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Chapter 1. Introduction 

 

 

A. Breast Cancer Overview 

 

Despite significantly improved methods of detection and treatment, breast cancer 

morbidity and mortality remains a substantial health and economic burden among 

American women. It is estimated that 246,000 women will be diagnosed with breast 

cancer, and 40,000 patients will die of the disease in 2016 [1]. A significant challenge in 

the treatment of breast cancer is the molecular heterogeneity exhibited among patients 

and within individual tumors. The estrogen receptor (ER), progesterone receptor (PR), 

and human epidermal growth factor receptor 2 (HER2) are the three biological markers 

that have been used for the clinical diagnosis and treatment of patients [2]. Tumors that 

stain positive for ER/PR expression are targeted with endocrine therapies, which utilize 

ER antagonists or inhibitors to the enzyme responsible for estrogen synthesis, 

aromatase [3]. Amplification of the HER2 gene, on the other hand, renders tumors 

susceptible to treatment with monoclonal antibodies and small molecule kinase inhibitors 

targeting the overexpressed HER2 protein [4]. Tumors that do not fall into the previous 

two categories are classified as triple negative (TN), and their treatment relies heavily on 

surgery and chemotherapy [5]. The prognoses and overall survival of ER+/PR+ and 

HER2+ breast cancer patients have improved significantly as endocrine and targeted 

therapies have advanced, whereas TNBC outcomes have been slower to improve due to 

the lack of therapeutically defined targets and the aggressive nature of this subtype [2]. 

Further analyses of tumor tissues have revealed greater subtype heterogeneity among 

patient populations. Molecular profiling using next-generation sequencing has expanded 
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the classification of breast tumors describing four major molecular subtypes: Luminal A 

and B, defined largely by the expression of ER-target genes, the ERBB2+ subtype, 

largely overlapping with the previously described HER2+ subtype, and the basal subtype, 

defined by the expression of basal-cellular molecules (such as basal cytokeratins) and 

representing the most heterogeneous population [6-9]. These subtypes are believed to 

represent the major intrinsic drivers of breast cancer. However, additional (extrinsic) 

factors, such as the tumor microenvironment (reviewed later), contribute extensively to 

the evolution of breast tumors. As a result, breast cancer classification and treatment 

presents an ongoing challenge in need of further study. 

 

 

B. FGFR Signaling Contributes to Breast Cancer Development 

 

One signaling pathway that has been implicated in the pathogenesis of all 

histological subtypes is the fibroblast growth factor receptor (FGFR) pathway. FGFRs 

represent a family of four membrane-bound tyrosine kinase receptors, which are able to 

interact with 22 structurally similar FGF ligands to regulate a wide range of cellular 

functions such as cell proliferation, survival, migration, and differentiation [10]. Aberrant 

FGFR signaling has been observed in multiple tumor types including prostate, 

endometrial, and breast cancer [11-14]. Amplification of the genomic locus containing 

FGFR1 has been reported in about 10% of human breast tumor samples and has been 

correlated with early disease relapse and poor overall survival of ER+ breast patients [15-

17]. In a 2010 study, Turner and colleagues evaluated two breast cancer cohorts for 

FGFR1 copy number variations and FGFR1 expression. The authors reported a strong 

correlation between FGFR1 amplification and mRNA overexpression in both patient 
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series [17]. The same study demonstrated that FGFR1 amplification is required for 

anchorage-independent growth of human breast cancer cells that harbor FGFR1 

amplification, and that overexpression of FGFR1 leads to increased ligand-dependent 

and ligand–independent signaling [17]. Furthermore, Turner et al. suggested that FGFR1 

amplification may lead to resistance to endocrine therapy in vitro through increased 

activated mitogen-activated protein kinase (MAPK) activation and production of 

downstream proliferative signals [17]. In addition to FGFR1 amplification, a recent study 

by Wu and colleagues reported a novel interchromosomal in-frame fusion between 

FGFR2 and the transcription factor AF4//FMR2 family member 3 (AFF3) in a patient with 

metastatic breast cancer [18]. This genomic fusion, which was validated by quantitative 

reverse-transcription polymerase chain reaction (qRT-PCR), retained the FGFR tyrosine 

kinase domains, suggesting that the resulting product can participate in FGF-induced 

downstream signaling [18]; however, additional studies will need to determine the 

oncogenic potential of this genomic rearrangement. Fusions involving other FGFR 

members in breast cancer have not been reported, nonetheless, studies examining rare 

chromosomal aberrations across multiple tumor types are ongoing. These experiments 

will contribute to the expanding catalogue of targetable genomic alterations that have 

been linked to breast cancer development.  

 In addition to genomic abnormalities of FGF receptors, dysregulated FGFR 

signaling has been observed due to increased expression of FGF ligands, particularly 

within the TNBC subtype [19, 20]. In a panel of 31 breast cancer cell lines, Sharpe et al. 

demonstrated increased sensitivity of a subset of TNBC cell lines to the selective FGFR 

inhibitor PD173074 [20]. The authors found increased expression of the ligand FGF2 

among cell lines and breast cancer tissue samples belonging to the basal-like subset of 

TNBC [20]. Inhibition of FGF2 signaling via siRNA or neutralizing antibody inhibited cell 
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growth in vitro, and treatment of xenograft tumors derived from a basal-like cell line with 

PD173074 substantially reduced tumor growth [20]. These data suggest that FGFR 

signaling contributes to breast tumorigenesis even in the absence of FGFR genomic 

alterations. Further studies by our lab and others have confirmed the ability of increased 

FGFR1 signaling to transform mammary epithelial cells through activation of 

downstream effectors such as protein kinase B (AKT) and MAPK [21-24]. In addition, we 

and others have shown that FGFR signaling can lead to tumorigenic alterations of the 

extracellular environment, such as production of matrix metalloproteinases (MMPs), 

chemokines, cytokines, and extracellular matrix (ECM) components [24-28]. Together, 

these findings demonstrate the pivotal role of FGFR signaling in breast cancer 

development. 

 

C. Targeting FGFR activation in the clinical setting  

 

 The results of studies such as those outlined above have led to the initiation of 

clinical trials exploring the safety and efficacy of FGFR inhibition in solid tumors, 

including breast cancer. The two main classes of drugs in clinical development include 

non-selective and selective inhibitors. Non-selective FGFR tyrosine kinases inhibitors 

(TKIs) have shown activity against FGFRs, but also against most commonly vascular 

endothelial growth factor receptors (VEGFRs), placental derived growth factor receptor 

(PDGFR), Fms-like tyrosine kinase receptor 3 (FLT-3), and other related tyrosine 

receptor kinases. TKI258 (i.e. dovitinib) is the most clinically advanced TKI. In a phase II 

trial of breast cancer patients with metastatic disease, patients were stratified based on 

FGFR1 amplification and hormone receptor (HR) status. Among the 81 enrolled patients, 

greatest treatment benefit was observed among the FGFR1+/HR+ group, where 25% of 
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patients had unconfirmed partial response or stable disease at 24 weeks or longer [29]. 

Dovitinib was tolerated reasonably well in this cohort of heavily pre-treated patients, 

however there were still severe grade 3 side effects such as gastrointestinal toxicity, liver 

toxicity, and fatigue, which are common TKI-associated events [29]. Based on this 

study’s results and the previously discussed preclinical data by Turner et al. 

demonstrating FGFR contributions to endocrine resistance, a new phase II clinical trial 

has been initiated investigating the effects of dovitinib in combination with the ER 

antagonist fulvestrant (ClinicalTrials.gov, NCT01528345).  

In order to avoid adverse effects associated with TKI treatment, selective FGFR 

inhibitors have also been developed. In a phase I study of the pan-FGFR inhibitor 

BGJ398 as a single agent in solid tumors, a breast cancer patient with FGFR1 

amplification demonstrated reduction in tumor volume [30]. Adverse events in this study 

were considered “FGFR-specific” with hyperphosphatemia being the most common [30]. 

