a 

monoclonal humanized anti-HER2 antibody, has proven effective for the management of 

early stage breast cancer with HER2 overexpression (Mariani et al., 2009).  Therefore, it 
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is not a treatment option for triple negative breast cancer due to a lack of HER2 

overexpression in these tumors. 

 Patient survival rates continue to increase, but therapeutic management of breast 

cancer comes at a cost.  Thus, continued studies and consequent utilization of breast 

cancer prevention strategies is paramount to alleviating breast cancer-associated heatlh 

care costs.  The total amount paid by Medicare in 2002 for the first year following breast 

cancer diagnosis in patients aged 65 and older was $1,061,459,553.  The mean Medicare 

payment for each of these patients was $20,964.  Almost all (91%) newly diagnosed 

breast cancer patients undergo surgery as primary treatment following diagnosis, whether 

it is lumpectomy to remove only the tumor or mastectomy to completely remove the 

affected breast, and this surgical treatment averaged $5,674 in Medicare payments in 

2002.  Nearly one-quarter (24%) of first-year patients received chemotherapy, and 

Medicare paid an average of $12,802 for each patient.  Over half (51%) of first-year 

patients received radiation therapy in 2002, and this cost Medicare approximately $4,500.  

Furthermore, Medicare paid approximately $16,000 in 2002 for first-year patient 

hospitalizations that were unrelated to cancer surgery (23%) (Warren et al., 2008). 

 

1.3 Breast Cancer Cell Lines 

 Since the inception of the first immortalized human cell line generated for 

research, HeLa cervical cancer cells, cell lines have been utilized to study many if not all 

diseases.  Despite inherent disadvantages such as culture-induced genotypic divergence 

and risk of cellular contamination, cell lines have been used for over fifty years.  In 

particular, established cell lines derived from primary or secondary tumor sites currently 
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serve as common models of human cancers (Burdall et al., 2003).  Cancer cell lines are 

invaluable resources and can be used in vitro to characterize specific oncogenic 

mechanisms or in vivo to model human cancer progression and metastasis.  They are 

models of human malignancy and although essential to cancer research, cannot be 

considered definitive resources.  Rather, they should be exploited to scrutinize 

hypotheses and generate well-characterized conclusions prior to ultimate preclinical and 

clinical trials.  Likewise, they are also powerful tools which can be used to define clinical 

anomalies, as was the case in the current body of work. 

  Breast cancer is one of the most widely studied cancers, and therefore, over one 

hundred human and murine breast cancer cell lines are available for purchase through the 

American Type Culture Collection (ATCC).  Although breast cancer cell lines are easily 

propagated in vitro on plastic dishes with simple growth medium and supplemental fetal 

bovine serum (FBS), these two-dimensional (2D) conditions are not representative of the 

dimensionality and stiffness of in vivo tumor microenvironments (Paszek et al., 2005).  

While this more traditional 2D cell culture will continue to be used due to its convenience 

and demonstrated productivity, the necessity for three-dimensional (3D) cell culture 

models has recently become more evident.  In fact, microarray gene expression analysis 

has demonstrated distinct gene expression profiles between breast cancer cell lines grown 

in 2D versus 3D culture (Kenny et al., 2007).  Furthermore, gene expression profiles 

from breast cancer cell lines grown in 3D models have been used for accurate prediction 

of clinical patient outcome among multiple datasets (Martin et al., 2008). 

 Another advantage to breast cancer cell lines is their capacity to model multiple 

clinical subtypes of breast cancer.  For example, breast cancer cell lines including MCF-



10 

7, BT474, T47D, and ZR-75-1 cells are all classified as estrogen receptor-alpha (ERα)-

positive and luminal breast cancer subtype, while MDA-MB-231 cells are ERα-negative 

and basal breast cancer subtype.  ERα and clinical breast cancer subtypes will be 

discussed in more detail below.  Additionally, these breast cancer cell lines can also be 

distinguished based on morphologies and phenotypes consistent with epithelial-

mesenchymal transition (EMT), which again, will be discussed in further detail below.  

The four ERα-positive breast cancer cell lines utilized in our current studies all express 

E-cadherin, lack mesenchymal gene expression, and exhibit mass or spheroid 

morphology.  Conversely, ERα-negative MDA-MB-231 cells lack E-cadherin, express 

Vimentin, and exhibit stellate morphology (Blick et al., 2008; Kenny et al., 2007).  

Concerning detailed accounts of IL-6, STAT3, and EMT below, the ERα-positive breast 

cancer cell lines studied here lack IL-6 production and constitutive STAT3 activation, 

whereas ERα-negative MDA-MB-231 cells produce IL-6 and exhibit constitutive STAT3 

activation (Sasser et al., 2007b). 

 

1.4 Interleukin-6 and STAT3 in Breast Cancer Progression 

 Interleukin-6 (IL-6) is a 26 kDa protein product of the IL6 gene on human 

chromosome 7 and represents a quintessential pleiotropic cytokine.  First characterized as 

a T-cell-derived factor that induced proliferation, differentiation, and immunoglobulin 

production in B-cells, IL-6 was originally named B-cell stimulating factor-2 (BSF-2).  It 

was later thought to be a novel interferon (IFN-β2) due to studies demonstrating the 

ability of IL-6 to activate signal transducer and activator of transcription 3 (STAT3) 

(Kishimoto, 2006).  Complementary DNA (cDNA) encoding the human IL-6 gene was 
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subsequently cloned, and human IL-6 transgenic mice were generated with a polyclonal 

IgG1 plasmacytosis phenotype (Suematsu et al., 1989).  Next, IL-6 knockout (IL-6-/-) 

mice were generated and characterized.  These mice demonstrated normal development, 

but adults exhibited reduced numbers of peripheral T-cells, and impaired antiviral 

cytotoxic T-cell activity (Kopf et al., 1994).  Cutaneous wound healing studies in IL-6-/- 

mice revealed the essential role of IL-6 to induce keratinocyte migration during the re-

epithelialization phase of skin repair (Gallucci et al., 2000).  IL-6 is now known to be an 

inflammatory cytokine as the major inducer of C-reactive protein (CRP) throughout the 

acute phase inflammatory response.  It is a critical factor to hematopoiesis and 

subsequent lymphocyte differentiation and activation, and fibroblasts, T and B-cells, 

macrophages, and endothelial cells all have the potential to produce constitutive or 

inducible IL-6 (Kishimoto, 2006).  IL-6 gene expression is nuclear factor-kappaB (NF-

κB)-dependent (Chauhan et al., 1996), and if present, ERα directly binds to NF-κB, thus 

preventing transactivation of IL-6 expression (Galien and Garcia, 1997). 

 IL-6 primarily signals through the Janus kinase (JAK)/STAT3 pathway (Hodge et 

al., 2005).  To do so, a plasma membrane-associated IL-6 receptor (IL-6R/CD126) 

homodimer first ligates two soluble IL-6 molecules which leads to gp130 (CD126) 

homodimer ligation.  Whereas IL-6Rα is only expressed on hepatocytes, neutrophils, 

monocytes, macrophages, and some lymphocytes under normal physiological conditions, 

gp130 is a ubiquitous and promiscuous receptor involved in multiple cytokine signaling 

pathways (e.g., IL-11, leukemia inhibitory factor (LIF), oncostatin M (OSM), and ciliary 

neurotrophic factor (CNTF)) (Rose-John et al., 2006).  To initiate IL-6-induced gp130 

intracellular signal transduction, JAK are recruited to the intracellular domain of the 
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gp130 receptor where they bind and autophosphorylate.  Subsequent gp130 

phosphorylation via activated JAK offers docking sites for STAT3 and other receptor-

associated proteins.  Once bound to the intracellular domain of gp130, STAT3 is 

specifically phosphorylated (pSTAT3) by adjacent JAK on a C-terminal tyrosine residue 

(Y705), which grants its disengagement from the receptor.  Dissociation of pSTAT3Y705 

from gp130 facilitates its homodimerization within the cytoplasm, and the pSTAT3Y705 

homodimer translocates to the nucleus.  There, pSTAT3Y705 binds to specific promoters 

whereby it initiates the transcription of multiple downstream target genes (Clevenger, 

2004).  An inhibitory feedback loop maintains rapid and transient STAT3 activation 

under normal physiological conditions, but this is not the case in many human cancers 

which exhibit constitutive STAT3 activity.  Following activation in normal cells, STAT3 

induces suppressors of cytokine signaling (SOCS) and protein inhibitors of activated 

STATs (PIAS) expression.  While SOCS-1 specifically inhibits JAK function, SOCS-3 

binds the IL-6R complex to inhibit IL-6 signal transduction.  PIAS-3 directly interacts 

with STAT3 to inhibit all STAT3 target gene expression (Kishimoto, 2006). 

Alternatively, IL-6 trans-signaling describes an IL-6 signaling pathway whereby 

an IL-6 soluble receptor (IL-6sR) binds IL-6 and subsequently ligates gp130 to provoke 

STAT3 activation in cells that only express gp130.  IL-6sR is naturally produced by 

either proteolytic cleavage of the membrane-bound IL-6R or alternative splicing of IL-6R 

mRNA (Rose-John et al., 2006).  Whereas IL-6 serum levels continue to increase with 

age, levels of serum IL-6sR rise until approximately age 70 at which time they gradually 

decline (Giuliani et al., 2001).  Likewise, IL-6sR expression has been demonstrated in 

human breast cancer cell lines (Crichton et al., 1996; Oh et al., 1996; Singh et al., 1995), 
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suggesting that IL-6 trans-signaling mediates the effects of IL-6 in breast cancer cells.  A 

naturally occurring soluble form of gp130 (sgp130) specifically antagonizes IL-6 trans-

signaling by exclusively binding to the IL-6-IL-6sR complex, thus having no effect on 

cells that express the membrane-bound IL-6R (Rose-John et al., 2006). 

Aberrantly elevated IL-6 is associated with a poor breast cancer prognosis 

(Bachelot et al., 2003; Salgado et al., 2003; Zhang and Adachi, 1999).  Human breast 

tumors produce significantly more IL-6 when compared to matched healthy breast tissue 

(P-value < 0.0001), and IL-6 levels increase with tumor grade.  ERα-negative human 

breast tumors produce significantly more IL-6 than tumors that express ERα. (P-value 

<0.001) (Chavey et al., 2007), and IL-6 serum levels are significantly higher in ERα-

negative breast cancer patients compared to ERα-positive patients (P-value < 0.05) (Jiang 

et al., 2000).  Furthermore, increased serum IL-6 has been demonstrated in breast cancer 

patients compared to normal donors and correlates with advanced breast tumor stage 

(Kozlowski et al., 2003) and increased number of metastatic sites (Salgado et al., 2003).  

Finally, a single nucleotide polyporphism (SNP) exists at position -174 in the IL-6 gene 

promoter region, noted as IL-6 (-174 G>C).  The IL-6 (-174 G>C) SNP has the following 

allele frequency in a Caucasion population:  36% G/G, 44% G/C, and 18% C/C.  

Following an inflammatory stimulus such as Salmonella typhii vaccination, those 

individuals with the G/G allele exhibit higher serum IL-6 from 6 to 24-hours post-

vaccination (Bennermo et al., 2004).  Although the IL-6 (-174 G>C) SNP is not 

associated with increased risk of developing breast cancer (Gonzalez-Zuloeta Ladd et al., 

2006; Litovkin et al., 2007), it is significantly associated with disease-free (P-value = 

0.02) and overall (P-value = 0.01) survival in breast cancer patients (DeMichele et al., 
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2003).  Moreover, ERα-negative breast cancer patients, whose tumors produce more IL-6 

than those that express ERα (Chavey et al., 2007), demonstrate no difference in survival 

between the G/G allele (higher inducible systemic IL-6) and any C allele (G/C or C/C; 

lower inducible systemic IL-6).  In contrast, ERα-positive breast cancer patients 

demonstrate a significant difference in disease-free (P-value = 0.003) and overall (P-

value = 0.001) survival between the G/G allele and any C allele (DeMichele et al., 2003). 

 Although the mechanisms that underlie the association between IL-6 and 

unfavorable clinical outcomes in breast cancer remain poorly understood, the oncogenic 

capacity of STAT3 may shed some light.  STATs are latent cytoplasmic proteins, but 

upon tyrosine phosphorylation, they are granted access to the nucleus where they induce 

a plethora of target genes.  For example, oncogenes such as c-Myc, cyclin D1, BCL-XL, 

and HGF and immunosuppressive genes including TGF-β, IL-10, and VEGF are direct 

downstream transcriptional targets of STAT3.  Likewise, multiple growth factors are 

capable of activating STAT3 including hepatocyte growth factor (HGF), vascular 

endothelial growth factor (VEGF), and epidermal growth factor (EGF).  Most relevant to 

this body of work, we and others have previously demonstrated that paracrine or 

autocrine IL-6 signaling in human breast cancer cells can induce pSTAT3Y705, a surrogate 

for transcriptionally active STAT3 (Berishaj et al., 2007; Sasser et al., 2007b).  STAT3 

was demonstrated to be required for Src-dependent cellular transformation, which led to 

extensive characterization of its oncogenic potential (van 't Veer et al., 2002).  Active 

STAT3 has since been detected in various human hematopoietic malignancies such as 

multiple myeloma, acute and chronic mylogenous leukemias, non-Hodgkin’s lymphoma 
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as well as solid tumors such as breast, ovarian, lung, pancreatic, and prostate carcinomas 

(Wang et al., 2004). 

 Interestingly, STAT3 knockout mice (STAT3-/-) are embryonic lethal while 

individual ablation of all other STATs generates viable phenotypes (Takeda et al., 1997).  

To overcome STAT3-dependent embryogenesis, STAT3 inhibition and knockdown 

strategies have been utilized to evaluate the role of constitutive STAT3 activation in 

breast cancer cell lines.  Consistent with this and offering further evidence of the effect of 

IL-6 in human breast cancer, MDA-MB-231 human breast cancer cells expressing a 

dominant negative isoform of gp130 lacked constitutively active STAT3 and exhibited 

impaired tumorigenicity in an orthotopic nude mouse xenograft model (Selander et al., 

2004).  Likewise, MDA-MB-468 human breast cancer cells treated with AG490, a 

selective JAK inhibitor, demonstrated growth arrest and eventual apoptosis (Burke et al., 

2001).  Highly tumorigenic 4T1 mouse mammary carcinoma cells expressing stable 

STAT3-specific shRNA with little to no STAT3 or pSTAT3Y705 protein were unable to 

form orthotopic tumors in immunocompetent mice.  STAT3 knockdown had no effect on 

4T1 cell proliferation or apoptosis in standard 2-dimensional culture (Ling and 

Arlinghaus, 2005), suggesting that STAT3 activation may promote immunoevasion in 

this model as in others (Wang et al., 2004). 

 

1.5 Breast Cancer Metastasis and Epithelial-Mesenchymal Transition 

 Tumor metastasis is the culmination of a complex cascade in which disseminated 

primary tumor cells grow and colonize at a secondary tissue site.  Primary tumors rarely 

have the capacity to cause patient death, but rather, tumor metastasis governs nearly all 
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cancer-associated mortalities.  Successful growth at a secondary site is a somewhat 

daunting task that requires disseminated tumor cell survival at multiple sequential steps 

including:  detachment from the primary neoplasm, local invasion through the confining 

basement membrane, and subsequent intravasation into vasculature or lymphatics; 

resistance to anoikis and shear stress once in circulation; embolism formation within a 

capillary or lymphatic vessel; extravasation through that vessel wall followed by 

invasion, proliferation, and ultimate colonization within a secondary tissue 

microenvironment, all while evading immunosurveillance.  An introduction to metastasis 

would be remiss without the mention of Stephen Paget’s “seed and soil” hypothesis, first 

proposed in 1889.  At that time, tumor metastasis was thought to be a random event.  

However, as an English surgeon, Paget recognized a recurrent pattern of breast cancer 

metastasis, particularly to bone, that did not coincide with the current dogma of his time.  

He postulated that a metastatic primary tumor cell, or “seed,” would only grow in a 

congenial “soil,” now accepted as a favorable tissue microenvironment (Fidler, 2003; 

Paget, 1889).  Incidentally, primary mammary tumor cell dissemination has been 

quantified at 3 to 4 x 106 primary tumor cells in circulation per 24 hours per gram of 

tumor in a rat mammary carcinoma model, which exemplifies the inefficient nature of 

metastasis (Butler and Gullino, 1975). 

 Although metastasis has been generally accepted as a relatively late event during 

carcinogenesis, recent work has revealed evidence of early primary tumor cell 

dissemination, thus refuting this paradigm (Klein, 2009).  In particular, it has reently been 

demonstrated that untransformed triple transgenic (doxycycline-inducible K-ras, MYC, 

and polyoma middle T antigen) mammary epithelial cells are capable of lung 
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colonization when tail vein-injected into immunocompromised female mice on 

doxycycline.  This work showed that untransformed “normal” mammary epithelial cells 

can colonize ectopic lung tissue, and upon oncogene activation, disseminated mammary 

epithelial cells within circulation or a foreign host microenvironment are capable of 

forming tumors at the ectopic site (Podsypanina et al., 2008).  Additionally, reports of 

bone marrow cytokeratin-positive epithelial cells in up to 48% of breast cancer patients 

without overt metastases also lend support to early primary tumor cell dissemination.  

Decreased survival in patients with such cells was demonstrated in all studies (Braun et 

al., 2000; Diel et al., 1996; Gebauer et al., 2001; Pantel et al., 2003; Vannucchi et al., 

1998).  Furthermore, only 8% of these patients with bone marrow micrometastases 

exhibited cytokeratin-positive/Ki67-positive cells, suggesting that lack of overt bone 

metastasis may be due to disseminated tumor cell dormancy (Pantel et al., 2003).   

 Breast cancer most commonly metastasizes to bone, followed by lung, liver, and 

brain.  Owed to the heterogeneity of breast tumors, few prognostic molecular biomarkers 

have been demonstrated to accurately predict metastatic potential.  One of the most 

important of these is ERα, which is clinically exploited as a predictor of bone metastasis 

(Kominsky and Davidson, 2006).  Whereas ERα-positive breast cancers have a strong 

tendency to metastasize to bone if at all (James et al., 2003), their ERα-negative 

counterparts favor visceral organs such as lung and liver (Hess et al., 2003).  Meanwhile, 

histopathological tumor characterization including primary tumor size, axillary lymph 

node involvement, and histological grade has proven clinically relevant.  A primary 

breast tumor of less than 2 cm is associated with low metastatic risk, while a tumor 

greater than 5 cm is associated with a very high metastatic risk.  Detection of 4 or more 
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axillary lymph node metastases is associated with a very high risk of distant metastasis, 

and metastatic risk increases with tumor grade such that poorly differentiated grade 3 

tumors are highly prone to metastasize (Weigelt et al., 2005). 

 More recently, genetic profiling studies have identified breast tumor subtypes 

based on distinct gene expression patterns, and each subtype can be used as a prognostic 

marker to effectively predict patient survival.  Three predominant breast tumor subtypes 

were initially identified:  luminal, basal-like, and ERBB2 (HER2)-positive breast tumors 

in which the luminal subtype was associated with ERα expression and the basal-like and 

ERBB2-positive subtypes both showed little to no ERα expression (Perou et al., 2000).  

A subsequent study by Sorlie, et al. not only confirmed these findings but also elucidated 

three subclasses of luminal breast tumors, termed luminal subtypes A, B, and C.  

Although these three additional luminal subtypes all expressed ERα to some degree, 

luminal subtype A breast tumors expressed the highest ERα levels while luminal 

subtypes B and C shared features of basal-like and ERBB2-positive subtypes.  Perhaps 

the most clinically relevant finding was that these breast tumor subtypes predicted patient 

survival.  In particular, the poorest outcome was in basal-like and ERBB2-positive 

patients compared to patients with luminal breast tumors (Sorlie et al., 2001).  

Consequent studies have since corroborated these findings by identification of a gene 

expression signature capable of predicting breast cancer patient survival (Buyse et al., 

2006; van 't Veer et al., 2002; van de Vijver et al., 2002). 

 Another prognostic molecular biomarker clinically utilized to project the 

metastatic propensity of breast cancer is E-cadherin.  Whereas very few studies have 

failed to demonstrate E-cadherin as an independent prognostic marker in breast cancer 
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patients (Lipponen et al., 1994; Parker et al., 2001), the overwhelming majority of reports 

on this matter have revealed E-cadherin as one of the strongest predictors of patient 

survival.  Specifically, impaired E-cadherin expression in human breast tumors correlates 

with enhanced invasiveness, metastatic potential (Oka et al., 1993), and significantly 

decreased breast cancer patient survival (P-value < 0.0001) (Heimann and Hellman, 

2000; Pedersen et al., 2002).  While appropriate E-cadherin function is essential to the 

maintenance of epithelial cell morphology, phenotype, and homeostasis, regulation of E-

cadherin expression is of equal importance.  CDH1, the gene that encodes E-cadherin, is 

located on human chromosome 16q22.1 (Rakha et al., 2006) and is susceptible to 

inactivation by promoter hypermethylation, somatic mutation, or aberrant overexpression 

of repressive transcription factors including Twist, Snail, and Slug among others 

(Hirohashi, 1998).  Likewise, E-cadherin loss of function can arise due to extracellular 

domain-specific proteolytic cleavage.  Although uncommon, germline mutations of 

CDH1 predispose individuals to hereditary diffuse gastric cancer (HDGC) syndrome, and 

a proportion of these patients present with other cancers, including breast cancer 

(Guilford, 1999). 

 Initially termed uvomorulin in mice and L-CAM in chicks, E-cadherin was 

concomitantly discovered as a 120 kDa calcium-dependent trypsin-labile cell surface 

glycoprotein required for intercellular adhesion in mouse blastomeres (Hyafil et al., 

1981) and chick embryos (Brackenbury et al., 1981).  It now represents the best studied 

member of the cadherin family of tissue-specific homophilic intercellular adhesion 

molecules.  E-cadherin knockout studies have demonstrated early embryonic lethality due 

to impaired maintenance of epithelial polarity and failure to form an intact epithelium in 



20 

E-cadherin-/- embryos (Larue et al., 1994).  E-cadherin is localized on the cell surface of 

epithelial cells, and each E-cadherin protein consists of an amino-terminal extracellular 

domain, a single-pass transmembrane segment, and a carboxy-terminal intracellular 

domain.  Five calcium-binding repeated subunits comprise an extracellular domain that 

promotes homophilic interaction to ultimately form anti-parallel trans-E-cadherin dimers 

between adjacent cells (Guilford, 1999).  The intracellular domain is comprised of a 

juxtamembrane p120-catenin binding subdomain and a C-terminal beta (β)-catenin 

binding subdomain.  β-catenin, a potent transcription factor, binds E-cadherin and alpha 

(α)-catenin subsequently binds β-catenin.  Although contentious (Weis and Nelson, 

2006), it is generally acknowledged that α-catenin interacts with F-actin and thereby, 

facilitates the linkage of E-cadherin to the cytoskeleton.  This E-cadherin-catenin-actin 

complex localizes to epithelial intercellular junctions called adherens junctions and is 

critical to epithelial cell adhesion, polarity, and morphology (Hartsock and Nelson, 

2008).  Furthermore, E-cadherin sequesters β-catenin at the cell surface as one means to 

inhibit β-catenin nuclear translocation and consequent expression of β-catenin responsive 

genes (Perez-Moreno et al., 2003). 

 CDH1, the gene that encodes E-cadherin, is regarded as a major tumor suppressor 

gene due to frequent loss of heterozygosity (LOH) at the 16q locus in breast cancer 

(Rakha et al., 2006).  In contrast to DCIS and IDC (i.e., ductal tumors), nearly all cases of 

LCIS and ILC (i.e, lobular tumors) (Acs et al., 2001; Berx et al., 1995) lack E-cadherin 

protein expression due to LOH at the CDH1 locus.  Consequently, E-cadherin expression 

can be utilized in the clinic to distinguish lobular from ductal carcinoma diagnoses (Acs 

et al., 2001; Bertucci et al., 2008; Yoder et al., 2007).  In addition, conditional knockout 
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of epithelial tissue-specific E-cadherin, combined with loss of p53, has been shown to 

promote mammary tumor initiation, subsequent invasive lobular mammary carcinoma, 

and ultimately metastasis in a mouse model of ILC (Derksen et al., 2006). 

 Another prominent role of E-cadherin is that of an invasion/metastasis suppressor 

protein.  Upon loss of E-cadherin and subsequent dissociation of adherens junctions, 

epithelial cells acquire enhanced invasive capability (Behrens et al., 1989).  This is 

corroborated by the conversion of benign adenoma to invasive carcinoma upon loss of E-

cadherin in a murine model of pancreatic β-cell carcinogenesis (Perl et al., 1998).  More 

specific to human breast cancer, MDA-MB-231 cells lack E-cadherin whereas MCF-7 

cells express high levels of E-cadherin (Kenny et al., 2007), and Sommers et al. 

demonstrated enhanced invasive capability in MDA-MB-231 cells compared to MCF-7 

cells (Sommers et al., 1991).  Naturally, E-cadherin expression and consequent invasive 

capacity regulate the propensity of breast cancer metastasis.  Multiple signaling pathways 

are activated following loss of E-cadherin protein, which promote transformed human 

breast epithelial cell metastasis in a xenograft model.  Interestingly, Twist, a 

transcriptional repressor of CDH1, is induced upon loss of E-cadherin and is necessary 

for metastasis in this model.  Furthermore, the E-cadherin binding partner, β-catenin, was 

shown to be necessary but not sufficient for the EMT phenotype induced following loss 

of E-cadherin (Onder et al., 2008).  Ectopic expression of murine E-cadherin in highly 

metastatic human MDA-MB-231 cells significantly reduced osteolytic bone metastases in 

a murine intracardiac dissemination model (Mbalaviele et al., 1996).  Likewise, aberrant 

cytoplasmic or diminished to negative E-cadherin immunostaining patterns are 

commonly detected in invasive poorly differentiated breast carcinomas compared to 
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noninvasive well-differentiated breast carcinomas and are associated with increased 

probability of breast carcinoma metastasis (Oka et al., 1993).  The finding that distant 

metastases often express E-cadherin even in patients which exhibit primary breast 

carinomas which lack E-cadherin suggests that ultimate re-expression may be necessary 

for colonization of secondary tissues (Kowalski et al., 2003; Saha et al., 2007). 

 Loss of E-cadherin is a prerequisite for epithelial-mesenchymal transition (EMT), 

a highly conserved process which exemplifies the aberrant induction of an embryonic 

gene expression program during carcinoma progression.  EMT is critical for multiple 

steps of developmental metazoan cellular morphogenesis as demonstrated in well-

characterized Drosophila and Xenopus models.  Throughout embryonic development, 

EMT whereby epithelial cells give rise to more motile mesenchymal cells is essential for 

mesoderm and neural crest formation.  Importantly, this is a transient process and 

mesenchymal-epithelial transition (MET) allows for cellular reversion (Yang and 

Weinberg, 2008). 

 Whereas EMT has been extensively studied for its essential role in 

embryogenesis, the concept of EMT-like cellular changes in human cancers has gained 

acceptance as a major mechanism to promote primary tumor cell invasion and subsequent 

tumor metastasis.  A carcinoma cell must first detach from the primary tumor and invade 

through the basement membrane into the underlying tissue parenchyma to initiate the 

metastasic cascade.  Although cancer-associated EMT was considered a controversial 

notion even in recent years (Tarin et al., 2005), it has been demonstrated in multiple 

human carcinomas, including breast cancer (Cheng et al., 2008; Heimann and Hellman, 

2000; Moody et al., 2005; Sarrio et al., 2008), and is now recongnized as a putative 
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mediator of tumor metastasis.  An EMT phenotype including impaired E-cadherin 

expression with concominant induction of Vimentin, Alpha-smooth-muscle-actin, and/or 

N-cadherin is associated with the basal breast cancer subtype, suggesting that EMT may 

promote characteristic aggressiveness in these tumors and contribute to poor breast 

cancer patient survival (Sarrio et al., 2008).  Likewise, relatively noninvasive ERα-

positive MCF-7 cells exhibit a characteristic epithelial phenotype and are classified as 

luminal subtype whereas highly invasive ERα-negative MDA-MB-231 cells show more 

of an EMT phenotype (i.e., lack E-cadherin and aberrant Vimentin expression) and are 

classified as basal subtype (Blick et al., 2008).  While EMT may enhance carcinoma cell 

invasion and subsequent dissemination which would increase metastatic potential, it is 

not synonymous with metastasis in all models.  For example, Lou, et al. demonstrated 

that EMT alone was insufficient for spontaneous murine mammary carcinoma metastasis 

(Lou et al., 2008).  Yet, Weinberg and colleagues described the promotion of metastasis 

with loss of E-cadherin and a consequent EMT phenotype in transformed human breast 

epithelial cells (Onder et al., 2008). 

 

1.6 Non-Melanoma Skin Cancer 

 Human skin functions primarily as a direct physical barrier between us and our 

environment and is composed of three histologically distinguishable layers termed the 

epidermis, dermis, and hypodermis (or subcutis).  The outermost layer, the epidermis, is 

composed of progressively differentiating keratinocytes which form a stratified squamous 

epithelium comprised of basal, spinous, and granular sublayers.  These epidermal 

sublayers are delineated by basal to superficial keratinocyte differentiation.  Basal cells 
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serve as epidermal stem cells and give rise to keratinocytes which will differentiate 

upward through the spinous and granular sublayers.  Upon arrival at the surface of the 

skin, terminally differentiated keratinocytes are termed corneocytes and form the stratum 

corneum.  These flat anucleated cells are full of nothing more than cytokeratin 

intermediate filaments and are destined for flaking off the skin, or desquamation.  In this 

manner, the epidermis is constantly turning over through cellular loss at the surface and 

concomitant cellular proliferation arising from the basal level.  Underlying the epidermis 

is the dermis, the layer that gives skin its structure.  The dermis is comprised of 

connective tissue and fibroblasts.  The lowest layer of the skin is the hypodermis, a layer 

comprised of adipose tissue and blood vessels.  (Bouwstra, 2006). 

 Without the sun, life as we know it would not exist.  The sun not only provides 

optimal temperatures for life on Earth, but it also provides a sunlight which is critical to 

the process of photosynthesis and subsequent oxygen production.  The ultraviolet (UV) 

portion of sunlight exceeds the energy of the visible light spectrum and has a wavelength 

range of approximately 100 to 400 nanometers (nm).  UV radiation can be subdivided 

into three different wavelengths which include UVA, UVB, and UVC.  The highest 

energy UV radiation, UVC, ranges from 100 to 280 nm and is almost entirely absorbed 

by the Earth’s atmosphere.  Thus, solar UVC has no impact on Earth’s surface.  UVB 

represents the second highest energy UV radiation and ranges from 280 to 320 nm.  As 

with UVC, most solar UVB does not make it past the Earth’s atmosphere, but the longer 

wavelength UVB does reach the Earth’s surface.  The third wavelength of UV radiation 

is UVA and ranges from 320 to 400 nm.   
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 Whereas both UVA and UVB contribute to initiate and promote skin 

carcinogenesis (Boukamp, 2005), UVB is the most dominant etiologic wavelength and 

accounts for 75% of non-melanoma skin cancer (NMSC) risk (van Steeg and Kraemer, 

1999).  UVB is classified as a complete carcinogen capable of provoking tumor initiation, 

promotion, and progression (Baliga and Katiyar, 2006).  The initiation phase of UVB-

induced NMSC is the irreversible culmination of direct DNA damage due to 

accumulation of cyclobutane pyrimidine dimers (CPD) and (6-4) photoproducts within 

critical tumor suppressor genes such as TP53 or indirect DNA damage induced by 

infiltrating inflammatory cell-derived reactive oxygen species (ROS).  Subsequent 

inflammatory responses and increased genetic mutations drive the promotion and 

ultimate progression stages of UVB-induced NMSC.  UVB exposure causes acute 

cutaneous inflammation characterized by increased vascular permeability and blood flow 

and consequent erythema and edema (Clydesdale et al., 2001; Terui et al., 2001).  