The results of these studies indicate that certain patient populations harboring alterations 

in FGFR1 genomic locus or increased FGFs expression will benefit from FGFR-targeted 

therapies. Careful examination of possible cooperating genetic mutations and changes 

in the tumor microenvironment will likely increase the chance of success of these 

therapies. An example of such combination therapy is the phase I trial testing BGJ398 in 

combination with BYL719, a PI3K inhibitor, which is recruiting breast cancer patients 

with metastatic disease positive for FGFR1-3 alterations and PIK3CA mutations 

(ClinicalTrials.gov NCT01928459).  
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D. FGFR1 Signaling Induces Activation of STAT3  

 

 FGFR1 activation regulates numerous signaling pathways and promotes 

epithelial cell survival, proliferation, and migration [23]. The FGF-FGFR interaction is 

specified by a variety of mechanisms such as tissue-restricted expression of both FGFs 

and FGFRs and the formation of an extracellular complex between FGFRs and heparan 

sulfate proteoglycans (HSPGs), which stabilizes the ligand-receptor interaction [31]. 

Upon ligand binding, FGFR undergoes dimerization that allows for the 

autotransphosphorylation of multiple intracellular tyrosine residues (Figure 1.1). These 

phosphorylated tyrosines provide docking sites for several adapter proteins such as 

fibroblast growth factor receptor substrate 2 (FRS2) and growth factor receptor-bound 2 

(GRB2), which in turn become phosphorylated and commence a signaling cascade that 

converges on the MAPK and AKT [14, 31, 32]. FGFR activation results in altered gene  

transcription that affects key cellular processes involved in tumorigenesis, such as cell 

survival, proliferation, and migration. As a result, in healthy tissues FGFR activation is 

tightly controlled by receptor internalization and activity of negative regulators such as 

the Sprouty (Sprty) proteins and the “similar expression to FGF” (SEF) family members 

[32]. In the context of cancer, ligand and/or receptor overexpression, as well as ligand-

independent signaling, override the negative regulation signals and lead to disease. 

 Our lab and others have reported the ability of FGF ligands to induce expression 

of various pro-inflammatory molecules, such as interleukin-1β (IL-1β), cyclooxygenase-2 

(Cox-2) and chemokine (C-X3-C) ligand 1 (CX3CL1) [26, 27, 33, 34]. As shown in 

Chapter 2 of this thesis, among the list of FGFR1-induced cytokines is the interleukin-6 

(IL-6) family of cytokines. IL-6 is a pro-inflammatory cytokine with well-defined 

tumorigenic properties [35]. Early studies in breast cancer show a correlation between  
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Figure 1.1. FGFR structure and downstream signaling FGFR signaling occurs as a result of a 
fibroblast growth factor (FGF) binding to a monomeric FGF receptor (FGFR), leading to receptor 
dimerization and stabilization of the dimer by HSPGs. Dimerization is followed by receptor 
transautophosphorylation and activation of its kinase domain. The scaffolding proteins FRS2 and 
GRB2 are then recruited to the receptor’s intracellular domain and act to initiate the downstream 
signaling cascade leading to the activation of RAS GTPase and PLCγ (among others). Together, 
these act to initiate ERK and AKT signaling, resulting in the cell’s increased survival and 
proliferation, as well as increased migration and invasion potential. HPSG, heparan sulfate 
proteoglycans; FRS2, fibroblast receptor substrate-2; GBR2, growth factor receptor-bound-2; 
PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; IP3, inositol 1,4,5-
triphosphate; DAG, diacylglycerol; PKC, protein kinase C; PLCγ = phospholipase C-γ; STAT, 
signal transducer and activator of transcription [14].  
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IL-6 serum levels and poor patient prognosis [36, 37]. IL-6 family member receptors are 

heterodimeric transmembrane molecules that are associated with intracellular Janus 

kinases (JAKs). Upon ligand binding, receptor –associated JAKs are brought into 

proximity and thus able to phosphorylate each other and several receptor tyrosine 

residues [38]. This allows signal transducer and activator of transcription (STAT) 

molecules to be recruited to the receptor via their SH2-domains and in turn become 

phosphorylated by JAKs [39]. Phosphorylated STAT molecules are released from the 

cell surface receptor and are able to homo- and heterodimerize, which allows for nuclear 

translocation [38]. IL-6 signaling through the IL-6 receptor (IL-6R)/ glycoprotein 130 

(gp130) heterodimeric receptor activates JAK1 and results in phosphorylation of STAT3, 

and to a lesser extent STAT1 [40]. Certain mellatoproteases such as ADAM10 and 

ADAM17 have been shown to cleave membrane-bound IL-6R (mbIL-6R) and produce 

soluble IL-6R (sIL-6R) [41]. sIL-6R binds IL-6 with the same affinity as mbIL-6R and can 

associate with gp130 on the surface of cells that do not normally express IL-6R. This 

process known as trans-signaling allows for amplification of the IL-6 signal as not many 

cell types express mbIL-6R but gp130 is ubiquitously expressed [42]. Where classic-

signaling is required for the induction of systemic inflammatory responses, trans-

signaling occurs mainly at the local site of inflammation [43]. IL-6 signaling in cancer 

cells has been shown to have pleiotropic effects such as increased cell proliferation, 

survival, migration, invasion, and altered metabolism, however the contributions of trans- 

versus classic-signaling pathways have not been determined [35, 44, 45]. Additionally, 

IL-6 signaling has been shown to promote tumor angiogenesis and matrix remodeling 

through increased expression of MMPs and hypoxia inducible factor-1α (HIF-1α) [46, 

47]. These data provide strong evidence for the pro-tumor effect of IL-6 and its 

downstream effectors.   
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 STAT3 is the primary STAT family member activated downstream of IL-6, and its 

transcriptional activity is cell specific. STAT3 signaling is critical for the maintenance of 

embryonic stem cells and is sufficient for their self-renewal [48]. However, in healthy 

mammary epithelium, STAT3 promotes apoptosis during gland involution [49]. In 

addition, evidence suggests that STAT3 is a potent oncogene, which can promote tumor 

initiation and support tumor progression [50, 51]. Studies have shown that STAT3 in 

tumor cells drives expression of genes, such as Myc, Survivin and B-cell lymphoma 2 

(Bcl2), which increase cell survival and proliferation rates [52, 53]. A recent study by Wei 

and colleagues showed STAT3 activation in a small critical subpopulation of cells within 

claudin-low breast cancer cell lines known as tumor-initiation cells (TICs) [54]. The 

limited dilution transplantation experiments done by Wei et al. demonstrated that cells, 

which were sorted by flow cytometry, containing activated STAT3 (pSTAT3+) were 

consistently more efficient at initiating tumor growth than pSTAT3- cells or mock-sorted 

populations [54]. This study demonstrates that breast cancer cells with higher levels of 

STAT3 activity exhibit enhanced tumorigenic potential. We and others have observed 

activation of STAT3 in approximately 60% of breast tumors, and inhibition of STAT3 in 

mammary tumor models leads to reduced tumor cell proliferation and reduced tumor 

burden [28, 55]. Taken together, these studies suggest that STAT3 represents an 

attractive therapeutic target for breast cancer.  

 

 

E. Prognostic significance of STAT3 

 

Despite the strong evidence supporting the pro-tumorigenic properties of STAT3 

and its downstream targets, its prognostic significance in human breast tumor cohorts 
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has shown an association of STAT3 overexpression/activation and favorable patient 

outcome [56-58]. In a study evaluating pSTAT3 presence in a cohort of 286 node-

negative breast tumor samples by immunohistochemistry (IHC), Dolled-Filhart et al. 

found pSTAT3 to be a predictive marker for improved overall survival [57]. In a 2013 

study, Sonnenblick et al. reported similar results in a group of patients with node-positive 

breast cancer [56]. One possible rationale for these inconsistent findings is the 

heterogeneity of cell types within human breast tumors and the varying levels of STAT3 

activation among different cell types. IHC staining of breast tumor microarray samples 

often can not distinguish STAT3 staining within tumor epithelium and tumor stroma, 

making results and conclusions on its role as an oncogene or tumor suppressor difficult 

to interpret. This provides further rationale for the need to elucidate key downstream 

effects of STAT3 signaling in different cell types to be used in conjunction with pSTAT3 

staining for the characterization of human breast tumors.   