Although higher NMSC incidence rates in men have historically been attributed to 

increased sun exposure compared to women, gender differences in acute UVB-induced 

inflammation have also been demonstrated.  In particular, female Skh-1 mice have 

significantly higher skin fold thickness and myeloperoxidase (MPO) expression 48 hours 

post-UVB exposure (P-value <0.05).  (Thomas-Ahner et al., 2007). 

 Epidermal skin carcinomas are of two major clinical types, melanoma and non-

melanoma skin cancer.  Greater than one million cases of NMSC will be diagnosed this 

year in the United States, and the incidence rates continue to increase annually 

(www.cancer.gov).  The two most common forms of NMSC are basal cell carcinoma 

(BCC) and squamous cell carcinoma (SCC), which account for 80% and 16% of skin 
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cancer cases, respectively.  Conversely, melanoma accounts for 4% of all skin cancer 

cases (Bowden, 2004).  The lifetime risk of developing SCC is estimated at 7% to 11% 

and 28% to 33% for BCC.  Although melanoma is the rarest form of skin cancer, it 

causes 79% of all skin cancer-specific mortalities.  Conversely, NMSC represent almost 

all skin cancer cases but account for approximately 1,300 to 2,300 deaths in the United 

States per year with most due to metastatic SCC (Abdulla et al., 2005). 

 Outbred Skh-1 hairless mice are readily susceptible to UVB-induced SCC skin 

cancer, which reflects that of human SCC and are therefore the most commonly used 

mouse model for NMSC.  Skh-1 mice develop normally and have hair at birth.  However, 

at approximately day thirteen following birth, they exhibit rapid and complete hair loss.  

They are albino, euthymic, and fully immunocompetent.  Individual skin tumors develop 

through pathologically distinct epithelial hyperplasia to papilloma to SCC progression but 

are rarely fatal, thus allowing evaluation of acute as well as chronic UVB effects 

(Benavides et al., 2009).  Furthermore, Skh-1 mice demonstrate a large number of tumors 

relatively quickly following UVB exposure three times per week for up to 25 weeks.  

More specifically, median time to first tumor for male mice is 10 weeks and by 25 weeks, 

male mice have a mean of approximately 30 tumors.  In contrast, median time to first 

tumor for female mice is 12 weeks and by 25 weeks, female mice have a mean of 

approximately 22 tumors.  All Skh-1 mice develop UVB-induced skin tumors by 16 

weeks.  As previously stated, this is an SCC skin cancer model and thus, a fraction of 

papillomas will progress to SCC but never to BCC or melanoma (Thomas-Ahner et al., 

2007). 
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1.7 Myeloid-Derived Suppressor Cells 

 Although immunosuppressive myeloid cells were first detected in tumor-bearing 

mice over twenty years ago, their contribution to tumor-induced immunosuppression has 

gained more recent appreciation.  A plethora of murine transplantable and spontaneous 

tumor models including melanoma, neuroblastoma, and breast, lung, colon, and cervical 

cancers have demonstrated the aberrant systemic expansion of myeloid-derived 

suppressor cells (MDSC).  MDSC are a heterogeneous population of immature cells of 

myeloid lineage which are mobilized from the bone marrow to peripheral lymphoid 

tissues upon various pathological stimuli such as infection, sepsis, trauma, and cancer.  In 

mice, Gr-1 (Ly-6G and Ly-6C) and CD11b are exploited as specific MDSC 

immunophenotypic markers and whereas MDSC comprise 20% to 30% of normal mouse 

bone marrow cells, very few can be detected in peripheral lymphoid tissues.  Conversely, 

in tumor-bearing mice, MDSC can represent as many as 20% to 40% of total splenocytes 

and are found within local tumor tissue.  Furthermore, up to tenfold greater numbers of 

MDSC in peripheral blood samples can be detected in patients with various cancers. 

 MDSC expansion and activation is regulated by a growing number of tumor-

derived factors which indirectly stimulate MDSC expansion by inducing myelopoiesis 

and inhibiting myeloid cell maturation.  Additionally, activated T-cell and tumor stroma-

derived factors are capable of directly activating MDSC.  Vascular endothelial growth 

factor (VEGF), granulocyte-colony stimulating factor (G-CSF), monocyte-CSF (M-CSF), 

granulocyte/monocyte-CSF (GM-CSF), stem cell factor (SCF), transforming growth 

factor-beta (TGF-β), interferon-gamma (IFN-γ), interleukin-1-beta (IL-1β), and other 

inflammatory cytokines have all been shown to induce the expansion and activation of 
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MDSC in various tumor models.  Intriguingly, IL-6 has been characterized as one such 

inflammatory cytokine capable of inducing MDSC in a 4T1 murine mammary carcinoma 

model.  The majority of these factors ultimately lead to the constitutive induction of 

active STAT3 in MDSC.  Chronic STAT3 activation concomitantly increases MDSC 

survival and proliferation while inhibiting their maturation and differentiation. 

 MDSC are potent suppressors of T-cell proliferation, activation, and effector 

function.  L-arginine is an amino acid necessary for T-cell proliferation as well as a 

substrate for arginase 1 and inducible nitric oxide synthase (iNOS), both of which are 

overexpressed by MDSC.  Furthermore, MDSC produce high levels of ROS, particularly 

superoxide anion (O2
-), and nitric oxide (NO) which chemically combine to form 

peroxynitrite (ONOO-).  Peroxynitrite consequently induces antigen-specific T-cell 

anergy (Gabrilovich and Nagaraj, 2009).  In addition, MDSC have been shown to 

produce elevated levels of IL-10 and TGF-β, which are individually immunosuppressive 

but also synergize to promote the induction of regulatory T-cells.  IL-10 production can 

also generate a Th2 CD4+ T-cell response rather than an appropriate Th1 anti-tumor 

response, the latter characterized by interferon responsiveness and subsequent STAT1 

activation (Ostrand-Rosenberg and Sinha, 2009). 

 

1.8 Hypotheses 

1.8.1 Breast Cancer Studies 

 Although our hypotheses have always been influenced by clinical literature, the 

current body of breast cancer work directly emerged from our previously reported studies 

regarding the interactions between tissue-specific fibroblasts and breast cancer cells.  
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Briefly, in coculturing primary human mesenchymal stem cells (MSC; bone marrow 

fibroblasts), and subsequently primary breast fibroblasts, with human breast cancer cell 

lines in a 3-dimensional (3D) tumor growth assay (TGA), we noted enhanced growth 

rates in ERα-positive breast cancer cells (Sasser et al., 2007a; Studebaker et al., 2008).  

We would later postulate and show that IL-6 was necessary for fibroblast-dependent 

breast cancer cell growth and sufficient for cell growth in vitro as well as in an orthotopic 

xenograft model (Sasser et al., 2007b).  Throughout these studies, we detected aberrant 

mesenchymal or fibroblastoid morphologies in ERα-positive breast cancer cells following 

exposure to fibroblast conditioned medium.  We therefore hypothesized that these cells 

had acquired an EMT phenotype and that IL-6 may be required for this induction.  We 

consequently demonstrated IL-6-inducible E-cadherin repression and induction of an 

EMT phenotype (Chapter 2), which provoked us to further assess the role of E-cadherin 

in breast cancer cell growth.  The notion that IL-6-dependent E-cadherin repression 

played a role in ERα-positive cell growth was supported by our preliminary findings as 

well as those of other groups.  In particular, Perrais, et al. showed that homophilic E-

cadherin binding inhibits primary human breast epithelial cell and breast cancer cell 

growth (Perrais et al., 2007).  Thus, we hypothesized that impaired E-cadherin expression 

would promote breast cancer cell growth (Chapter 3).  The stated hypotheses were 

proposed with the intention of elucidating molecular mechanisms by which IL-6 impacts 

breast cancer progression. 
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1.8.2 Non-Melanoma Skin Cancer Studies 

 Likewise, the current body of skin cancer studies was pursued based largely on 

our previous reports as well as those of others.  We and others have previously published 

studies involving UVB-induced skin tumors in Skh-1 mice (Benavides et al., 2009).  

However, unlike many other mouse tumor models (Gabrilovich and Nagaraj, 2009), the 

impact of MDSC in UVB-induced skin tumorigenesis has yet to be evaluated.  UVB 

irradiation induces cutaneous inflammation, and potentially IL-6, in Skh-1 mice and has 

been shown to induce IL-6 expression in primary human keratinocytes (De Haes et al., 

2003).  Moreover, we have previously demonstrated gender disparities in UVB-induced 

skin tumorigenesis in which male Skh-1 mice acquire a higher tumor burden with less 

inflammation compared to females (Thomas-Ahner et al., 2007).  Systemic MDSC 

activation and expansion has been characterized in a number of mouse tumor models, and 

IL-6 is capable of promoting MDSC induction in a 4T1 mammary carcinoma model 

(Bunt et al., 2007).  We therefore hypothesized that tumor-bearing Skh-1 mice would 

exhibit higher percentages of peripheral MDSC than control mice not exposed to UVB 

radiation.  Furthermore, we hypothesized that MDSC induction would be elevated in 

male tumor-bearing mice due to an expected higher tumor burden and decreased 

inflammatory response relative to females.  The stated hypotheses were proposed with 

the intention of further characterizing gender discrepancies in skin tumor burden and 

inflammation in a mouse model of UVB-induced cutaneous SCC. 
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CHAPTER 2:  Interleukin-6 Induces an Epithelial-Mesenchymal Transition Phenotype in 
Human Breast Cancer Cells 

 
 
 

2.1  Introduction 
 

Despite recent well-documented molecular and pathological evidence of 

epithelial-mesenchymal transition (EMT) phenotypes in human breast tumors (Cheng et 

al., 2008; Heimann and Hellman, 2000; Moody et al., 2005; Sarrio et al., 2008), few 

tumor microenvironment-derived extracellular cues capable of provoking this transition 

have been identified.  While EMT comprises a dynamic process critical to metazoan 

development (Yang and Weinberg, 2008), such phenotypes also promote carcinoma cell 

invasiveness (Thiery, 2002).  In particular, impaired E-cadherin expression in human 

breast tumors correlates with enhanced invasiveness, metastatic potential (Oka et al., 

1993), and decreased breast cancer patient survival (Heimann and Hellman, 2000; 

Pedersen et al., 2002).  Moreover, human breast tumors exhibit increased interleukin-6 

(IL-6) expression compared to matched healthy breast tissue, and these IL-6 levels 

increase with tumor grade (Chavey et al., 2007).  Elevated serum IL-6 has been 

demonstrated in breast cancer patients compared to normal donors (Jiang et al., 2000; 

Kozlowski et al., 2003) and correlates with advanced breast tumor stage (Kozlowski et 

al., 2003), increased number of metastatic sites (Salgado et al., 2003), and an overall poor 

prognosis (Bachelot et al., 2003; Salgado et al., 2003; Zhang and Adachi, 1999). 
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Normal polarized epithelial cells exhibit “cobblestone” homophilic morphology 

and express specific proteins including E-cadherin, cytokeratins, occludins, and claudins.  

However, carcinoma cells may develop a fibroblastoid morphology and a mesenchymal 

phenotype characterized by distinct proteins including Vimentin, N-cadherin, 

Fibronectin, and Alpha-smooth-muscle-actin (Thiery and Sleeman, 2006).  Carcinomas, 

including breast carcinoma, often present with reduced expression of E-cadherin, a 

calcium-dependent intercellular adhesion molecule and dominant constituent of epithelial 

cell adherens junctions.  Among other mechanisms, this can be a result of germline 

mutations, promoter hypermethylation, or aberrantly expressed repressive transcription 

factors such as Twist, Snail (SNAI1), Slug (SNAI2) (Yang and Weinberg, 2008). 

The role of cytokines in cancer has been well-studied (Massague, 2008; Naugler 

and Karin, 2008), particularly in breast cancer (Chavey et al., 2007; Nicolini et al., 2006).  

Some cytokines have been shown to induce phenotypes consistent with EMT in 

transformed epithelial as well as carcinoma cell lines.  For example, TGF-β1 and 

Interleukin-like EMT inducer (ILEI) have independently been shown to promote an EMT 

phenotype in mouse mammary epithelial cells (Thuault et al., 2006; Waerner et al., 

2006).  Interleukin-6 (IL-6) is a pleiotropic cytokine which participates in acute 

inflammation as the major inducer of C reactive protein, plays a central role in 

hematopoiesis (Kishimoto, 2006), and enhances proliferation of breast cancer cells 

(Sasser et al., 2007b).  IL-6 signaling utilizes a specific IL-6 receptor (IL-6R/CD126) as 

well as a promiscuous transmembrane signal transducer, gp130 (CD130), to initiate the 

Jak/STAT3 pathway. 
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To our knowledge, this is the first study to demonstrate the induction of an EMT 

phenotype in carcinoma cells exposed to IL-6.  We utilized a three-dimensional (3D) 

culture assay and an orthotopic xenograft model to reveal that IL-6 effectively promoted 

an EMT phenotype in estrogen receptor-alpha (ERα) positive human breast cancer cells.  

Specifically, IL-6 exposure induced Vimentin, N-cadherin, Snail, and Twist and 

repressed E-cadherin.  This phenotype was further characterized by enhanced 

invasiveness in vitro and increased tumor cell proliferative index, advanced histologic 

grade, and poor differentiation in vivo. 

 

2.2 Results 

2.2.1 IL-6 exposure represses E-cadherin protein expression.  We and others have 

previously shown that ERα positive human breast cancer cells, including MCF-7, BT474, 

T47D, and ZR-75-1, do not express IL-6 (Sansone et al., 2007; Sasser et al., 2007b).  E-

cadherin protein levels were assessed following exposure to IL-6 within a 3D culture 

assay (Sasser et al., 2007a; Sasser et al., 2007b), which allowed us to physiologically 

model the dimensionality and stiffness of in vivo mammary tumor microenvironments 

(Paszek et al., 2005).  IL-6 exposure resulted in decreased E-cadherin in MCF-7 cells at 

2, 4, 8, and 24-hour time points by western blot analysis (Figure 2.1A).  Likewise, 

BT474, T47D, and ZR-75-1 cells showed almost complete abrogation of E-cadherin 

protein levels at 24 hours of IL-6 exposure (Figure 2.1B). 

2.2.2 Autocrine IL-6 expression promotes an EMT phenotype.  To characterize the 

extent to which IL-6 is capable of inducing an EMT phenotype, we evaluated MCF-7 

cells that constitutively express ectopic IL-6 (MCF-7IL-6).  Quantitative real-time PCR  
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Figure 2.1 IL-6 induces E-cadherin protein repression.  A, Western 
blot analysis of MCF-7 cells exposed to 50 ng/ml IL-6 in a 3D culture 
assay revealed a decrease in E-cadherin levels at 2, 4, 8, and 24-hours 
compared to untreated cells in the 3D assay. B, BT474, T47D, and ZR-
75-1 cells were exposed to 50 ng/ml IL-6 for 24 hours in a 3D culture 
assay, and western blot analysis revealed almost complete abrogation of 
E-cadherin compared to untreated cells.
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35 

analysis demonstrated a gene expression pattern consistent with EMT including E-

cadherin repression and concomitant induction of Vimentin, N-cadherin, Snail, and Twist 

in MCF-7IL-6 cells compared to control cells (Figure 2.2A).  Western blot analysis of 

MCF-7IL-6 cells showed nearly complete abrogation of E-cadherin that coincided with 

induction of N-cadherin and Vimentin (Figure 2.2B).  Immunofluorescence microscopy 

was utilized to compare immunostaining of E-cadherin and Vimentin in MCF-7 control 

versus MCF-7IL-6 cells.  MCF-7 control cells showed typical epithelial homophilic 

adhesion, E-cadherin localization at cell-cell junctions, and lacked Vimentin expression.  

Meanwhile, MCF-7IL-6 cells lacked E-cadherin and expressed prominent cytoplasmic 

Vimentin intermediate filaments (Figure 2.2C). 

2.2.3 IL-6 enhances invasiveness.  EMT phenotypes are associated with enhanced tumor 

cell invasiveness.  To determine whether IL-6 exposure functionally enhanced the 

invasive capacity of MCF-7 cells, an in vitro basement membrane extract (BME) 

invasion assay was utilized.  MCF-7 control cells demonstrated minimal invasion through 

BME in the presence or absence of fetal bovine serum (FBS), which served as a 

chemoattractant.  In contrast, MCF-7IL-6 cells were significantly (P-value < 0.05) more 

invasive in the presence or absence of FBS and attained over a 20-fold increase in 

directional invasiveness toward FBS compared to MCF-7 control cells (Figure 2.3). 

2.2.4 Ectopic Twist expression stimulates IL-6 production and STAT3 activation.  

Constitutive expression of Twist in MCF-7 cells (MCF-7Twist) has been shown to induce a 

morphology and phenotype consistent with EMT (Mironchik et al., 2005) analogous to 

those currently noted for MCF-7IL-6 cells.  Accordingly, we examined cellular 

supernatants from MCF-7 vector control cells (MCF-7vector) and MCF-7Twist cells for  
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Figure 2.2  Constitutive IL-6 expression promotes a gene expression pattern and 
phenotype consistent with EMT.  A, Real-time quantitative PCR analysis of MCF-
7IL-6 cells demonstrated a robust decrease in E-cadherin (*P-value = 0.00003) gene 
expression and concomitant increase in N-cadherin, Vimentin (*P-value < 0.05), Snail 
(*P-value < 0.05), and Twist.  Real-time PCR data are shown normalized to GAPDH 
expression and on a logarithmic scale.  B, Western blot analysis of MCF-7IL-6 cells 
revealed the induction of N-cadherin and Vimentin and abrogation of E-cadherin.  C, 
Immunofluorescent staining of MCF-7 control cells demonstrated normal 
immunopositive E-cadherin (red; Alexa Fluor 594) localization and no detectable 
Vimentin (green; Alexa Fluor 488).  Conversely, MCF-7IL-6 cells exhibited no 
detectable E-cadherin and strong immunopositive staining for Vimentin.  DAPI 
nuclear stain is shown in blue.
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phenotype consistent with EMT.  A, Real-time quantitative PCR analysis of MCF-
7IL-6 cells demonstrated a robust decrease in E-cadherin (*P-value = 0.00003) gene 
expression and concomitant increase in N-cadherin, Vimentin (*P-value < 0.05), Snail 
(*P-value < 0.05), and Twist.  Real-time PCR data are shown normalized to GAPDH 
expression and on a logarithmic scale.  B, Western blot analysis of MCF-7IL-6 cells 
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Figure 2.3  IL-6 expression enhances invasiveness in vitro.  MCF-7 control 
cells showed minimal invasion through BME both with (black bars) and 
without (gray bars) the addition of FBS as a chemoattractant.  In contrast, 
MCF-7IL-6 cells demonstrated significantly (*P-value < 0.05) increased 
invasiveness, particularly with FBS supplementation.
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production of soluble IL-6 by enzyme-linked immunosorbent assay.  While MCF-7vector 

cells produced an undetectable concentration of IL-6 as expected (Sansone et al., 2007; 

Sasser et al., 2007b), MCF-7Twist cells produced more than 350 pg/ml of IL-6 (Figure 

2.4A).  We therefore examined the baseline level of phospho-STAT3Y705 in MCF-7vector 

and MCF-7Twist cells, and only the MCF-7Twist cells displayed aberrantly activated STAT3 

(Figure 2.4B).  To determine if STAT3 was required for the EMT phenotypes in human 

breast cancer cells, we inhibited STAT3 activation in MCF7IL-6 and MCF-7Twist cells with 

JSI-124, a highly selective small molecular inhibitor of the Jak/STAT3 signaling pathway 

(Blaskovich et al., 2003).  STAT3 inhibition induced rapid cell death in our cell lines 

(data not shown), which was corroborated by similar reports in other carcinoma cells 

(Barton et al., 2004; Gritsko et al., 2006; Lin et al., 2005). 

2.2.5 Constitutive IL-6 expression maintains an EMT phenotype and promotes cell 

proliferation in an orthotopic xenograft model of breast cancer.  Tumor sections from 

all orthotopic xenograft tumors (n=12 xenografts per cell line) were blindly evaluated and 

graded by a trained pathologist.  Microscopic evaluation of a representative section of 

MCF-7 control tumor revealed rare tubule formation (<10% of the tumor, 3 points), high 

nuclear grade (3 points) and mitotic activity averaging 2 mitotic figures per hpf, including 

abnormal forms (1 point).  The histologic grade of this tumor was 2 (moderately 

differentiated) based on an overall score of 7.  Individual tumor cell necrosis comprising 

less than 10% of the tumor was also noted.  The tumor cells were strongly 

immunopositive for membranous E-cadherin and immunonegative for Vimentin.  Patchy 

intracytoplasmic mucin positivity comprised less than 10% of the tumor and was mostly  
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Figure 2.4  Ectopic Twist expression stimulates secretion of IL-6 and 
constitutive STAT3 activation.  A, 48-hour cellular supernatants were 
assessed by enzyme-linked immunosorbent assay and demonstrated no 
detectable soluble IL-6 production in MCF-7vector cells compared to greater 
than 350 pg/ml IL-6 in MCF-7Twist cells (*P-value = 0.01).  B, MCF-7Twist cells 
expressed elevated phosphorylated STAT3Y705 (phospho-STAT3Y705) as 
shown by western blot analysis.
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Figure 2.4  Ectopic Twist expression stimulates secretion of IL-6 and 
constitutive STAT3 activation.  A, 48-hour cellular supernatants were 
assessed by enzyme-linked immunosorbent assay and demonstrated no 
detectable soluble IL-6 production in MCF-7vector cells compared to greater 
than 350 pg/ml IL-6 in MCF-7Twist cells (*P-value = 0.01).  B, MCF-7Twist cells 
expressed elevated phosphorylated STAT3Y705 (phospho-STAT3Y705) as 
shown by western blot analysis.
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associated with tubule formation.  These results can also be seen in association with 

moderately differentiated tumors. 

Microscopic evaluation of a representative section of MCF-7IL-6 tumor revealed 

no tubule formation (3 points), high nuclear grade (3 points) and mitotic activity 

averaging 8 mitotic figures per hpf, including abnormal forms (2 points).  The histologic 

grade of this tumor is 3 (poorly differentiated), based on an overall score of 8.  The 

presence of 10-20% geographic areas of tumor necrosis was noted.  E-cadherin was 

immunonegative and cytoplasmic immunopositivity for Vimentin was diffuse and strong 

in the tumor cells.  Also noted was the absence of intracytoplasmic mucin.  These results 

can also be seen in association with poorly differentiated tumors. 

In agreement with our in vitro data, MCF-7 control tumors expressed 

membranous E-cadherin whereas MCF-7IL-6 tumors did not.  Vimentin expression was 

immunonegative in MCF-7 control tumors, but MCF-7IL-6 tumors demonstrated robust 

Vimentin protein expression.  Importantly, the human IL-6 receptor does not recognize 

murine IL-6 (van Dam et al., 1993), and consequently, E-cadherin repression and 

Vimentin induction are only evident in MCF-7IL-6 tumors, as these tumors expressed 

human IL-6.  Consistent with our previously published report of enhanced MCF-7IL-6 

tumor engraftment and size compared to MCF-7 control tumors (Sasser et al., 2007b), 

MCF-7IL-6 tumors showed more mitotic figures than MCF-7 control tumors by H&E, 

suggestive of a higher proliferation rate (Figure 2.5) 
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2.3 Discussion 

Collectively, these data demonstrate that IL-6 promotes an EMT phenotype in 

human breast cancer cells.  In particular, we showed IL-6-dependent E-cadherin 

repression in four ERα positive human breast cancer cell lines (Figure 2.1).  Likewise, 

constitutive IL-6 expression induced a gene expression pattern (Figure 2.2A) and EMT 

phenotype (Figures 2.2B and 2.2C) in MCF-7IL-6 cells.  As a functional consequence of 

IL-6 signaling, MCF-7IL-6 cells displayed significantly increased invasiveness when 

compared to MCF-7 control cells (P-value < 0.05) (Figure 2.3).  We also showed that 

ectopic Twist expression in MCF-7 cells induced aberrant IL-6 production (Figure 2.4A) 

and constitutive STAT3 activation (Figure 2.4B).  Finally, MCF-7IL-6 xenograft tumors 

exhibited a phenotype consistent with EMT and associated with poor clinical prognosis in 

breast cancer which included loss of E-cadherin, Vimentin induction, high mitotic 

activity, advanced histologic grade, and poor differentiation (Figure 2.5). 

 Although IL-6 is elevated in human breast tumors as well as breast cancer patient 

sera and associated with a poor prognosis in breast cancer, the source of this IL-6 remains 

poorly defined.  Primary human breast tumor cells (Sansone et al., 2007) and human 

breast cancer cell lines (Sasser et al., 2007b) are capable of producing autocrine IL-6, 

suggesting carcinoma cells as one source of aberrantly increased tumor and serum IL-6.  

We now demonstrate that upon aberrant IL-6 overexpression, human breast carcinoma 

cells acquire a more aggressive phenotype.  We have also recently shown that primary 

breast fibroblasts and fibroblasts isolated from common sites of breast cancer metastasis 

produce IL-6 (Studebaker et al., 2008), which demonstrates one potential mechanism of 

paracrine IL-6 signaling in human breast cancer.  Whether IL-6 signaling in the tumor 
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microenvironment is autocrine-mediated from carcinoma cells or paracrine-mediated 

from stromal cells such as fibroblasts, activated immune cells, or endothelial cells, we 

have previously shown that sustained IL-6 signaling constitutively activates STAT3 in 

human breast cancer cells (Sasser et al., 2007b).  A recent study found that STAT3 has 

the capacity to transactivate Twist gene expression (Cheng et al., 2008) and therefore, our 

current findings suggest that STAT3 may serve as a molecular mediator between IL-6, 

Twist, and ultimate activation of an EMT phenotype in human breast cancer.  

Furthermore, MCF-7Twist cells aberrantly expressed IL-6 and active STAT3, suggesting 

evidence of a vicious cycle whereby IL-6 signals through STAT3 to transactivate Twist 

and subsequently promote autocrine-mediated IL-6 signaling events.   

Stromal fibroblasts represent a major cell type within the tumor 

microenvironment, and soluble factors from mammary carcinoma-associated fibroblasts 

were shown to induce an EMT phenotype in PMC42-LA human breast carcinoma cells.  

The authors could not reproduce the phenotype with recombinant proteins known to be 

present in fibroblast conditioned medium including IGF-I, IGF-II, TNF-α, VEGF, and 

TGF-β (Lebret et al., 2007).  However, IL-6, a factor produced by human breast 

fibroblasts (Singh et al., 1999), was not tested.  In another relevant study, Karnoub et al. 

found that bone marrow-derived human mesenchymal stem cells, a predominant 

population of bone marrow stromal fibroblasts that produces IL-6 (Sasser et al., 2007b), 

enhanced breast cancer metastasis (Karnoub et al., 2007).  Our findings suggest that IL-6 

may be involved in fibroblast-mediated EMT phenotypes and enhanced metastasis in 

breast cancer. 
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 The IL-6 signaling network has been targeted with several therapeutic antagonists 

in various human cancer preclinical and clinical trials, but this strategy has yet to be 

employed for breast cancer.  We have demonstrated an IL-6-mediated EMT phenotype in 

breast cancer cells which is clinically associated with unfavorable outcome in numerous 

types of human carcinomas.  These data support a potential link between poor breast 

cancer patient survival associated with high serum IL-6 (Bachelot et al., 2003; Jiang et 

al., 2000; Kozlowski et al., 2003; Salgado et al., 2003; Zhang and Adachi, 1999) and 

impaired tumor E-cadherin expression (Heimann and Hellman, 2000; Oka et al., 1993; 

Pedersen et al., 2002).  Although further studies are needed to fully define the role of IL-

6 in breast cancer progression and eventual metastasis, our findings strengthen the 

rationale for evaluation of anti-IL-6 therapies in breast cancer. 

 

2.4 Materials and Methods 

2.4.1 Breast cancer cell lines.  ERα positive human breast cancer cell lines MCF-7, 

BT474, T47D, and ZR-75-1 were purchased from the American Type Culture Collection 

(ATCC, Manassas, VA).  MCF-7IL-6 cells were kindly provided by Dr. Mercedes Rincón 

(University of Vermont, Burlington, VT) (Conze et al., 2001), and MCF-7vector and MCF-

7Twist cells were previously published by Dr. Venu Raman (Mironchik et al., 2005).  All 

cell lines were maintained in humidified incubators at 37oC and 5% CO2 and cultured in 

RPMI-1640 medium (Invitrogen, Carlsbad, CA) containing 5% characterized FBS 

(HyClone, Logan, UT), 2mM L-glutamine, 10 units/ml penicillin, and 10 μg/ml 

streptomycin, hereafter termed complete medium. 
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2.4.2 Real-time quantitative PCR.  Total cellular RNA was isolated using a PureLink™ 

Micro-to-Midi Total RNA Purification System (Invitrogen), and cDNA was synthesized 

using a RT2 First Strand Kit (SABiosciences, Frederick, MD).  Real-time PCR was 

performed using RT2 Real-Time™ SYBR Green/ROX PCR Master Mix (SABiosciences) 

on an ABI Prism® 7000 Sequence Detection System (Applied Biosystems, Foster City, 

CA).  Data are shown normalized to GAPDH expression and averaged between three 

repeated experiments.  Primer sequences were as follows.  E-cadherin, forward: 5΄-

CCCACCACGTACAAGGGTC-3΄, reverse:  5΄-CTGGGGTATTGGGGGCATC-3΄; N-

cadherin, forward: 5΄-CAACTTGCCAGAAAACTCCAGG-3΄, reverse:  5΄-

ATGAAACCGGGCTATCTGCTC 3΄; Vimentin, forward:  5΄ 

CGCCAGATGCGTGAAATGG 3΄, reverse:  5΄ ACCAGAGGGAGTGAATCCAGA 3΄; 

Snail, forward:  5΄ AATCGGAAGCCTAACTACAGCG 3΄, reverse:  5΄ 

GTCCCAGATGAGCATTGGCA 3΄; Twist, forward:  5΄ 

GTCCGCAGTCTTACGAGGAG 3΄, reverse:  5΄ GCTTGAGGGTCTGAATCTTGCT 

3΄;  GAPDH, forward:  5΄ GATGCTGGCGCTGAGTACG 3΄, reverse:  5΄ 

GCTAAGCAGTTGGTGGTGC 3΄. 