 

F. Breast cancer stroma and contributions of hyaluronan  

 

 Even though breast cancer initiates in the epithelial compartment of the breast, 

ample evidence suggests that the stromal compartment actively contributes to tumor 

development and progression [59-61]. As the initial neoplastic lesions progress from 

ductal carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC), the transformed 

epithelial cells acquire the ability to invade through a layer of myoepithelial cells and the 

basement membrane they have secreted and continue to advance through a dense 

network of extracellular matrix (ECM) composed primarily of collagens and laminins. The 

ECM is produced and organized by myoepithelial cells and fibroblasts and acts to 

provide structural integrity and vital environmental signals to the epithelial cells lining the 
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mammary ducts. In recent years, studies have shown that the largest change in gene 

expression during the DCIS to IDC transition is within the stromal compartment, not the 

transformed epithelial cells, suggesting that the creation of reactive stroma is a pivotal 

step in early tumor progression [62].  The ECM can be remodeled by a variety of cell 

types including the tumor cell themselves. Transformed epithelial cells are known to 

secrete MMPs, which degrade ECM components and release factors driving tumor cell 

proliferation and migration [63]. Additional physical alterations such as collagen cross-

linking by the enzyme lysyl oxidase have been shown to increase integrin and growth 

factor receptor signaling in tumor cells [64]. In a study by Levental et al. inhibition of lysyl 

oxidase in a mouse breast cancer model resulted in delayed tumor onset and lower 

tumor burden [64].  These studies point to the critical interactions between tumor cells 

and their surrounding stroma and the need to elucidate the downstream effects of these 

interactions throughout the different stages of tumorigenesis. 

 STAT3 signaling in epithelial cells drives production of molecules implicated in 

the remodeling of the tumor extracellular matrix [65]. Hyaluronan synthase 2 (Has2) is a 

STAT3 target gene whose increased expression leads to production and accumulation 

of hyaluronan (HA) [65, 66].  HA is a major component of the ECM and is synthesized as 

both part of the normal wound healing response and during cancer development. HA is a 

glycosaminoglycan that binds cell surface receptors such as CD44 and Receptor for 

Hyaluronan-Mediated Motility (RHAMM), resulting in increased epithelial cell 

proliferation, migration, and survival [67, 68]. Numerous studies have implicated HA in 

regulating breast cancer growth and progression [69, 70]. As HA is produced and 

modified within the breast cancer microenvironment, its accumulation contributes to the 

development of a “cancerized” stroma [28, 71]. Detailed analysis of the patterns of HA 

accumulation within the stroma of breast cancer patients reveals an association between 
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high-level HA accumulation and poor patient survival [69]. Additional studies comparing 

HA staining in samples from patients with DCIS, DCIS with microinvasion, and invasive 

ductal carcinoma show higher HA expression in DCIS lesions associated with 

microinvasion than in samples of pure DCIS suggesting a link between HA and early 

progression of breast neoplasias [72].  Collectively, these data support the hypothesis 

that HA synthesis is an integral step in breast epithelial transformation and tumor 

progression. 

 

 

G. Macrophages in the tumor microenvironment 

 

 Immunogenicity or the ability of a tumor to evoke a productive immune response 

has emerged as an important tumor characteristic due to the recent advances in cancer 

immunotherapy. Historically, breast cancer has not been seen as a highly immunogenic 

cancer due to studies reporting low numbers of tumor-infiltrating lymphocytes (TILs). For 

example, in a study of 2009 node-positive breast cancer patients, the median value of 

TILs was reported to be only 2% [73]. Nonetheless, different subtypes of breast cancer 

display different levels of immune infiltration, and those levels are predictive of patient 

outcome [74]. In a 2010 study, Denkert et al. showed that patients whose samples 

revealed high numbers of infiltrating lymphocytes responded significantly better to 

standard therapy with a pathological complete response rate (pCR) of 31% compared to 

general pCR of all patients of 12.8% [75]. This observation was expanded in the study 

by Loi and colleagues, which reported no correlation between quantity and location of 

TILs in ER+ or HER2+ patients, however both intratumoral and stromal lymphocytic 
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infiltrates in TNBC samples were associated with reduced risk of relapse and death [73]. 

These data provide evidence for the interaction between tumor and immune cells, and 

its value in predicting patient outcome, suggesting that addition of immune parameters to 

the currently accepted methods of tumor characterization might be beneficial to patient 

care.  

Innate immune cells, such as macrophages, represent a large portion of tumor 

immune infiltrates and these tumor-associated macrophages (TAMs) can also be 

predictive of patient outcome. Increased macrophage density in pre-treatment biopsies 

of breast cancer patients correlates with reduced recurrence-free and overall survival 

[76-78]. Therefore, efforts have focused on understanding the mechanisms through 

which macrophages contribute to breast cancer growth and progression. Early work by 

Lin and colleagues demonstrated significant delay in the development of metastasis in a 

transgenic breast tumor model lacking mature macrophages [79]. Later studies provided 

further evidence of the ability of TAMs to promote metastasis by visualizing the 

association between intravasating tumor cells and perivascular macrophages in vivo 

through 2-photon microscopy [80]. Wyckoff et al. demonstrated the existence of a 

paracrine loop between cancer cells and macrophages, where cancer cells secrete 

colony-stimulating factor 1 (CSF-1) that is necessary for the maturation of macrophages, 

and macrophages produce epidermal growth factor (EGF), which allows the tumor cells 

to migrate and intravasate [81]. In addition to EGF, TAMs have also been shown to 

produce VEGF-A and thus play a role in the initial formation of a high-density blood 

vessel network that is required for tumor progression, also known as the angiogenic 

switch [82]. In a study by Lin et al., macrophage-depleted mice developed invasive 

tumors at the same rate as their wild-type controls only when VEGF-A was expressed in 

mammary epithelial cells through a transgene construct [83]. In more recent studies 
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using intravital imaging techniques, Lohela et al. demonstrated that prolonged depletion 

of myeloid-derived cells in a model of breast cancer resulted in delayed tumor growth, 

decreased angiogenesis, and fewer lung metastases [84]. These data strongly suggest 

that TAMs promote angiogenesis and tumor metastasis. Furthermore, TAMs are able to 

remodel the tumor ECM by producing proteinases such as cathepsins, which affect 

tumor cell response to therapy [85]. In a study of bone marrow derived macrophage 

(BMDM)-tumor cell co-cultures, Shree et al. demonstrated that tumor cells growing alone 

exhibited over three times higher rates of apoptosis after treatment with the 

chemotherapeutic agent Taxol than tumor cells in co-culture with BMDM. This effect was 

largely due to the production of cathepsins B and S by the BMDM [85]. In vivo treatment 

of mammary tumor-bearing mice combining Taxol and the cathepsin inhibitor JPM, 

significantly inhibited tumor growth [85]. Finally, numerous studies have provided 

evidence of TAM interacting with cells of the adaptive immune system, mainly CD4+ and 

CD8+ T lymphocytes. In a 2011 study by DeNardo and colleagues, transgenic mouse 

mammary tumor virus (MMTV)-polyoma middle T antigen (PyMT) mice were treated with 

a CSF-1R-signaling antagonist, which prevents generation of mature macrophages, in 

combination with the chemotherapy agent paclitaxel [86]. Mice receiving combination 

therapy had significantly smaller tumor burden at study endpoint, which was dependent 

on the recruitment of cytotoxic CD8+ T cells [86]. Additional studies revealed that CD4+ T 

cells, on the other hand, cooperated with TAMs to promote tumor progression [87]. 