2.4.3 Western blot analysis.  Whole cell lysates were harvested and western blot 

analysis was performed as previously described (Sasser et al., 2007b).  Primary 

antibodies included rabbit anti-N-cadherin 1:1000 (Santa Cruz Biotechnology, Santa 

Cruz, CA), rabbit anti-E-cadherin 1:1000 (Cell Signaling, Danvers, MA), mouse anti-

Vimentin 1:500 (Clone V9, Dako, Denmark), rabbit anti-phospho-STAT3Y705 1:1000 

(Cell Signaling), rabbit anti-STAT3 1:1000 (Cell Signaling) and mouse anti-β-actin 

1:10,000 (Clone AC-15, Sigma, St. Louis, MO).  Secondary antibodies included goat 
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anti-rabbit IgG-HRP 1:1000 (Santa Cruz Biotechnology) and sheep anti-mouse IgG-HRP 

1:1000 (GE Healthcare, Chalfont St. Giles, United Kingdom).  All antibodies were 

diluted with 5% milk in PBS containing 0.1% Tween-20 (PBS-T) and incubated for 

either 1 hour at room temperature or overnight at 4°C.  All western blots were visualized 

with ECL western blotting substrate (Pierce, Rockford, IL). 

2.4.4 Immunofluorescence.  1.5 x 105 cells per chamber were plated into Lab-Tek™ 

two-chamber slides (Nunc; Thermo Fisher Scientific, Rochester, NY) overnight.  The 

next day, cells were 50-70% confluent, washed one time with PBS, and fixed and 

permeabilized in cold 100% methanol at -20°C for 20 minutes.  Chambers were given 

three five-minute washes in 0.1% Tween-20/PBS (PBS-T) and were then incubated in 

3% BSA/0.1% Tween-20/PBS blocking buffer for one hour at room temperature.  

Following one PBST wash, chambers were incubated with primary antibodies:  rabbit 

anti-E-cadherin 1:200 (Santa Cruz Biotechnology) and mouse anti-Vimentin 1:200 

(Dako) in blocking buffer for two hours at room temperature.  Chambers were given 

three five-minute PBST washes and were then incubated with secondary antibodies: 

donkey anti-rabbit-Alexa Fluor 594 1:1,000 (Molecular Probes; Invitrogen) and goat anti-

mouse-Alexa Fluor 488 1:1,000 (Molecular Probes; Invitrogen) in blocking buffer for 

one hour at room temperature in the dark.  Secondary antibody alone was used as a 

negative immunofluorescent control.  Following three five-minute PBST washes, 

chambers were incubated with 0.25 μg/ml DAPI (Molecular Probes; Invitrogen) for one 

minute at room temperature in the dark.  Chambers were given three five-minute PBST 

washes, plastic chamber inserts were removed, and slides were coverslipped with 

ProLong® Gold antifade reagent (Molecular Probes; Invitrogen).  Slides were evaluated 
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with a Nikon Eclipse E400 microscope, and images were taken with a Nikon DXM1200 

digital camera using Nikon Act-1 version 2.63 imaging software.  Merged images were 

created with SPOT Advanced version 4.0.9 imaging software (Diagnostic Instruments, 

Sterling Heights, MI). 

2.4.5 Invasion assay.  BD Falcon™ FluoroBlok™ Cell Culture Inserts for 24-well plates 

(BD Biosciences, San Jose, CA) were pre-coated with 3 mg/ml Matrigel™ basement 

membrane extract (BME) (BD Biosciences) diluted in phenol red-free RPMI-1640 

medium (Invitrogen) containing 2 mM GlutaMax™ (Invitrogen), hereafter termed serum-

free medium.  Breast cancer cells were labeled with 1 μM carboxyfluorescein diacetate 

succinimidyl ester (CFDA-SE) (Invitrogen) and then plated in complete medium 

overnight.  The following day, adherent cells were trypsinized, and 100,000 cells per well 

were added to a BME-coated 24-well invasion assay plate.  Fluorescent cells that had 

invaded through the BME layer to the underside of the insert were counted at 20 hours.  

Assay was repeated to confirm. 

2.4.6 3D culture assay.  Cultrex® basement membrane extract (BME) (Trevigen, 

Gaithersburg, MD) was diluted in serum-free medium and plated at a concentration of 6 

mg/ml per well into a 24-well plate and allowed to solidify for a minimum of 1 hour at 

37˚C.  All cells were harvested with CellStripper™ non-enzymatic cell dissociation 

solution (Mediatech, Manassas, VA) according to the manufacturer’s protocol to prevent 

trypsin-mediated E-cadherin cleavage between standard 2D culture and 3D assays.  For 

24-hour 3D studies, 250,000 cells embedded in 3 mg/ml BME with or without 50 ng/ml 

recombinant human IL-6 (Peprotech) were plated per well.  Cells were harvested at each 

time point by dilution with serum-free medium, centrifugation out of BME suspension, 
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and lysed with SDS lysis buffer (62.5 mM Tris-HCl, 2% w/v SDS, 10% glycerol, 50nM 

DTT, 0.01% w/v bromophenol blue).  For 2-week MCF-7 3D studies, 150,000 cells were 

plated per well and harvested as described for 24-hour 3D studies with one exception.  At 

day 7, a sample of IL-6-treated cells was harvested from BME and expanded in the 

absence of IL-6 for another 7 days of 3D culture.  Western blot analysis was performed 

as described above. 

2.4.7 Quantification of soluble IL-6 protein.  750,000 cells were plated into a 6-well 

plate and allowed to adhere overnight.  The next day, cells were washed once with PBS 

and 1 ml complete medium was gently added.  Cells were allowed to grow for 48 hours, 

at which time cellular supernatants were harvested and 0.2 μm filtered.  Supernatants 

were assayed for soluble IL-6 protein using the Human IL-6 DuoSet® ELISA 

Development Kit (R&D Systems, Minneapolis, MN) according to the manufacturer’s 

protocol.  Data are shown averaged between two repeated experiments. 

2.4.8 Xenografts, histopathology, and immunohistochemistry.  Immunocompromised 

athymic nude (nu/nu) female mice were purchased at 3-4 weeks of age (The Jackson 

Laboratory, Bar Harbor, ME).  2x106 MCF-7 control or MCF-7IL-6 cells suspended in 6 

mg/ml Cutlrex®  BME (Trevigen) were orthotopically injected into the fifth and tenth 

mammary fat pad of 6 mice per group (n = 12 xenografts per cell line).  Tumors were 

resected at 6 weeks, formalin-fixed, and paraffin-embedded using standard methods. 

Xenograft tissue sections of MCF-7 control and MCF-7IL-6 tumors were blindly 

evaluated microscopically for proliferative indices and degree of differentiation using 

H&E and mucicarmine stained sections, respectively.  E-cadherin and Vimentin protein 

expression was also evaluated by IHC.  The H&E stained tumors were graded using the 
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Nottingham combined histologic grading system (Elston-Ellis modification of the Scarff-

Bloom-Richardson grading system) for invasive breast cancers which includes evaluation 

of morphologic features, such as tubule formation, nuclear pleomorphism and mitotic 

count (Elston and Ellis, 1991).  Mitotic counts were averaged upon evaluation of 5 

separate high power fields (hpf). 

Thin 5 μm tissue sections from the surface of tissue blocks were mounted onto 

glass slides, stained with H&E, and coverslipped in the usual manner.  A second set of 

thin tissue sections were mounted onto glass slides, stained with mucicarmine using the 

standard method, and coverslipped in the usual manner.  Immunoperoxidase staining was 

performed on a third set of thin tissue sections, placed onto charged slides, and 

deparaffinized.  Slides were then immersed in Antigen Retrieval Citra Solution 

(BioGenex, San Ramon, CA) in a pressure cooker at 120˚C, blocked in Power Block™ 

Universal Blocking Reagent (BioGenex) for 10 minutes at room temperature, and washed 

one time with PBS.  Primary antibodies were diluted in Power Block™ reagent.  Slides 

were incubated with rabbit anti-E-cadherin 1:50 (Cell Signaling) or mouse anti-Vimentin 

1:200 (Clone V9, Dako) primary antibody overnight at 4˚C and subsequently washed 

three times with Super Sensitive™ Wash Buffer (BioGenex).  Slides were then incubated 

with 1X Universal Link biotinylated goat anti-mouse and rabbit IgG secondary antibody 

(Biocare Medical, Concord, CA) for 10 minutes at room temperature, washed three times 

with wash buffer, and incubated with streptavadin-HRP (Biocare Medical) in the dark for 

30 minutes at room temperature.  Following three wash buffer washes, AEC substrate 

chromogen (Dako) was added, and the IHC sections were coverslipped in the usual 

manner.  All experiments involving animals were conducted in accordance with The 
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Research Institute at Nationwide Children’s Hospital Institutional Animal Care and 

Usage Committee (IACUC). 

2.4.9 Statistical Analysis.  Student’s t-test was performed to determine statistically 

significant differences between groups, and a P-value < 0.05 was considered significant. 
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CHAPTER 3:  E-cadherin Suppresses Breast Cancer Cell Growth and IL-6 Production 
 
 
 

3.1 Introduction 

 E-cadherin is critical to epithelial cell adhesion and subsequent polarity and 

phenotype, whereas its dysfunction promotes breast carcinoma aggressiveness.  Impaired 

E-cadherin expression correlates with decreased breast cancer patient survival (Heimann 

and Hellman, 2000; Pedersen et al., 2002), and it serves as one of the strongest 

independent prognostic biomarkers for breast cancer.  Although rare, germline mutations 

in the E-cadherin gene (CDH1) are major risk factors for hereditary diffuse gastric cancer 

(HDGC) and predispose HDGC patients to invasive lobular breast carcinoma (Ripperger 

et al., 2009).  Normal epithelial cells express E-cadherin, a well-characterized member of 

the cadherin family of tissue-specific calcium-dependent homophilic intercellular 

adhesion molecules.  β-catenin, a potent transcription factor, binds to E-cadherin at an 

intracellular binding domain and subsequently binds alpha (α)-catenin.  Ligated α-catenin 

then binds F-actin, thereby linking E-cadherin to the cytoskeleton.  This E-cadherin-

catenin-actin complex localizes to adherens junctions, which form between adjacent cells 

to preserve epithelial cell homeostasis (Hartsock and Nelson, 2008). 

 Estrogen receptor-alpha (ERα), another prognostic biomarker utilized to classify 

breast cancer patients, is expressed in luminal subtype breast tumors (Perou et al., 2000) 

and therefore associated with improved patient survival (Buyse et al., 2006; Sorlie et al., 



52 

2001) (Sorlie et al., 2001) (Buyse et al., 2006).  Estrogen-dependent signaling through 

ERα maintains E-cadherin expression through indirect transactivation of metastatic tumor 

antigen 3 (MTA3), which subsequently inhibits Snail, a potent E-cadherin repressor 

(Fujita et al., 2003).  Furthermore, we just showed that interleukin-6 (IL-6) induces E-

cadherin repression in ERα-positive breast cancer cells (Chapter 2).  IL-6 expression is 

NF-κB-dependent (Chauhan et al., 1996) and negatively regulated by ERα, whereby 

direct ERα-NF-κB interactions prohibit NF-κB transactivation of IL-6 (Galien and 

Garcia, 1997). 

 Intercellular contact inhibition of proliferation remains a poorly understood 

phenomenon, but E-cadherin has been implicated as a putative mediator of epithelial cell 

growth.  Utilizing microbeads with chimeric fusion proteins of the E-cadherin 

extracellular domain and an IgG Fc domain, E-cadherin homophilic ligation was 

demonstrated to significantly reduce E-cadherin-positive carcinoma cell proliferation (P-

value < 0.05) (Perrais et al., 2007).  Alternatively, E-cadherin sequesters β-catenin at the 

cell surface as one means to inhibit its nuclear translocation and consequent 

transactivation of β-catenin responsive genes (Perez-Moreno et al., 2003).  Direct β-

catenin target genes include major proliferative oncogenes such as c-Myc and cyclin D1 

(Dihlmann and von Knebel Doeberitz, 2005).  Work by Gottardi, et al. further 

demonstrated cell growth inhibition upon ectopic expression of full-length E-cadherin in 

a colorectal tumor cell line.  However, ectopic expression of E-cadherin which lacks an 

intracellular β-catenin binding activity did not inhibit colorectal tumor cell growth, 

suggesting that the β-catenin binding domain is necessary for E-cadherin-mediated 

growth suppression by retaining β-catenin at the plasma membrane (Gottardi et al., 
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2001).  Likewise, extracellular cleavage of E-cadherin has been shown to maintain 

growth suppressive properties of E-cadherin (Sasaki et al., 2000). 

 In the present study we evaluated the effects of E-cadherin expression levels on 

breast cancer cell growth rates in a 3-dimensional (3D) tumor growth assay (TGA).  In 

particular, we showed that IL-6 enhanced human ERα-positive breast cancer cell growth 

and concomitantly induced E-cadherin protein repression in a dose-dependent manner.  

Furthermore, primary human mesenchymal stem cells (MSC) enhanced breast cancer cell 

growth and reduced E-cadherin protein expression.  Although we unexpectedly 

demonstrated that estrogen had no effect on breast cancer cell growth, estrogen did 

slightly up-regulate E-cadherin protein levels as expected.  MCF-7 cells which express 

Twist (MCF-7Twist) and therefore lack E-cadherin exhibited no growth enhancement upon 

IL-6 or MSC exposure.  Finally, we stably expressed ectopic full-length E-cadherin or E-

cadherin which lacked β-catenin binding activity in MDA-MB-231 cells and showed 

inhibition of soluble IL-6 expression and decreased cell growth. 

 

3.2 Results 

3.2.1 IL-6 enhances the growth of ERα-positive breast cancer cells in a dose-

dependent manner.  ERα positive human breast cancer cells, including MCF-7 and 

BT474, do not express IL-6 (Sansone et al., 2007; Sasser et al., 2007b).  Therefore, we 

assessed the effects of IL-6 on MCF-7 and BT474 cells in a 3-dimensional (3D) tumor 

growth assay (TGA) (Sasser et al., 2007a) to model the dimensionality and stiffness of 

the mammary gland microenvironment (Paszek et al., 2005).  As expected from our 

previous findings (Sasser et al., 2007b), IL-6 increased the growth rates of both 
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BT474VSVgR2 (Figure 3.1A) MCF-7VSVgR2 cells (Figure 3.1B), but we further 

demonstrated a dose-dependent growth enhancement. 

3.2.2 IL-6 down-regulates E-cadherin protein expression in a dose-dependent 

manner.  We have previously revealed that IL-6 represses E-cadherin in breast cancer 

cells (Chapter 2) and thus, hypothesized that IL-6-induced E-cadherin repression may 

promote breast cancer cell growth.  To test this, we assessed E-cadherin protein levels on 

day eight of a 3D TGA by western blot analysis.  In accordance with a dose-dependent 

increase in cell growth upon IL-6 treatment (Figure 3.1), increasing IL-6 concentration 

induced concomitant decreased E-cadherin expression in BT474VSVgR2 (Figure 3.2A) and 

MCF-7VSVgR2 (Figure 3.2B) cells. 

3.2.3 E-cadherin protein levels are associated with cell growth rates.  To further 

characterize the association between E-cadherin status and cell growth, we compared E-

cadherin expression in MCF-7VSVgR2 cells on TGA day one and day eight.  As expected 

based on our IL-6 dose response experiments, IL-6 exposure decreased E-cadherin 

expression in a dose-dependent manner and was associated with increased growth rates in 

MCF-7VSVgR2 cells.  As expected (Fujita et al., 2003), estrogen treatment slightly up-

regulated E-cadherin expression, but the combination of estrogen and increasing doses of 

IL-6 showed a marked decrease in E-cadherin (Figure 3.3A).  Furthermore, cells cultured 

with MSC exhibited the most robust reduction in E-cadherin as well as the largest cell 

growth enhancement (Figure 3.3B). 

3.2.4 Cells which lack E-cadherin do not demonstrate IL-6 or MSC-induced growth.  

To investigate the growth effects of IL-6 and MSC on E-cadherin-negative breast cancer  
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6 in a 3D TGA.  Data are shown relative to day 1 and daily BME alone background 
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Figure 3.3 E-cadherin expression level is associated with cell growth.  A, Western 
blot analysis of E-cadherin expression in MCF-7VSVgR2 cells at day 8 of a 3D TGA.  
Cells alone (Untx) expressed E-cadherin as expected, and E-cadherin levels decreased 
with low (10 ng/ml) and high (100 ng/ml) IL-6 treatment.  10 nM estrogen (E2) alone 
up-regulated E-cadherin as expected, but when combined with low and high IL-6, E2-
induced E-cadherin expression was abrogated.  When grown with mesenchymal stem 
cells (MSC) at a MCF-7:MSC ratio of 10:1, MSC exposure induced the largest 
decrease in E-cadherin expression.  B, 3D TGA growth data normalized to cell growth 
at day 1.  Cell growth rate was inversely associated with E-cadherin expression levels 
in each treatment group.  IL-6 and MSC enhanced cell growth, whereas E2 alone had 
a minimal effect on cell growth.
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Figure 3.3 E-cadherin expression level is associated with cell growth.  A, Western 
blot analysis of E-cadherin expression in MCF-7VSVgR2 cells at day 8 of a 3D TGA.  
Cells alone (Untx) expressed E-cadherin as expected, and E-cadherin levels decreased 
with low (10 ng/ml) and high (100 ng/ml) IL-6 treatment.  10 nM estrogen (E2) alone 
up-regulated E-cadherin as expected, but when combined with low and high IL-6, E2-
induced E-cadherin expression was abrogated.  When grown with mesenchymal stem 
cells (MSC) at a MCF-7:MSC ratio of 10:1, MSC exposure induced the largest 
decrease in E-cadherin expression.  B, 3D TGA growth data normalized to cell growth 
at day 1.  Cell growth rate was inversely associated with E-cadherin expression levels 
in each treatment group.  IL-6 and MSC enhanced cell growth, whereas E2 alone had 
a minimal effect on cell growth.
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cells, we utilized MCF-7 cells which ectopically express Twist (MCF-7Twist) and 

therefore lack E-cadherin (Mironchik et al., 2005).  Monomeric DsRed-positive cells 

were generated (MCF-7Twist/VSVgR), and cell growth was assessed in a 3D TGA for eight 

days.  Cells treated with 50 ng/ml IL-6 or MSC at a tumor cell:MSC ratio of 10:1 showed 

no increase in growth compared to untreated cells (Figure 3.4). 

3.2.5 E-cadherin expression inhibits IL-6 production and cell growth.  To investigate 

the effects of E-cadherin expression on IL-6 production and cell growth, we utilized E-

cadherin-negative DsRed-Express-positive MDA-MB-231 breast cancer cells (MDA-

MB-231RE) (Sasser et al., 2007a) to express full-length E-cadherin (MDA-MB-231RE/E-

cadherin-FL) or E-cadherin lacking β-catenin binding activity (MDA-MB-231RE/E-cadherin-Δβ-

catenin).  It should be noted that each E-cadherin cDNA has an intact extracellular domain, 

thereby capable of extracellular homophilic adhesion.  Stable expression of both E-

cadherin proteins was demonstrated by western blot analysis while vector control cells 

exhibited no E-cadherin expression.  Ectopic E-cadherin expression had no effect on 

constitutive levels of phoshporylated STAT3 (pSTAT3Y705) (Figure 3.5A). 

 Due to reports of ERα-positive E-cadherin-positive breast cancer cells which lack 

IL-6 expression and ERα-negative breast cancer cells which lack E-cadherin but express 

high levels of IL-6 (Chavey et al., 2007; Sasser et al., 2007b), we hypothesized that E-

cadherin may regulate IL-6 production.  Therefore, we assessed 24-hour cellular 

supernatants from MDA-MB-231RE/E-cadherin cells for IL-6 production.  Whereas vector 

control cells exhibited IL-6 production as expected from our previous studies, cells 

expressing either E-cadherin protein expressed significantly less IL-6 than vector control 

cells (P-value = 0.03).  Our findings also indicated that MDA-MB-231RE/E-cadherin-Δβ-catenin  
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cells produced significantly more IL-6 than MDA-MB-231RE/E-cadherin-FL cells (P-value = 

0.001), which produced virtually no IL-6 (Figure 3.5B).  Cell growth was subsequently 

evaluated in a 3D TGA.  When compared to MDA-MB-231RE cells, MDA-MB-231 cells 

expressing either E-cadherin construct demonstrated impaired cell growth rates.  

Moreover, MDA-MB-231RE/E-cadherin-Δβ-catenin cells retained a higher growth rate compared 

to MDA-MB-231RE/E-cadherin-FL cells, implicating the capability of β-catenin to induce cell 

growth in breast cancer cells (Figure 3.5C). 

 

3.3 Discussion 

 The current study characterized the extent to which E-cadherin expression affects 

breast cancer cell growth in a 3D TGA.  We demonstrated a dose-dependent increased 

growth rate in breast cancer cells exposed to IL-6 (Figure 3.1) and concomitant dose-

dependent IL-6-induced E-cadherin repression (Figure 3.2).  Similar findings were 

revealed in breast cancer cells cultured with MSC.  Although estrogen had no effect on 

ERα-positive breast cancer cell growth in this system, it did stimulate slight E-cadherin 

induction compared to untreated cells (Figure 3.3).  MCF-7 cells which expressed Twist 

and therefore no E-cadherin did not exhibit an increase in cell growth when exposed to 

IL-6 or MSC (Figure 3.4).  Finally, stable E-cadherin expression in E-cadherin-negative 

MDA-MB-231 cells inhibited soluble IL-6 expression and decreased growth (Figure 3.5). 

 Although breast cancer-specific increases in serum and tumor microenvironment 

IL-6 levels are associated with poor patient survival (Bachelot et al., 2003; Salgado et al., 

2003; Zhang and Adachi, 1999), this has been generally disregarded as the consequence  
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Figure 3.5 Ectopic E-cadherin expression suppresses IL-6 production and cell 
growth.  A, MDA-MB-231RE cells were stably transfected with vector only (VT), 
full-length E-cadherin (FL), or E-cadherin which lacks a β-catenin binding domain 
(Δ).  Western blot analysis shows that VT cells lack E-cadherin, whereas transfected
cells expressed appropriate ectopic E-cadherin proteins.  E-cadherin did not affect 
constitutive STAT3 phosphorylation (pSTAT3Y705).  B, Vector only cells exhibited 
IL-6 production as expected, whereas E-cadherin-FL cells showed complete 
abrogation of IL-6 and E-cadherin-Δ showed suppressed IL-6 production.  C, 3D 
TGA data demonstrated that ectopic E-cadherin suppressed cell growth.  Compared 
to control cells, E-cadherin-FL cells showed the most robust decrease in growth, 
whereas E-cadherin-Δ cells showed an intermediate growth rate.  Data are shown 
relative to day 1 and daily BME alone control.  RFU, relative fluorescence units.   
*P-value = 0.03; # P-value = 0.001
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Figure 3.5 Ectopic E-cadherin expression suppresses IL-6 production and cell 
growth.  A, MDA-MB-231RE cells were stably transfected with vector only (VT), 
full-length E-cadherin (FL), or E-cadherin which lacks a β-catenin binding domain 
(Δ).  Western blot analysis shows that VT cells lack E-cadherin, whereas transfected
cells expressed appropriate ectopic E-cadherin proteins.  E-cadherin did not affect 
constitutive STAT3 phosphorylation (pSTAT3Y705).  B, Vector only cells exhibited 
IL-6 production as expected, whereas E-cadherin-FL cells showed complete 
abrogation of IL-6 and E-cadherin-Δ showed suppressed IL-6 production.  C, 3D 
TGA data demonstrated that ectopic E-cadherin suppressed cell growth.  Compared 
to control cells, E-cadherin-FL cells showed the most robust decrease in growth, 
whereas E-cadherin-Δ cells showed an intermediate growth rate.  Data are shown 
relative to day 1 and daily BME alone control.  RFU, relative fluorescence units.   
*P-value = 0.03; # P-value = 0.001
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of an elevated anti-tumor inflammatory response.  Conversely, we have previously 

demonstrated that IL-6 is a potent growth factor for ERα-positive breast cancer cells 

(Sasser et al., 2007b) which is now corroborated by dose-dependent IL-6-induced cell 

growth and decreased E-cadherin expression.  Thus, our results suggest that IL-6 is 

capable of mediating breast cancer progression rather than merely serving as an 

inflammatory marker. 

 We have previously demonstrated that MSC have no proliferative effect on 

MDA-MB-231 cells (Sasser et al., 2007b), human ERα-negative breast cancer cells 

which express IL-6 and lack E-cadherin.  To investigate if this would be the case in other 

cells which lack E-cadherin, we utilized human ERα-positive MCF-7 cells which 

ectopically express Twist (MCF-7Twist) and therefore lack E-cadherin.  MCF-7Twist/VSVgR 

cell growth was unaffected by IL-6 or MSC to further suggest that E-cadherin repression 

promotes breast cancer cell growth.  Interestingly, we recently showed that ectopic Twist 

expression induces soluble IL-6 production (Chapter 2), which may account for the lack 

of growth enhancement in the presence of exogenous IL-6 or MSC. 

 MDA-MB-231 breast cancer cells represent a well-characterized cell line 

commonly used to model highly aggressive breast cancer.  The fact that MDA-MB-231 

cells are E-cadherin-negative allowed us to study the biological impact of two E-cadherin 

constructs, one full-length (E-cadherin-FL) and one without β-catenin binding activity 

(E-cadherin-Δβ-catenin), in these cells.  Full-length E-cadherin expression was sufficient 

to significantly abrogate IL-6 production in MDA-MB-231 cells (P-value = 0.03), 

demonstrating the potential of E-cadherin to regulate IL-6 expression.  Although E-

cadherin-Δβ-catenin expression significantly reduced IL-6 production compared to vector 
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control cells (P-value = 0.03), it sustained significantly more IL-6 production than full-

length E-cadherin expression (P-value = 0.001).  These results suggest that E-cadherin 

suppresses evident β-catenin-mediated transactivation of IL-6 in breast cancer cells.  In 

addition to abrogating IL-6 production, full-length E-cadherin expression in MDA-MB-

231 cells induced a robust decrease in cell growth rate.  Interestingly, an elevated growth 

rate was demonstrated upon E-cadherin-Δβ-catenin expression compared to the full-

length E-cadherin but remained much lower than control cell growth.  These data 

implicate β-catenin as a promoter of MDA-MB-231 cell growth in our 3D TGA model 

while also providing evidence that E-cadherin-mediated extracellular adhesion may also 

inhibit breast cancer cell growth. 

 E-cadherin is more commonly regarded as a major invasion/metastasis 

suppressor, but the current study highlights its competence as a bona fide tumor 

suppressor protein.  Furthermore, we have revealed that E-cadherin inhibits aberrant IL-6 

production and breast cancer cell growth, which support the fact that impaired E-cadherin 

expression is a strong indicator of poor prognosis in breast cancer patients.  In 

conclusion, our findings demonstrate the capacity of E-cadherin to control multiple facets 

of breast cancer progression beyond simply curbing invasion and metastasis, particularly 

through IL-6 repression and growth inhibition. 

 

3.4 Materials and Methods 

3.4.1 Breast cancer cell lines.  MCF-7, BT474, and MDA-MB-231 cells were purchased 

from the American Type Culture Collection (ATCC, Manassas, VA).  MCF-7Twist cells 

were kindly provided and previously published by Dr. Venu Raman at Johns Hopkins 
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University (Mironchik et al., 2005).  All cell lines were maintained in humidified 

incubators at 37°C and 5% CO2 and cultured in RPMI-1640 medium (Invitrogen, 

Carlsbad, CA) containing 5% characterized FBS (HyClone, Logan, UT), 2 mM L-

glutamine, 10 U/ml penicillin, and 10 μg/ml streptomycin, hereafter termed complete 

medium. 

3.4.2 Primary bone marrow-derived human mesenchymal stem cells (MSC).  

Primary human bone marrow-derived MSC (also known as bone marrow stromal cells or 

bone marrow fibroblasts) were obtained from Dr. Darwin Prockop at Tulane University 

(http://www.som.tulane.edu/gene_therapy/distribute.shtml).  MSC were maintained in 

MEM-alpha medium (Invitrogen) containing 10% defined FBS (HyClone), 2 mM L-

glutamine, 10 U/ml penicillin, 10 μg/ml streptomycin. 

3.4.3 Stable red fluorescent breast cancer cell lines.  Stable red fluorescent protein 

expressing cell lines were generated as previously described (Sasser et al., 2007a).  

Briefly, we generated stable monomeric DsRed-positive MCF-7 and BT474 cell lines 

using VSV-G pseudotyped MLV retrovirus containing the pRetroQ-DsRed Monomer-C1 

packaging construct (Clontech, Mountain View, CA).  Retrovirus was produced by co-

transfecting pVSV-G and pRetroQ-DsRed into the PG2-293 MLV packaging cell line 

and collecting virus from cellular supernatants, which was subsequently used to transfect 

MCF-7 and BT474 cells with TransFast™ lipid-based transfection reagent (Promega, 

Madison, WI).  Following two weeks of selection with 5 μg/ml puromycin (Invivogen, 

San Diego, CA), cells underwent two sequential rounds of sterile cell sorting (MCF-

7VSVgR2 and BT474VSVgR2).  Likewise, monomeric DsRed-containing retrovirus was also 

used to generate stable MCF-7Twist/VSVgR cells.  In addition to stable monomeric DsRed-
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positive cells, MDA-MB-231 cells were transfected with pDsRed-Express-C1 DNA 

plasmid (Clontech, Mountain View, CA) using TransFast™ lipid-based transfection 

reagent (Promega, Madison, WI).  After 48 hours, DsRed-Express-positive cells were 

selected with 200 μg/ml G418 (Invivogen) for two weeks.  Stable red fluorescent cells 

were sequentially sterile cell sorted using a Becton Dickinson FACSVantage/DiVa 

(Becton Dickinson; Mountain View, CA) (MDA-MB-231RE). 

 Full-length E-cadherin cDNA (E-cadherin-FL) and truncated E-cadherin cDNA 

(E-cadherin-Δβ-catenin) which lacks intracellular β-catenin binding activity were kindly 

provided and previously published by Dr. Barry Gumbiner at University of Virginia 

(Gottardi et al., 2001) (Perrais et al., 2007).  E-cadherin cDNA was subcloned into a 

pcDNA3.1/Hygro DNA vector (Invitrogen) which contained a hygromycin resistance 

gene.  MDA-MB-231 were transfected with E-cadherin cDNA using TransFast™ lipid-

based transfection reagent (Promega) and selected with 400 μg/ml hygromycin 

(Invivogen) to generate stable cell lines (MDA-MB-231RE/E-cadherin-FL and MDA-MB-

231RE/E-cadherin-Δβ-catenin). 