Analyses of TAMs derived from CD4+/-/PyMT and CD4-/-/PyMT tumors demonstrated that 

TAMs differentiated in the absence of CD4+ T cells expressed higher levels of pro-

inflammatory molecules and lower levels of cytokines associated with 

immunosuppression suggesting a switch of the tumor microenvironment towards an anti-

tumor immune response [87]. These studies demonstrate the ability of TAMs in breast 
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cancer to influence pro-tumorigenic pathways by contributing to tumor cell migration and 

invasion, angiogenesis, resistance to chemotherapy and suppression of adaptive 

immune responses [88-90].  

 

 

H. Macrophage polarization 

 

Once recruited to the tumor microenvironment, macrophages respond to the 

plethora of stimuli within the microenvironment and differentiate into various effector 

subsets. Numerous studies have focused on defining macrophage subsets within the 

tumor microenvironment. Currently, the most widely accepted classification of 

macrophage polarization is based on descriptions of classical (M1) versus alternative 

(M2) polarization, which were developed as a result of initial studies investigating 

macrophage responses to helper T cells 1 (Th1) and helper T cell 2 (Th2) derived 

molecules [91]. Classically activated macrophages develop in response to interferon-

gamma (IFNγ) and pathogen-derived toll-like receptor ligands [92]. This response is 

characterized by the production of cytotoxic factors such as reactive oxygen species and 

nitric oxide, increased rates of phagocytosis and enhanced antigen presentation on the 

cell surface. Alternatively activated macrophages, on the other hand, develop as part of 

the wound healing program and as such are thought to antagonize inflammation. M2 

macrophages are induced by the Th2 cytokines IL-4 and IL-13, as well as in response to 

IL-10, immunoglobulins, and glucocorticoids [93]. These cells, in turn, secrete factors 

that promote angiogenesis, upregulate expression of scavenging receptors, and produce 

enzymes to remodel the surrounding extracellular matrix.  
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Based on their functions within the tumor microenvironment, TAMs have been 

generally characterized as M2-like [94]. Several studies have demonstrated that TAMs 

express higher levels of scavenging receptors, angiogenic factors and proteases, similar 

to M2 macrophages. Furthermore, TAM polarization to the M2-like phenotype in the 

MMTV-PyMT model has been attributed to IL-4-producing Th2 cells within the tumor 

microenvironment [87]. However, there is evidence that macrophages exhibit different 

phenotypes during different stages of tumor initiation and progression. During early 

stages of transformation, recently recruited macrophages are exposed to a wide variety 

of pro-inflammatory signals derived from the epithelial cells and the surrounding stroma 

and often express M1-related factors that have pro-tumorigenic properties, such as IL-1β 

and IL-6 [44]. As a component of the pro-inflammatory response, production of reactive 

oxygen and nitrogen species could also potentially enhance the rate of epithelial cell 

mutation and thus accelerate tumorigenesis [95]. In established tumors, macrophages 

exhibit alternatively activated functions including the production of immunosuppressive 

factors, such as IL-10 and transforming growth factor β (TGFβ), which are capable of 

actively suppressing the anti-tumor immune response [87, 90]. These macrophages also 

produce growth factors and remodel the matrix, supporting tumor cell growth and 

enhancing invasion. Therefore, TAMs phenotypes are now thought to include a 

combination of markers typically assigned to the M1 and M2 phenotypes. Thus, as 

efforts are being made to “re-polarize” macrophages within the tumor microenvironment 

towards the M1/classically activated phenotype, care must be taken to ensure that the 

potentially pro-tumorigenic factors produced by these macrophages are suppressed. 

Furthermore, detailed analyses of mammary tumor myeloid populations have 

revealed that individual tumors may contain several different subsets of macrophages 

that differ in their functions. Movahedi et al. reported the presence of two distinct TAM 
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populations in mammary TS/A tumors, distinguishable most easily by the level of major 

histocompatibility II (MHCII) expression on their surface, with one population expressing 

low levels (MHCIIlo) and the other expressing higher levels (MHCIIhi) [96]. MHCIIlo 

macrophages were shown to reside mainly in hypoxic tumor regions and expressed 

markers associated with M2 polarization. The MHCIIhi subset, however, expressed M1-

signature genes such as Cox2, Nos2 and Il12. These cells were shown to secrete pro-

inflammatory cytokines and chemokines such as IL-6, CCL5 and CXCL3, which could in 

turn serve to further recruit additional pro-inflammatory cells to the tumor margins. 

However, both macrophage subsets were shown to be poor antigen presenting cells and 

were able to suppress T cell proliferation, indicating that both subsets might be capable 

of contributing to pro-tumor immunosuppression. In a recent study examining 

macrophage localization within human breast tumors, high levels of CD68 staining (a 

surface marker of human macrophage populations), within gaps of ductal tumor 

structures correlated with reduced lymph node metastasis [97]. Taken together, these 

data suggest that TAMs not only represent a macrophage population that is distinct from 

canonical M2 macrophages in the setting of infection, but there is also most likely a 

spectrum of TAMs whose phenotype and function depend on tumor type and location 

within the tumor.  

 

 

I. STAT3 signaling in tumor-associated macrophages 

 

As described earlier, IL-6 is an important factor secreted in the breast tumor 

microenvironment. Immune cells that infiltrate breast tumors are exposed to a variety of 

activating signals, including IL-6. Numerous studies have suggested that the IL-6/STAT3 
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pathway contribute to immune cell activation and function [98]. STAT3 has been 

implicated in the maturation and function of myeloid cells. Studies have linked 

constitutively activated STAT3 with a maturation block in dendritic cells and promotion of 

pro-tumor activities in myeloid cells. Initial observations by Nefedova et al. revealed that 

immature myeloid cells in the spleens of colon tumor-bearing mice exhibited 

substantially higher levels of STAT3 DNA-binding activity than those isolated from 

control mice [99]. In addition, lower rates of dendritic cell differentiation and maturation 

following exposure to STAT3-activating tumor cell conditioned media were observed in 

vitro. Further in vivo studies reported that hematopoietic STAT3 ablation led to increased 

activation of neutrophils and natural killer (NK) cells in tumor-bearing mice, as well as 

increased ex vivo T cell responses and decreased tumor formation in mice challenged 

with subcutaneous B16 (melanoma) tumor cells [100]. Evaluation of STAT3 activity in 

immature myeloid cells and TAMs from B16-bearing mice revealed upregulated 

expression of pro-angiogenic factors such as VEGF and FGF2 and were able to induce 

endothelial cell tube formation [101]. Further studies have attempted to perform a more 

targeted analysis of myeloid cell-specific STAT3 contributions to tumor growth. In a 

glioma mouse model STAT3 knockdown was achieved via intra-tumoral injection of 

STAT3-targeting siRNA, which disrupted STAT3 signaling in TAMs at a higher 

proportion than non-TAM cells and improved animal survival [102]. However, the studies 

described thus far make use of experimental systems that do not exclusively target 

tumor myeloid cells. The development of a mouse model that allows for conditional 

genetic deletion of STAT3 in myeloid cells has revealed the complexity of this signaling 

pathway and its contributions to tumor development. Deng et al. reported development 

of spontaneous colon tumors in STAT3fl Csf1r-iCre mice, establishing a role for 

macrophage STAT3 in protecting intestinal epithelial cells from the effects of excessive 
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inflammation [103]. Furthermore, a recent study by Kumar et al., demonstrated 

downregulation of STAT3 activity in both myeloid-derived suppressor cells (MDSCs) and 

macrophage populations in several tumor models [104]. Closer examination revealed 

that STAT3 downregulation was required for TAMs accumulation within mammary 

tumors, and expression of constitutively active myeloid STAT3 together with depletion of 

polymorphonuclear-MDSCs inhibited tumor growth [104]. These findings are consistent 

with data from a mouse medulloblastoma model where STAT3flLyzM-cre conditional 

deletion of myeloid STAT3 reversed the accumulation of granulocyte-MDSCs and 

enhanced the ratio of effector : regulatory T cells, but overall failed to affect tumor growth 

[105].  