3.4.4 3D Tumor Growth Assay (TGA).  The 3D TGA is a fluorescence-based in vitro 

proliferation assay that we previously designed to monitor cell growth over time (Sasser 

et al., 2007a; Sasser et al., 2007b; Studebaker et al., 2008).  Briefly, red fluorescent cells 

(MCF-7VSVgR2, BT474VSVgR2, and MDA-MB-231RE) were embedded in 3 mg/ml 

Cultrex® basement membrane extract (BME) (Trevigen, Gaithersburg, MD) in the 

presence or absence of recombinant human IL-6 (PeproTech, Rocky Hill, NJ) or with 

MSC.  BME is diluted in serum-free phenol red-free RPMI-1640, and cells were plated 

into black-walled clear bottom 96-well plates at 12,500 cells/well in triplicate.  
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Fluorescence, which correlates with cell number (Sasser et al., 2007a), was measured 

daily up to eight days on a SpectraMax M2e Microplate Reader (Molecular Devices, 

Sunnyvale, CA). 

3.4.5 Western blot analysis.  Cells were harvested from the 3D TGA by dilution with 

serum-free medium, centrifugation out of BME suspension at 4°C, and lysed with SDS 

lysis buffer (62.5 mM Tris-HCl, 2% w/v SDS, 10% glycerol, 50nM DTT, 0.01% w/v 

bromophenol blue).  Western blot analysis was performed as previously described (Sasser 

et al., 2007b).  Primary antibodies included rabbit anti-E-cadherin 1:1000 (Cell 

Signaling, Danvers, MA), rabbit anti-E-cadherin 1:1000 (Santa Cruz Biotechnology, 

Santa Cruz, CA) (Figure 3 only), mouse anti-β-actin 1:10,000 (Clone AC-15, Sigma, St. 

Louis, MO), rabbit anti-phospho-STAT3Y705 1:1000 (Cell Signaling), and rabbit anti-

STAT3 1:1000 (Cell Signaling).  Secondary antibodies included goat anti-rabbit IgG-

HRP 1:1000 (Santa Cruz Biotechnology) and sheep anti-mouse IgG-HRP 1:1000 (GE 

Healthcare, Chalfont St. Giles, United Kingdom).  All antibodies except rabbit anti-

phospho-STAT3Y705 were diluted with 5% milk in PBS containing 0.1% Tween-20 (PBS-

T) and incubated for either 1 hour at room temperature or overnight at 4°C.  Rabbit anti-

phospho-STAT3Y705 was diluted with 5% BSA in PBS-T and incubated overnight at 4°C 

All western blots were visualized with ECL western blotting substrate (Pierce, Rockford, 

IL). 

3.4.6 Quantification of soluble IL-6 protein.  750,000 cells were plated per well into a 

6-well plate and allowed to adhere overnight.  The next day, cells were approximately 

75% confluent, washed once with PBS, and 1 ml complete medium was gently added.  

Cells were allowed to grow for 24 hours, at which time cellular supernatants were 
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harvested and 0.2 μm filtered.  Supernatants were assayed for soluble IL-6 protein using 

the Human IL-6 DuoSet® ELISA Development Kit (R&D Systems, Minneapolis, MN) 

according to the manufacturer’s protocol. 

3.4.7 Statistical analysis.  Student’s t-test was performed to determine statistically 

significant differences between groups, and a P-value < 0.05 was considered significant. 
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CHAPTER 4:  Tumor-Induced Gender Disparities in Myeloid-Derived Suppressor Cell 
Expansion and Immune Competence in a Murine Model of Cutaneous Squamous Cell 

Carcinoma 
 
 
 

4.1 Introduction 

Non-melanoma skin cancer (NMSC), which includes basal cell and squamous cell 

carcinomas, represents the most common type of human malignancy and incidence rates 

continue to rise annually.  More than one million cases will be diagnosed this year in the 

United States (www.cancer.gov).  Furthermore, male incidence rates are approximately 

double those for females (Foote et al., 2001).  Ultraviolet light B (UVB) is the most 

dominant etiologic wavelength of UV radiation in NMSC (van Steeg and Kraemer, 1999) 

and is categorized as a complete carcinogen due to its capacity to induce tumor initiation, 

promotion, and progression (Baliga and Katiyar, 2006).  Thus, the gender anomaly was 

initially attributed to more male sun exposure, but recent reports from our laboratory have 

revealed gender differences in cutaneous inflammation and consequent skin 

carcinogenesis upon equivalent cumulative UVB exposure.  In particular, male mice get 

more tumors faster and demonstrate less inflammation while exhibiting more oxidative 

DNA damage compared to females (Thomas-Ahner et al., 2007). 

Immunosuppression promotes tumorigenesis in mice and humans.  In fact, 

immunodeficient mice are more susceptible to spontaneous or chemically-induced 

tumors, particularly in skin (Koebel et al., 2007; Shankaran et al., 2001).  Likewise, 



69 

human transplant recipients on chronic immunosuppressive therapy or acquired 

immunodeficiency syndrome (AIDS) patients exhibit an increased risk of cancer 

(Bernstein et al., 2006; Veness et al., 1999).  Therefore, a predominant hypothesis of 

cancer immunosurveillance has reemerged which proposes that under normal 

circumstances, the immune system is capable of recognizing and eliminating abnormal 

tumor cells, thereby effectively preventing malignancy.  In addition, an immunoediting 

hypothesis has more recently emerged, which takes into account the fact that tumor 

infiltrating immune cells may promote immune evasion and subsequent tumor 

progression through selection of poorly immunogenic tumor cells (Dunn et al., 2004). 

Myeloid-derived suppressor cells (MDSC), a heterogeneous population of 

immature myeloid cells capable of robust immunosuppression, have gained recent 

appreciation despite being initially described in tumor-bearing mice over twenty years 

ago.  Bone marrow-derived MDSC are mobilized to peripheral lymphoid tissue in 

response to infection, sepsis, and trauma.  Moreover, multiple murine tumor models such 

as melanoma, neuroblastoma, breast, lung, colon, and cervical cancers as well as 

peripheral blood specimens from patients with various types of cancer have confirmed 

aberrant peripheral induction of MDSC.  In mice, MDSC exhibit a Gr-1/CD11b double-

positive immunophenotype and are normally scant in peripheral tissue.  In tumor-bearing 

mice however, MDSC can make up to 40% of total splenocytes and can be detected 

within tumor microenvironments. 

 Tumor-derived as well as inflammatory cytokines including VEGF, G-CSF, M-

CSF, GM-CSF, SCF, TGF-β, IFN-γ, IL-1β, and IL-6 are capable of regulating MDSC 

expansion and activation either directly or by inducing myelopoiesis and inhibiting 
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myeloid cell maturation.  MDSC suppress T-cell proliferation through metabolism of L-

arginine, a required amino acid for T-cell proliferation and substrate for arginase-1 and 

inducible nitric oxide synthase (iNOS), both of which are overexpressed by MDSC.  

Furthermore, MDSC produce high levels of reactive oxygen species (ROS), which 

consequently induce antigen-specific T-cell anergy (Gabrilovich and Nagaraj, 2009).  

Additionally, MDSC have been shown to produce elevated levels of IL-10 and TGF-β, 

immunosuppressive cytokines capable of de novo regulatory T-cell induction.  IL-10 

production can also generate a Th2 T-cell response rather than an appropriate Th1 anti-

tumor response, the latter characterized by interferon responsiveness and subsequent 

STAT1 activation (Ostrand-Rosenberg and Sinha, 2009). 

 Although aberrant peripheral MDSC induction is well-established in diverse 

murine tumor models and human cancers, it has yet to be described in UVB-induced non-

melanoma skin cancer.  In the current pilot study, we utilized the Skh-1 mouse model of 

UVB-induced cutaneous squamous cell carcinoma to investigate the role of MDSC in 

skin tumorigenesis.  Specifically, our results confirmed higher male tumor burden 

compared to females as expected (Thomas-Ahner et al., 2007), as well as offered 

evidence of gender differences in consequent MDSC expansion in male compared to 

female tumor-bearing mice.  We demonstrated impaired immune competence as 

evaluated by interferon-induced STAT1 phosphorylation in male splenocytes, suggesting 

systemic immunosuppression that may be associated with MDSC induction. 
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4.2 Results 

4.2.1 Male mice exhibit higher UVB-induced skin tumor burden.  Fifteen female and 

fifteen male 4-week old outbred Skh-1 mice underwent UVB irradiation three times per 

week for 25 weeks.  At week 25, individual tumor burdens were calculated, taking into 

account total tumor number per mouse and individual tumor area per mouse.  In 

accordance with our previous findings in this model of UVB-induced cutaneous SCC 

(Thomas-Ahner et al., 2007), male mice had significantly higher skin tumor burdens 

compared to female mice receiving equivalent cumulative doses of UVB (P-value < 0.05) 

(Figure 4.1). 

4.2.2 UVB-induced skin tumorigenesis promotes peripheral MDSC expansion.  Ten 

outbred Skh-1 mice of each gender received no UVB exposure and served as tumor-free 

controls.  Total female and male splenocytes from mice lacking tumors (no UVB 

controls) and those from mice with relatively low (n = 2 per gender) and high (n = 2 per 

gender) tumor burdens following 25 weeks of UVB exposure were stained for Gr-1 and 

CD11b for flow cytometric analysis.  Gr-1/CD11b double-positive cells were considered 

MDSC, and representative dot plots are shown from each group of mice.  MDSC were 

present at low levels in no UVB control mice, and a basal gender discrepancy was not 

evident.  However, mice with relatively low UVB-induced skin tumor burden 

demonstrated elevated MDSC levels, particularly in male tumor-bearing mice.  

Furthermore, mice with relatively high UVB-induced skin tumor burden showed more 

robust MDSC induction, which was particularly apparent in male tumor-bearing mice 

(Figure 4.2). 
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Figure 4.1 Higher UVB-induced skin tumor burden in male Skh-1 mice.  Female 
and male outbred Skh-1 mice were exposed to UVB irradiation 3 times per week for 
25 weeks.  Individual tumor burdens were calculated, taking into account tumor 
number and individual tumor area.  Horizontal bars represent mean tumor burden.   
*P-value < 0.05
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Figure 4.1 Higher UVB-induced skin tumor burden in male Skh-1 mice.  Female 
and male outbred Skh-1 mice were exposed to UVB irradiation 3 times per week for 
25 weeks.  Individual tumor burdens were calculated, taking into account tumor 
number and individual tumor area.  Horizontal bars represent mean tumor burden.   
*P-value < 0.05
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Figure 4.2 Peripheral MDSC expansion in skin tumor-bearing mice.  Following 
chronic UVB exposure, mice were sacrificed, and splenocytes from the two highest 
and two lowest tumor burden mice per gender were stained for Gr-1-FITC (x-axis) 
and CD11b-APC (y-axis).  Gr-1+/CD11b+ events were considered MDSC, and 
representative dot plots are shown.  No UVB tumor-free control mice showed low 
levels of baseline MDSC.  Compared to No UVB controls, tumor-bearing mice 
exhibited elevated peripheral MDSC expansion, and high tumor burden mice 
demonstrated more MDSC than low tumor burden mice.  MDSC levels were higher in 
male compared to female tumor-bearing mice.
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Figure 4.2 Peripheral MDSC expansion in skin tumor-bearing mice.  Following 
chronic UVB exposure, mice were sacrificed, and splenocytes from the two highest 
and two lowest tumor burden mice per gender were stained for Gr-1-FITC (x-axis) 
and CD11b-APC (y-axis).  Gr-1+/CD11b+ events were considered MDSC, and 
representative dot plots are shown.  No UVB tumor-free control mice showed low 
levels of baseline MDSC.  Compared to No UVB controls, tumor-bearing mice 
exhibited elevated peripheral MDSC expansion, and high tumor burden mice 
demonstrated more MDSC than low tumor burden mice.  MDSC levels were higher in 
male compared to female tumor-bearing mice.
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4.2.3 Male mice with relatively high skin tumor burden demonstrate elevated 

peripheral MDSC levels.  Whereas female skin tumor-bearing mice showed no 

significant difference in skin tumor-induced MDSC levels, the data are suggestive that 

MDSC numbers increase with tumor burden.  In contrast, male skin tumor-bearing mice 

showed significantly more MDSC in high compared to low tumor burden groups (P-

value = 0.002).  Additionally, the data are suggestive of a gender disparity in skin tumor-

induced MDSC expansion, whereby male mice are more susceptible to increased MDSC 

levels following UVB-induced skin tumorigenesis compared to females (Figure 4.3). 

4.2.4 Abrogation of splenocyte interferon responsiveness in male UVB-induced skin 

tumor-bearing mice.  To investigate the potential systemic immunosuppressive 

consequences of skin tumor-induced aberrant MDSC induction, female and male 

splenocytes were stimulated with interferon-alpha (IFN-α) and gamma (IFN-γ) and 

subsequently stained for intracellular phosphorylated STAT1 (pSTAT1) as a marker of 

interferon responsiveness.  Basal levels of pSTAT1 in PBS-treated splenocytes were 

similar to those of isotype control stained splenocytes (data not shown), and therefore, 

data are shown compared to isotype control.  Splenocytes from female and male tumor-

free control mice exhibited normal pSTAT1 induction following IFN-α and IFN-γ 

stimulation.  Although female mice with relatively low tumor burden showed IFN 

responsiveness consistent with female tumor-free mice, male tumor-bearing mice 

demonstrated impaired IFN responsiveness even with relatively low tumor burden.  

While female splenocytes from mice with relatively high tumor burden were still capable 

of responding to IFN-γ, IFN-α responsiveness was diminished.  However, male  
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Figure 4.3 Male mice demonstrate more skin tumor-induced peripheral MDSC 
compared to female mice.  Flow cytometric analysis of Gr-1+/CD11b+ MDSC 
suggests a gender discrepancy in susceptibility to MDSC induction.  Male low and 
high tumor burden mice (n = 2 per group) exhibit higher mean MDSC levels 
compared to respective female tumor-bearing mice (n = 2 per group).  Male high 
compared to low tumor burden mice showed significantly more peripheral MDSC   
(*P-value = 0.002)
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Figure 4.3 Male mice demonstrate more skin tumor-induced peripheral MDSC 
compared to female mice.  Flow cytometric analysis of Gr-1+/CD11b+ MDSC 
suggests a gender discrepancy in susceptibility to MDSC induction.  Male low and 
high tumor burden mice (n = 2 per group) exhibit higher mean MDSC levels 
compared to respective female tumor-bearing mice (n = 2 per group).  Male high 
compared to low tumor burden mice showed significantly more peripheral MDSC   
(*P-value = 0.002)
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splenocyte responsiveness to either IFN-α or IFN-γ was severely abrogated in relatively 

high tumor burden mice (Figure 4.4). 

 We evaluated pSTAT1 mean fluorescence intensity, a measure of target protein 

expression level.  No gender discrepancy in basal IFN responsiveness was evident in 

tumor-free control mice (Figure 4.5A).  In relatively high tumor burden mice, the data are 

suggestive of a difference between female and male splenocyte IFN responsiveness (P-

value = 0.1) (Figure 4.5B).  When we compared IFN responsiveness between tumor-free 

and relatively high tumor burden male mice, high tumor burden males showed 

significantly less pSTAT1 induction upon IFN-α stimulation compared to tumor-free 

males (P-value = 0.01).  Likewise, high tumor burden males showed significantly less 

pSTAT1 induction upon IFN-γ stimulation compared to tumor-free males (P-value = 

0.001) (Figure 4.5C). 

 

4.3 Discussion 

To our knowledge, this is the first report of peripheral MDSC expansion in a 

mouse model of UVB-induced NMSC and furthermore, of a gender disparity in 

susceptibility to MDSC induction.  Our findings were in accordance with our previous 

reports, which demonstrated that male Skh-1 mice acquire higher UVB-induced tumor 

burdens compared to female Skh-1 mice (Figure 4.1).  We showed low basal levels of 

MDSC in tumor-free female and male Skh-1 mice and a subsequent robust induction of 

peripheral MDSC following chronic exposure to UVB irradiation (Figure 4.2).  Male 

mice with high tumor burden maintained significantly more MDSC than those with low 

tumor burden (P-value = 0.002) (Figure 4.3).  Furthermore, these data suggest that male  
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skin tumor-bearing mice are more susceptible to MDSC induction compared to female 

skin tumor-bearing mice.  Finally, male skin tumor-bearing mice exhibited severely 

abrogated pSTAT1 induction following IFN stimulation (Figures 4.4 and 4.5). 