Collectively, these data point to the high degree of complexity observed in the 

regulation of tumor myeloid functions. The results reported in published studies are 

highly dependent on the experimental system being tested; however, all studies indicate 

that STAT3 activity is actively being modulated within the tumor myeloid compartment 

suggesting its pivotal role in sustaining and promoting tumor growth. As JAK/STAT 

inhibitors are entering clinical trials and being evaluated for clinical benefit, there are 

several knowledge gaps regarding the oncogenic properties of STAT3 that need to be 

addressed. Defining the downstream pathways being affected by STAT3 signaling in 

both epithelial and immune cells will be critical in the development of targeted breast 

cancer therapies. As described earlier, several studies have reported on the prognostic 

value of STAT3 in human breast tumor tissues and delineating whether patient outcome 

is predominantly affected by STAT3 signaling in epithelial or stromal cells will 

undoubtedly further our ability to effectively target this pathway.  
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J. Thesis statement 

The overall hypothesis of this thesis is that STAT3 is a major signaling pathway 

that is activated in tumor and immune cells as a result of FGFR activation and 

contributes to mammary tumor growth (Figure 1.2). 

The specific goals of the studies outlined in the following chapters are: 

1. Define the contributions of STAT3 signaling in tumor cells to the 

generation of pro-tumorigenic stroma. 

2. Delineate the effects on mammary tumor growth following inhibition of 

STAT3 signaling in tumor myeloid cells.  

 

Activation of FGFR signaling results in production of pro-inflammatory mediators that act 

on neighboring cells through autocrine and paracrine mechanisms. Understanding the 

complex pathways that are affected in tumor cells, as well as infiltrating immune cells, 

will help define mechanisms that can be exploited as predictive markers or targeted 

clinically to improve patient outcome.  
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Figure 1.2. Hypothesis Activation of iFGFR1 in mammary tumor cells by induces activation of 
STAT3 (step 1). STAT3 activation results in increased production pro-inflammatory cytokines and 
stromal remodeling (step 2). IL-6 family of cytokines activate STAT3 within TAMs (step 3) and 
affect transcription of pro-inflammatory mediators (step 4) that act in a paracrine fashion (step 5) 
to affect tumor development (step 6). 
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Chapter 2. Activation of the FGFR-STAT3 pathway in breast cancer cells induces a 

hyaluronan-rich microenvironment that licenses tumor formation 

 

 

Introduction 

 

Recent genomic profiling studies have demonstrated that a number of potentially 

targetable pathways are aberrantly regulated in breast cancer, including the fibroblast 

growth factor receptor (FGFR) pathway [106]. Members of the FGFR family, comprised 

of four FGFR genes, are transmembrane receptor tyrosine kinases that are activated by 

FGFs [107]. Aberrant FGFR activity in breast cancers can occur through a variety of 

potential mechanisms, including amplification of receptor genes, increased protein 

expression of both ligands and receptors, single nucleotide polymorphisms (SNPs), 

gene rearrangements and mutations in FGFRs, all of which have been identified in 

human breast cancer cell lines and patient samples [18, 32]. Experimental studies have 

demonstrated that FGFR activation contributes to breast cancer growth and progression 

[22, 24, 108-112]. Furthermore, a number of clinical trials have been initiated to 

investigate the safety and efficacy of small molecule FGFR inhibitors in breast and other 

cancers [32, 108]. 

To study FGFR1 activation, we use an inducible FGFR1 (iFGFR1) construct 

containing a dimerization domain that is activated with the synthetic homodimerizer B/B, 

resulting in sustained activation of FGFR1-induced signaling pathways [22]. Using this 

inducible model, our studies have focused on the mechanisms through which FGFR1 

activation in epithelial and tumor cells contributes to tumor initiation and growth [21, 26, 

27, 113, 114]. Specifically, we have shown that aberrant FGFR1 activation in mammary 
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epithelial cells leads to alterations in the stroma, including the generation of a localized 

inflammatory response and alterations in the ECM [22, 114]. In the studies described 

here, we demonstrate that activation of FGFR signaling pathways leads to structural 

modifications of the ECM component hyaluronan (HA). HA is a glycosaminoglycan that 

interacts with cancer cells through various receptors including CD44 and receptor for 

hyaluronan-mediated motility (RHAMM) to promote proliferation and migration. 

Furthermore, aberrant HA synthesis has been linked to breast cancer growth and 

progression [67, 69, 70, 115, 116]. We demonstrate here that FGFR activation leads to 

increased synthesis of HA, which contributes to proliferation, migration and resistance to 

chemotherapy. Thus these studies link aberrant activation of growth factor receptor 

signaling pathways in tumor cells to pro-tumorigenic modifications in the surrounding 

stroma. 

Because HA is often associated with an inflammatory environment [117], further 

studies examined the contribution of FGFR induced inflammatory pathways to HA 

synthesis. We demonstrate that activation of FGFR leads to increased production of 

proinflammatory cytokines, including members of the IL-6 family, which activate the 

signal transducer and activator of transcription 3 (STAT3) pathway. STAT3 is a 

proinflammatory transcription factor that contributes to breast cancer cell proliferation, 

migration, invasion and chemotherapeutic resistance [52, 53, 118-120]. In these studies, 

we demonstrate that FGFR-induced STAT3 activation contributes to HA synthesis and is 

important for FGFR-driven mammary tumor growth. These studies are the first to identify 

HA as a downstream target of FGFR activation and suggest that the addition of 

microenvironment-targeted therapies may enhance the efficacy of FGFR-specific 

therapies in cancers associated with high levels of FGFR activity. 
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Materials and Methods 

 

Cell Culture 

Generation of HC-11 cells stably expressing the iFGFR1 construct (HC-11/R1 cells) was 

described previously [23], and cells were obtained from Dr. Jeff Rosen (Baylor College 

of Medicine, Houston, TX) and maintained as described [23]. Hs578T, MCF-7 and MDA-

MB-453 cells were obtained from the American Type Culture Collection (ATCC) and 

maintained as suggested. For experiments, Hs578T cells were grown on plates coated 

with 1.2% polyHEMA [poly(2-hydroxyethylmethacrylate)] (Sigma).   

 

Immunoblot analysis 

Serum starved cells were treated with B/B (Clontech) or bFGF (Invitrogen). For blocking 

and inhibitor studies, gp130 blocking antibody (R&D Systems), doxorubicin (Boynton 

Pharmacy, UMN), Stattic (Sigma) and/or 4-MU (Sigma) were used. ON-TARGETplus 

SMARTpool STAT3 and non-targeting (NT) siRNA (Thermo Scientific) were used 

according to manufacturer’s instructions. Cells were lysed in RIPA buffer and equal 

amounts of protein were analyzed by SDS-PAGE. Immunoblot analysis was performed 

with the following antibodies: pSTAT3Ser727 (9134), pSTAT3Tyr705 (9131), STAT3 (9132), 

cleaved caspase-3 (9661), and β-tubulin (2146) (Cell Signaling). 

 

ELISA 

 Serum starved HC-11/R1 cells were treated with B/B or ethanol as solvent control. 

Hs578T cells were treated with or without bFGF. At 2,6, and 24 hours, conditioned 

media was collected and ELISAs for mouse or human LIF, IL-6, and IL-11 were 

performed according to the manufacturer’s protocol (R&D Systems). ON-TARGETplus 
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SMARTpool-siRNA Has2 or NT siRNA (Thermo Scientific) was transfected into HC-

11/R1 cells as described previously [23]. Cells were pretreated with 4-MU for 1 hour 

prior to addition of B/B. To analyze HA synthesis, conditioned media samples were 

collected and tumor samples were lysed in RIPA and analyzed using the Hyaluronan 

ELISA (R&D systems) according to the manufacturer’s protocols.  