Work from our laboratory has previously demonstrated gender differences in 

UVB-induced inflammation and subsequent skin tumorigenesis in the currently used and 

well-established Skh-1 mouse model.  In particular, the UVB-induced inflammatory 

response was significantly higher in female mice (P-value < 0.05), while total tumor 

burden was significantly higher in male mice (P-value = 0.0177) (Thomas-Ahner et al., 

2007).  The current study confirmed a significantly higher UVB-induced skin tumor 

burden in male mice (P-value < 0.05), but our findings also suggest a novel gender 

disparity in peripheral MDSC expansion following chronic UVB exposure and 

consequent skin tumorigenesis.  Our results suggest that male mice are inherently more 

prone to skin tumor-induced MDSC induction than females.  Moreover, peripheral 

MDSC were significantly higher in male mice with relatively high compared to relatively 

low tumor burden, and these results correlate with systemic abrogation of IFN 

responsiveness in high tumor burden male mice.  These data provide evidence of a 

functional consequence of aberrant peripheral MDSC expansion, whereby male skin 

tumor-bearing mice had more MDSC and demonstrated impaired systemic immune 

competence compared to females.  These data also correlate with the decreased 

inflammatory response we have shown in male compared to female mice following UVB 

exposure (Thomas-Ahner et al., 2007). 

As stated, this was a pilot study to characterize MDSC induction in our Skh-1 

mouse model of UVB-inuduced NMSC.  Thus, we only harvested spleens from the two 
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highest tumor burden mice and spleens from the two lowest tumor burden mice for each 

gender.  Although this was not enough to show significant discrepancies in the MDSC 

population or immune competence of total splenocytes between female and male tumor-

bearing mice, we were able to demonstrate some significant differences within male 

mice. 

Future studies will expand on these findings of the effects of UVB-induced skin 

tumorigenesis on MDSC induction and potentially consequent systemic immune 

competence.  In vivo studies will be performed to determine the time course of MDSC 

induction and evolution of systemic immunodeficiency following acute and chronic UVB 

exposure.  UVB irradiation induces cutaneous inflammation, and of particular interest, 

IL-6 expression in primary human keratinocytes (De Haes et al., 2003).  IL-6 is a 

predominant factor capable of promoting MDSC expansion and activation in mouse 

tumor models, and we hypothesize that it may play a role in skin tumor-induced MDSC 

induction.  Therefore, we will evaluate serum IL-6 levels during acute and chronic UVB 

exposure studies.  Understanding gender disparities in MDSC expansion may reveal 

novel immunotherapeutics for NMSC patients and may potentially translate to other 

cancers as well. 

 

4.4 Materials and Methods 

4.4.1 Murine UVB-induced NMSC model.  Outbred Skh-1 mice (Charles River 

Laboratories, Wilmington, MA) were housed at The Ohio State University’s vivarium 

according to the requirements established by the American Association for Accreditation 

of Laboratory Animal Care. Procedures were approved by the appropriate Institutional 
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Animal Care Utilization Committee before the initiation of any studies.  15 female and 15 

male four-week old Skh-1 mice were exposed to dorsal UVB irradiation as previously 

described (Thomas-Ahner et al., 2007).  Briefly, Phillips FS40UVB lamps (American 

Ultraviolet Company, Lebanon, IN) fitted with Kodacel filters (Eastman Kodak, 

Rochester, NY) were used to ensure only UVB (290–320 nm) emission.  Animals were 

exposed to 2,240 J/m2 (previously determined as 1 minimal erythemic dose) three times 

per week for 25 weeks.  Skin tumors greater than 1 mm were counted and subsequently 

measured weekly with digital calipers.  Animals were sacrificed 24 hours following the 

last UVB treatment, and spleens from the two highest and two lowest tumor burden mice 

of each gender were harvested.  Spleen tissue was disaggregated into cellular splenocyte 

suspension and frozen in liquid nitrogen at -120ºC. 

4.4.2 Interferon stimulation of total splenocytes.  Splenocytes were thawed and washed 

in RPMI-1640 medium (Invitrogen, Carlsbad, CA) containing 10% FBS (HyClone, 

Logan, UT), hereafter referred to as splenocyte medium.  5 x 105 splenocytes were 

treated with 104 units/ml recombinant universal type I IFN (IFN-α) (PBL Biomedical 

Laboratories, Piscataway, NJ) or 10 ng/ml recombinant murine IFN-γ (R&D Sytems, 

Minneapolis, MN) at 37ºC for 15 minutes.  Splenocytes treated with PBS were used as 

unstimulated baseline controls.  Cells were washed with splenocyte medium, and 

immediately used for flow cytometric analysis of STAT1 phosphorylation (see below). 

4.4.3 Flow cytometric analysis of myeloid-derived suppressor cells.  Splenocytes were 

thawed and washed in splenocyte medium.  5 x 105 cells were double stained with rat 

anti-mouse Gr-1-FITC and rat anti-mouse CD11b-APC antibodies (BD Biosciences, San 

Jose, CA) in 100 μl splenocyte medium on ice in the dark for one hour.  Appropriate 
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isotype control antibodies were used as negative controls.  Stained cells were washed 

with PBS (Invitrogen) containing 5% FBS (HyClone), and resuspended in PBS 

containing 1% formalin.  Flow cytometric analysis was performed using a BD 

FACSCalibur flow cytometer (BD Biosciences), and 10,000 events were collected for 

each sample.  All flow cytometric data shown were analyzed and generated using 

WinMDI version 2.8 software (The Scripps Research Institute, San Diego, CA). 

4.4.4 Flow cytometric analysis of STAT1 phosphorylation.  Intracellular pSTAT1 flow 

cytometric staining was performed using the Fix & Perm® Cell Permeabilization Kit 

(Molecular Probes, Invitrogen).  IFN-stimulated cells were fixed and permeabilized 

according to the manufacturer’s methanol modification protocol and subsequently stained 

with mouse anti-STAT1 (pY701)-Alexa Fluor® 488 antibody (BD Biosciences).  

Appropriate isotype control antibody was used as a negative control and data are shown 

relative to isotype control staining. 

4.4.5 Statistical Analysis.  Student’s t-test was performed to determine statistically 

significant differences between groups, and a P-value < 0.05 was considered significant. 
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CHAPTER 5:  CONCLUSION 
 
 
 
 Far too many women have to endure unimaginable physical and emotional 

adversity during their battle with breast cancer, and the tragic reality is that the disease 

will take many of their lives while devastating the lives of family and friends.  Therefore, 

researchers have devoted their efforts, in many cases a life’s work, to unlocking the 

biological mechanisms that foster breast carcinogenesis and breast cancer progression.  

Curing and perhaps preventing breast cancer is going to be a difficult challenge for years 

to come, but great strides have been made to ameliorate the dismal implication of each 

breast cancer diagnosis.  In fact, the current body of basic breast cancer research offers 

evidence of yet another potential mediator of breast cancer progression in the form of IL-

6.  Our findings suggest that breast cancer patient serum and tumor IL-6 levels are 

clinically relevant, and therefore, should be routinely evaluated upon diagnosis.  

Furthermore, this work supports the validation of currently available IL-6 signaling 

antagonists in breast cancer preclinical studies.  Recombinant soluble gp130 (sgp130-Fc) 

has been shown to suppress murine colon carcinogenesis (Becker et al., 2004), and our 

results suggest that this may be effective in breast cancer as well.  sgp130-Fc would 

inhibit only IL-6 trans-signaling, thus preserving IL-6 signaling through membranous IL-

6R in cells such as immune cells.  If proven efficacious, IL-6 signaling antagonists could 

seize further clinical utility as breast cancer neoadjuvant or adjuvant therapy. 
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 We demonstrated the potential of IL-6 to provoke an EMT phenotype in breast 

cancer cells in Chapter 2.  EMT phenotypes are associated with poor patient survival in 

multiple types of carcinoma, and breast cancer is no exception.  We can conclude from 

these studies that paracrine IL-6 signaling is capable of potent E-cadherin protein 

repression in ERα-positive breast cancer cells.  Autocrine IL-6 signaling in MCF-7 breast 

cancer cells (MCF-7IL-6) not only represses E-cadherin, but also induces aberrant N-

cadherin, Vimentin, Twist, and Snail expression.  IL-6 renders relatively noninvasive 

breast cancer cells highly invasive in vitro.  Autocrine IL-6 signaling maintains a breast 

cancer-associated EMT phenotype in vivo while enhancing tumor growth and promoting 

poor tumor cell differentiation.  Breast cancer cells which possess an EMT phenotype 

also demonstrate IL-6 overexpression and constitutive STAT3 activation. 

 Chapter 3 investigated the role of E-cadherin in breast cancer cell proliferation 

and IL-6 production.  We have previously reported that IL-6 is a potent growth factor for 

ERα-positive breast cancer cells, but at the time, were unable to reveal a mechanism to 

explain this finding.  As we showed in Chapter 2, E-cadherin expression is impaired 

following IL-6 exposure in breast cancer cells grown in 3D culture, and this prompted us 

to assess the impact of E-cadherin repression on IL-6-induced growth enhancement.  It 

can be concluded from Chapter 3 that IL-6 enhances the growth rates of ERα-positive 

breast cancer cells in a dose-dependent manner.  IL-6 dose also correlates with degree of 

E-cadherin protein repression, which suggests that loss of E-cadherin may be a dominant 

factor in IL-6-induced breast cancer cell growth.  We have previously demonstrated that 

E-cadherin-negative MDA-MB-231 breast cancer cell growth is unaffected by IL-6, and 

we now show that MCF-7Twist cells, another cell line which lacks E-cadherin, do not 
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respond to IL-6 exposure.  Final experiments in Chapter 3 utilized MDA-MB-231 cells 

which ectopically expressed full-length E-cadherin or that which lacked β-catenin 

binding activity (mutant E-cadherin).  Full-length E-cadherin expression completely 

abrogated IL-6 expression in MDA-MB-231 cells whereas mutant E-cadherin reduced 

IL-6 expression but to a lesser extent.  Therefore, it appears that β-catenin may regulate 

IL-6 expression in breast cancer cells.  Interestingly, E-cadherin expression impaired 

MDA-MB-231 cell growth, and although cells expressing mutant E-cadherin exhibited a 

slightly increased growth rate compared to those expressing full-length E-cadherin, cell 

growth was impaired in both cells compared to control cells.  This not only shows that 

the extracellular domain of E-cadherin promotes growth suppression but also reveals a 

role for β-catenin as a mediator of breast cancer cell growth.  Additionally, cells which 

expressed full-length E-cadherin demonstrated the most growth suppression and 

expressed little to no IL-6, suggesting that autocrine IL-6 expression may also promote 

MDA-MB-231 cell growth. 

 Non-melanoma skin cancer is the most common type of human cancer and 

incidence rates are rising annually.  Solar-derived UVB radiation is one of the most 

dominant etiologic factors for skin carcinogenesis, whereby it is a complete carcinogen.  

Despite these facts, tanning beds which utilize UV irradiation to give Caucasian skin a 

more bronze appearance are still popular today.  Unfortunately, the carcinogenic effect of 

outdoor or indoor tanning will take years to manifest, which probably plays a role in its 

continued popularity among younger generations.  The current body of skin cancer basic 

research commenced with the intention to further characterize our Skh-1 mouse model of 

UVB-induced non-melanoma skin cancer.  Although this work was only an initial pilot 
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study, it revealed skin tumor-induced peripheral MDSC expansion in mice following 

chronic UVB exposure.  Furthermore, we detected an apparent gender discrepancy in 

peripheral MDSC levels and immune competence.  Our findings support previous reports 

regarding skin cancer development in immunodeficient populations, and in particular, our 

previous report of decreased UVB-induced inflammation in male compared to female 

mice.  Interestingly, UVB induces IL-6 in human epidermal keratinocytes and 

presumably throughout UVB-induced inflammation, and IL-6 has been shown to induce 

MDSC in murine tumor models.  Therefore, we hypothesize that elevated levels of UVB-

induced IL-6 may induce MDSC expansion in our model, thereby mediating skin 

carcinogenesis. 

 The work presented in Chapter 4 confirmed our previous results showing that 

male Skh-1 mice demonstrate higher skin tumor burden following chronic UVB 

exposure.  Whereas both female and male tumor-bearing mice exhibited increased levels 

of peripheral MDSC compared to tumor-free control mice, our findings suggest that male 

mice are more susceptible to skin tumor-induced MDSC expansion.  Furthermore, male 

mice with relatively high tumor burden showed significantly more peripheral MDSC 

compared to male mice with relatively low tumor burden (P-value = 0.002).  To 

characterize the consequences of elevated peripheral MDSC, we assessed IFN-induced 

STAT1 phosphorylation (pSTAT1) as a surrogate of systemic immune function.  In 

particular, male tumor-bearing mice demonstrated severely abrogated total splenocyte 

pSTAT1 induction following IFN-α and IFN-γ stimulation compared to either male 

tumor-free mice or female tumor-bearing mice.  Although further studies will be 

necessary to confirm these findings, the data suggest that male compared to female 
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tumor-bearing mice exhibit elevated peripheral MDSC expansion, and this may 

consequently impair systemic immune competence, thus promoting skin carcinogenesis.  

Further characterization of serum cytokines will be necessary to determine the role of IL-

6 during MDSC expansion and activation in our model. 

 Our work suggests that IL-6 may contribute to breast cancer progression, and to a 

more immature extent, skin carcinogenesis.  However, the current body of knowledge has 

opened the door for more questions.  For example, we demonstrated the ability of 

autocrine IL-6 signaling to maintain an EMT phenotype in a xenograft breast cancer 

model.  Yet, it will be necessary to generate inducible IL-6 expressing murine mammary 

tumor cells for congenic tumor challenge studies to ask if IL-6 is capable of provoking an 

EMT phenotype consistent with E-cadherin repression in vivo.  Furthermore, will IL-6-

inducible E-cadherin repression be sufficient for enhanced tumor cell growth in vivo?  

We could also use the same inducible IL-6 murine mammary tumor cells for tumor 

challenge studies in IL-6 knockout mice to rule out the possibility of paracrine IL-6 

signaling in this model.  Additional MCF-7 xenograft studies in human IL-6-

overexpressing mice could show the capability of paracrine IL-6 signaling to promote 

breast cancer progression.  Finally, would IL-6 signaling antagonists such as sgp130-Fc, 

monoclonal anti-IL-6, monoclonal anti-IL-6R, or JAK/STAT3 inhibitors prove effective 

in these mouse models? 

 Likewise, our pilot study investigating peripheral MDSC expansion demonstrated 

promising preliminary data worthy of further characterization.  In particular, future 

studies should determine the time course of MDSC induction in tumor-bearing mice.  Or 

perhaps UVB is capable of inducing MDSC prior to skin tumorigenesis.  Acute and 
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chronic UVB studies will be needed to assess MDSC induction pre- and post-tumor 

development.  Intriguingly, IL-6 has been implicated as a tumor-derived factor capable of 

promoting peripheral MDSC expansion.  What is the contribution of UVB-induced IL-6 

in peripheral MDSC expansion?  What role do peripheral MDSC play in suppression of 

systemic interferon responsiveness in our model?  What role do they play in UVB-

induced skin tumorigenesis?  We have elucidated novel mechanisms by which IL-6 may 

potentially mediate human breast cancer progression and UVB-induced skin 

carcinogenesis, and we hope to see these findings one day translated into novel 

therapeutics for respective cancer patients. 
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