 

Quantitative reverse transcription-PCR 

 Cells were treated as described above and qRT-PCR was done as described previously 

and normalized to cyclophilin B levels [25]. The following mouse primers were used: 

cyclophilin B 5’-TGCAGGCAAAGACACCAATG-3’ and 5’- 

GTGCTCTCCACCTCCCGTA-3’, Lif 5'-GCCTCCCTGACCAATATCACC-3' and 5'-

GACGGCAAAGCACATTGCTG-3', Il-6 5’-TAGTCCTTCCTACCCCAATTTCC-3’ and 5’-

TTGGTCCTTAGCCACTCCTTC-3’, Has2 5’-TGTGAGAGGTTTGTATGTGTCCT-3’ and 

5’-ACCGTACAGTGGAAATGAGAAGT-3’. 

 

TUNEL assays 

 Serum starved cells were treated with B/B or ethanol, doxorubicin or saline, and Stattic 

or DMSO for 20 hours. Cells were fixed and stained using the DeadEnd Fluorometric 

TUNEL System (Promega) according to the manufacturer’s protocol. Five representative 

pictures were taken of each treatment, and cell counting was performed in a blinded 

manner. 

 

Mice 

3-4 week old Balb/c female mice were purchased from Harlan Laboratories. 250,000 

HC-11/R1 cells in 50% Matrigel (BD Biosciences) were injected into the fourth inguinal 
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mammary fat pads. Mice were given twice weekly intraperitoneal (i.p.) injections of B/B 

to activate iFGFR1. When tumors reached at least 100 mm3, mice were given Stattic or 

solvent control (DMSO) by oral gavage five days a week for three weeks. At least three 

mice were in each treatment group. For the studies with transgenic mice, MMTV-iFGFR1 

mice were treated with B/B and mammary glands were isolated as described previously 

[114]. All animal care and procedures were approved by the Institutional Animal Care 

and Use Committee of the University of Minnesota and were in accordance with the 

procedures detailed in the Guide for Care and Use of Laboratory Animals. 

 

Clinical cohort and TMA construction   

Specimens and associated clinical data were obtained from the UMN BioNet core facility 

(www.bionet.umn.edu) after approval from the UMN Institutional Review Board (IRB).  

Archival formalin-fixed paraffin-embedded (FFPE) tissues from breast cancer patients 

treated at the University of Minnesota were collected.  Areas of invasive carcinoma were 

verified by a pathologist.  TMA blocks consisting of quadruplicate 1 mm core carcinoma 

samples were constructed using a manual tissue arrayer (MTA-1, Beecher Inc).  Clinical 

characteristics were abstracted from pathology reports.  Coded specimens and data 

were provided for this study.  Patient identifiers were not available to the authors, but 

rather were held within the BioNet office per the BioNet IRB approval.  

 

Immunohistochemistry  

Mammary glands from mice were fixed, sectioned and stained using sodium citrate 

antigen retrieval as described previously [26, 114]. Antibodies used were pStat3Tyr705 

(1:200; Cell Signaling, 9145), Has2 (1:50; Santa Cruz, sc-365263), and pFRS2 (1:40; 

R&D, AF5126). As a control, sections were stained with the biotinylated anti-rabbit only. 
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For HABP staining, sections were blocked with 3% BSA and then incubated overnight 

with 2µg/ml biotinylated HABP. Visualization was performed as described above.  As a 

control, tissues were incubated with hyaluronidase before addition of HABP. HABP-

positive stromal thickness of at least 50 ducts from three mice per timepoint was 

quantified using Leica LAS software. 

 

Three-dimensional culture  

Primary mammary epithelial cells were isolated from MMTV-iFGFR1 transgenic mice 

and plated in Matrigel as described previously [121]. 10,000 Hs578T cells were plated 

per well in Matrigel. 4-MU or DMSO (solvent) was added to the cultures for 8 days. At 

least 50 acini were measured for each condition using Leica LAS software. 

 

Proliferation Assay  

For HC-11/R1 cells, Thiazolyl Blue Tetrazolium Bromide (Sigma, M2128) was used. 

Serum starved HC-11/R1 cells were treated with B/B, 4-MU or Stattic. MTT reagent was 

added to the wells and after 2 hours proliferation was determined according to the 

manufacturer protocol. For Hs578T cells, the CellTiter 96 Aqueous Proliferation Assay 

(Promega) was used according to manufacturer protocol. Briefly, 1x105 cells/ml were 

resuspended in serum free media in 96 well plates coated with 1.2% polyHEMA. The 

next day cells were treated with bFGF and either Stattic or 4-MU. The absorbance was 

read at 490 nm following 24 and 48 hours of treatment.  
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Migration Assay  

Confluent HC-11/R1 cells were serum starved and wound healing assays were 

performed as described previously [23] in the presence of B/B and/or 4-MU and/or 

Stattic. Area of wound closure was quantified following 18 hours using Leica LAS 

software.  

 

Statistical analysis  

Experiments were performed at least three separate times. Statistical analysis was 

performed using the unpaired student’s t-test to compare two means. In all figures, error 

bars represent the standard error of the mean. For the human samples, the association 

between pFRS2 and pSTAT3 was evaluated using proportional odds logistic regression 

with pSTAT3 as the outcome and pFRS2 as a covariate in a univariate regression model 

and the association between pFRS2 and pSTAT3 was summarized by the odds ratio. 

 

 

Results 

FGFR activation induces synthesis of hyaluronan. We have previously used 

the MMTV-iFGFR1 transgenic mouse model to identify mechanisms through which 

FGFR1 activation in mammary epithelial cells contributes to pro-tumorigenic changes 

within the stroma [21, 23, 26, 27, 114, 121]. It has been previously noted that activation 

of iFGFR1 in mammary epithelial cells results in alterations in the surrounding ECM [22, 

114]. To gain insights into these changes, previously published microarray studies [114] 

were examined to identify ECM-related genes that are regulated following iFGFR1 

activation. Interestingly, Has2, which stimulates synthesis of the ECM component HA, 

was significantly induced following 8 hours of B/B treatment. To verify these findings, 
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mammary glands from B/B-treated MMTV-iFGFR1 mice were analyzed for HAS2 

expression and HA accumulation using immunohistochemical analysis. Following 48 

hours of iFGFR1 activation, increased expression of HAS2 was detectable within the 

aberrant budding epithelial structures (Figure 2.1A). Furthermore, increased 

accumulation of HA in the surrounding stroma was determined by measuring the 

thickness of HA-positive stroma (Figure 2.1A,B).  

To verify that activation of iFGFR1 leads to increased expression of Has2 in 

epithelial cells, HC-11 cells that stably express iFGFR1 (HC-11/R1) [23] were treated 

with B/B to activate iFGFR1. Has2 expression increased following iFGFR1 activation as 

shown by qRT-PCR analysis (Figure 2.1C). Furthermore, increased levels of HA were 

detected in the media of B/B-treated HC-11/R1 cells using an ELISA-based assay 

(Figure 2.1D).  Analysis of FGF-responsive human breast cancer cell lines, including the 

estrogen receptor positive (ER+) cell line MCF-7 and the triple negative cell line Hs578T, 

demonstrated that basic FGF (bFGF) treatment also led to increased levels of HA in the 

media (Figure 2.1E,F). To confirm that HAS2 is the primary hyaluronan synthase that 

contributes to HA synthesis, Has2 knock-down was performed using siRNA (Figure 

2.1G) and resulted in a significant decrease in HA synthesis (Figure 2.1H). Together, 

these studies demonstrate that FGFR activation induces expression of HAS2, which 

leads to increased synthesis of HA in vitro and in vivo. 
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Figure 2.1 FGFR activation leads to increased production of HA. A) MMTV-iFGFR1 
transgenic mice were treated with 1mg/kg B/B or solvent for 48 hours. Mammary gland sections 
were stained with HAS2-specific antibody or HA binding protein (HABP). Magnification bars 
represent 50µm. B) Quantification of HA-positive stromal thickness in mammary glands from 
solvent or B/B treated mice. C) HC-11/R1 cells were treated with solvent (-B/B) or 30nM B/B and 
Has2 gene expression was analyzed by qRT-PCR. D) HC-11/R1 cells were treated as described 
in (C) and HA expression in conditioned media was determined by ELISA. E,F) MCF-7 (E) and 
Hs578T (F) cells were treated with or without 50ng/ml bFGF for 18 hours and HA in the  
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(Figure 2.1 continued) 
 
conditioned media was determined by ELISA. G) HC-11/R1 cells were treated with Has2 siRNA 
or a non-targeting (NT) control. Expression of Has2 was measured by qRT-PCR. H) Amount of 
HA was determined by ELISA. *p<0.05, **p<0.01, ***p<0.001. 
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Inhibition of HA synthesis leads to decreased proliferation, migration, and 

chemoresistance. Because HA has been linked to tumor growth and progression [69, 

70, 115], further studies were performed to examine the contributions of HA to 

proliferation and migration. For these studies, cells were treated with 4-

methylumbelliferone (4-MU), which inhibits HA synthases including HAS2 [122-124]. As 

shown in Figure 2.2A, treatment of HC-11/R1 cells with 4-MU effectively inhibited both 

basal and iFGFR1-induced HA synthesis. Furthermore, treatment of HC-11/R1 cells with 

4-MU inhibited iFGFR1-induced migration (Figure 2.2B) and proliferation (Figure 2.2C). 

In addition, the contribution of HA to iFGFR1-induced survival in response to 

chemotherapy was examined by analyzing apoptosis following exposure of cells to 

doxorubicin. Activation of iFGFR1 significantly decreased doxorubicin-induced apoptosis 

in the HC-11/R1 cells, which was partially reversed by 4-MU, demonstrating that HA 

contributes to iFGFR1-induced chemoresistance. Similarly, treatment of Hs578T cells 

with bFGF and 4-MU inhibited bFGF-induced proliferation (Figure 2.2E) and restored 

apoptosis in response to doxorubicin treatment (Figure 2.2F). Interestingly, we found 

that treatment of both cell lines with 4-MU had effects on cell behavior independently of 

FGFR activation, possibly due to the decreased levels in basal HA synthesis (Figure 

2.2A). These results suggest that there are likely to be additional mechanisms that 

regulate HA synthesis in the absence of FGFR activation, which may contribute to the 4-

MU induced inhibition of FGFR-induced phenotypes. 
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Figure 2.2 Blocking HA synthesis leads to decreased migration, proliferation, and 
chemoresistance. A) HC-11/R1 cells were treated with 250 µM of the HAS2 inhibitor 4-MU or 
solvent, followed by the addition of 30nM B/B or solvent. HA was detected in conditioned media 
by ELISA. B,C) HC-11/R1 cells were treated with B/B, 250µM 4-MU and/or solvent. The change 
in wound closure was determined at 18 hours (B) and proliferation was measured by an MTT 
assay (C) at day 1 or 2. D) HC-11/R1 cells were treated with B/B, 4-MU (62.5µM (+), 125µM (++), 
250µM 9 (+++)), and 2µM doxorubicin for 24 hours. Levels of cleaved caspase-3 and β-tubulin 
were examined by immunoblot analysis. E) Hs578T cells were treated with 50ng/ml bFGF and  
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(Figure 2.2 continued) 
 
25µM 4-MU. Proliferation was measured relative to solvent-only treated samples. F) Hs578T cells 
were treated with bFGF, 4-MU (125µM (+) and 250µM (++)), and doxorubicin and levels of 
cleaved caspase-3 and β-tubulin were examined. *P<0.05; **p<0.01; and ***p<0.001. 
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FGFR activation leads to increased phosphorylation of STAT3.  Next, we 

examined the mechanisms involved in mediating FGFR-induced HA synthesis. Because 

HA is involved in inflammation [117, 125], our initial studies focused on examining 

inflammatory mediators such as STAT3, which regulates inflammation-related genes 

including Has2 [65]. To examine STAT3 activation in the iFGFR1 model, HC-11/R1 cells 

were treated with B/B and phosphorylation of STAT3Ser727 and STAT3Tyr705 was assessed 

by immunoblot analysis. Similar to what has been shown previously [126], STAT3Ser727 

was phosphorylated within 15 minutes of iFGFR1 activation, although pSTAT3Tyr705 was 

not detected at these timepoints (Fig. 2.3A). However, analysis of later timepoints 

demonstrated that pSTAT3Tyr705 was detectable following 2 hours of iFGFR1 activation 

and remained elevated throughout the 24-hour time course (Figure 2.3B).   

The timing of STAT3Tyr705 phosphorylation led to the hypothesis that FGFR 

induces STAT3Tyr705 phosphorylation indirectly through inducing production of soluble 

factors that activate STAT3. To address this possibility, HC-11/R1 cells were treated with 

B/B for 18 hours, and conditioned media were used to stimulate parental HC-11 cells. 

pSTAT3Tyr705 was elevated in the HC-11 cells as early as 5 minutes after treatment with 

conditioned media (Figure 2.3C), consistent with the hypothesis that soluble factors 

produced by the cells following iFGFR1 activation contribute to STAT3 activation. 

Further studies were performed to identify soluble factors that induce STAT3Tyr705 

phosphorylation in our system. Because STAT3 is a well-established downstream target 

of IL-6 family cytokines [127], the ability of iFGFR1 to induce expression of genes in the 

IL-6 family was assessed. Initial screening of HC-11/R1 cells demonstrated that iFGFR1 

activation led to increased gene expression of Il-6, Lif and Il-11 (Figure 2.3D,E and data 

not shown). ELISA analysis of conditioned media confirmed that soluble LIF was 

detectable within 2 hours of iFGFR1 activation (Figure 2.3F) and soluble IL-6 was  
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Figure 2.3 Activation of iFGFR1 leads to increased pSTAT3Tyr705 in a gp130-dependent 
manner. HC-11/R1 cells were stimulated with solvent (-B/B) or 30nM B/B, followed by protein 
and RNA extraction or collection of conditioned media. A, B) pSTAT3S727, pSTAT3Y705, and 
STAT3 (loading control) were examined using immunoblot analysis. C) Conditioned media (CM) 
samples from treated HC-11/R1 cells were collected and added to HC-11 cells. pSTAT3Y705 and 
STAT3 was examined using immunoblot analysis. D,E) qRT-PCR analysis was performed to 
assess Lif or Il-6 gene expression. F,G) LIF and IL-6 expression in conditioned media was 
assessed by ELISA. H) HC-11/R1 were treated as above with the addition of IgG control or gp130 
blocking antibody (0.05, 0.5, 5 µg/ml) for 6 hours. Expression of pSTAT3Y705 and STAT3 was 
examined by immunoblot analysis. *p<0.05, **p<0.01, ***p<0.001. 
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detectable within 6 hours (Figure 2.3G). However, increased IL-11 was not found in the 

media at any timepoint (data not shown), suggesting that IL-6 and LIF are the primary IL-

6 family cytokines produced by HC-11/R1 cells in response to iFGFR1 activation. Initial 

studies using cytokine-specific blocking antibodies demonstrated that blocking a single 

cytokine was unable to completely abolish STAT3 phosphorylation (data not shown), 

possibly due to ligand redundancy. IL-6 family cytokines utilize the common receptor 

subunit gp130 to transmit their signals [39]. As shown in Figure 2.3H, treatment of HC-

11/R1 cell with a gp130-blocking antibody prior to activation of iFGFR1 led to a dose-

dependent reduction of STAT3Tyr705 phosphorylation. These results demonstrate that 

activation of FGFR1 leads to production of IL-6 family cytokines, which act through 

gp130 to induce phosphorylation of STAT3Tyr705. 

FGFR activation induces expression of IL-6 family cytokines and STAT3 

activation in human breast cancer cells. Further studies focused on validating FGFR-

induced STAT3Tyr705 phosphorylation in other FGF-responsive cell lines including MCF-7, 

MDA-MB-453 and Hs578T [20, 21, 128]. Following treatment of cells with bFGF, 

pSTAT3Tyr705 was observed at later time points, including 2 and 6 hours post-treatment, 

in all cell types (Figure 2.4A-C), similar to what was observed with the HC-11/R1 cells. 

Furthermore, bFGF treatment of Hs578T cells led to increased production of IL-6 family 

cytokines, including IL-6 (Figure 2.4D) and IL-11 (Figure 2.4E), although LIF was not 

induced in these cells (data not shown). Finally, treatment of cells with a gp130-blocking 

antibody led to decreased pSTAT3Tyr705 in a dose dependent manner (Figure 2.4F). 

These results verify our findings from the HC-11/R1 model that activation of endogenous 

FGFR induces expression of IL-6 family cytokines, which contribute to phosphorylation 

of pSTAT3Tyr705  
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Figure 2.4 FGFR activation leads to pSTAT3Tyr705 in human breast cancer cells. Hs578T (A), 
MCF7 (B), and MDA-MB-453 (C) were treated with or without 50ng/ml bFGF and expression of 
pSTAT3Y705 and STAT3 was examined by immunoblot analysis. D,E) Hs578T cells were treated 
as described above for the indicated times, and conditioned media samples were collected to 
examine protein expression of IL-6 (D) or IL-11 (E) by ELISA. F) Hs578T cells were treated as 
above with the addition of IgG control or gp130 blocking antibody (0.1, 1, 10 µg/ml) for 6 hours. 
G,H) A human breast cancer tissue microarray was stained for pSTAT3Tyr705 and pFRS2 using 
IHC. G) Representative images of weak, moderate, or strong staining intensity are shown. 
Magnification bars represent 50µm. H) Percentage of cases based on staining intensity. **p<0.01 
and ***p<0.001. 
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To determine whether the FGFR and STAT3 signaling pathways are correlated in 

human breast cancers, a tissue microarray (TMA) was generated (Table 2.1) and 

stained with antibodies that recognize pSTAT3Tyr705 and phosphorylated fibroblast 

growth factor receptor substrate 2 (pFRS2), which is indicative of activated FGFR [11]. 

As control, tissues were stained with secondary antibody only and positive staining was 

not detected (Figure 2.5A). Both sets of samples were scored for weak, moderate and 

strong staining (Figure 2.4G). Similar to previously published results [39, 52, 57], 

pSTAT3Tyr705 was observed at moderate to strong levels in approximately 60% of breast 

cancers (Figure 2.4H). pFRS2 staining was found to be detectable at some level in all 

samples, with approximately 85% of tumors expressing moderate to high levels of 

staining (Figure 2.4H), suggesting that FGFR activity is present in a large percentage of 

breast cancer samples. Analysis of all samples revealed a significant association 

between pFRS2 and pSTAT3 (odds ratio=4.8, 95% CI: 1.91, 12.05, p<0.001), 

demonstrating a correlation between FGFR activation and STAT3Tyr705 phosphorylation 

in a proportion of breast cancers (Table 2.1).   

STAT3 contributes to FGFR-induced migration, proliferation and resistance 

to chemotherapy. To assess the functional contributions of STAT3 activation to FGFR-

induced tumorigenic phenotypes, we used the pharmacological inhibitor Stattic [129]. 

Inhibition of STAT3 in HC-11/R1 cells led to decreased iFGFR1-induced migration 

(Figure 2.6A) and proliferation (Figure 2.6B). Because STAT3 has also been linked to 

resistance to chemotherapy [130], the contribution of STAT3 activation to FGFR-induced 

chemoresistance was examined. Stattic restored the sensitivity of HC-11/R1 cells to 

doxorubicin, suggesting that STAT3 contributes to iFGFR1-induced chemoresistance 

(Figure 2.6C).   
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Table 2.1 Proportional odds logistic regression results evaluating the association between 
pSTAT3 and pFRS2 in all subjects and stratified by ER status, HER2 status, node status and 
triple negative status. 

 
 

 
Figure 2.5 A) Representative image of biotinylated anti-rabbit stained section of human breast 
cancers. B) Representative image of a human breast cancer section treated with hyaluronidase 
before addition of HABP. Magnification bars represent 50 µm. 
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Figure 2.6 STAT3 promotes FGFR-induced migration, proliferation, and chemoresistance. 
A) HC-11/R1 cells were treated with solvent or 30nM B/B in the presence of 1µM Stattic or 
DMSO, and wound closure was measured after 18 hours. B) HC-11/R1 cells were treated with 
B/B, 2µM Stattic or solvent for 1 or 2 days. Proliferation rate was calculated by MTT assay and 
given relative to the solvent treated samples. C) Apoptosis was determined by TUNEL assay for 
HC-11/R1 cells treated with B/B, 4µM Stattic, or 2µM doxorubicin for 24 hours. D) Hs578T cells 
were treated with NT or STAT3 siRNA for 24 hours, followed by 1 or 2 days treatment with 
50ng/ml bFGF, and proliferation was calculated relative to solvent treated samples. E) Hs578T 
cells were treated as described above, and 2µM doxorubicin was added to the indicated groups  
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 (Figure 2.6 continued) 
 
for 24 hours. Expression levels of cleaved caspase-3 and β-tubulin were examined by 
immunoblotting. F) HC-11/R1 cells were injected into the fat pads of Balb/c mice. Mice were given  
twice weekly injections of 1mg/kg B/B. Once tumors reached a size of 100 mm3, mice received 
either DMSO or 20mg/kg Stattic and tumor growth was assessed. *p<0.05, **p<0.01, ***p<0.001. 
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To verify the contribution of STAT3 to proliferation and chemotherapeutic 

resistance following endogenous FGFR activation, these processes were assessed in 

Hs578T cells. Consistent with the results from the HC-11/R1 cells, treatment of Hs578T 

cells with bFGF in the presence of Stattic decreased bFGF-induced proliferation and 

reversed resistance to doxorubicin-induced apoptosis (Figure 2.7). To demonstrate that 

these effects are due to loss of STAT3 activity and not due to off-target effects of Stattic, 

STAT3 expression was decreased using siRNA. As shown in Figure 2.6E, STAT3 siRNA 

decreased expression of STAT3α, while leaving the STAT3β splice variant intact. Loss 

of STAT3α expression correlated with decreased bFGF-induced proliferation of Hs578T 

cells (Figure 2.6D) and restoration of chemosensitivity as shown by an increase in 

cleaved caspase-3 (Figure 2.6E).   

 A novel orthotopic mammary tumor model was used to evaluate the contribution 

of STAT3 activation to FGFR-induced tumor growth in vivo. HC-11/R1 cells were 

injected into fat pads of Balb/c mice and the mice were administered B/B to induce tumor 

growth. Average time to tumor growth in this model is 5.5 weeks, compared with 

parental HC-11 cells, which do not form palpable tumors within this timeframe (Figure 

2.8). To determine the effects of STAT3 inhibition on iFGFR1-induced tumor growth, 

mice bearing 100 mm3 tumors were treated with either Stattic or solvent control. 

Treatment of mice with Stattic led to tumor stabilization, resulting in a significant 

(p<0.001) reduction in the size of end stage tumors (Figure 2.6F). Together, these 

results demonstrate that STAT3 is an important mediator of FGFR-induced proliferation, 

migration, therapeutic resistance and tumor growth. 
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Figure 2.7 A) Hs578T cells were treated with or without bFGF in the presence of 1 µM (+) or 4 
µM (++) Stattic or solvent control (DMSO) for 1 or 2 days. Proliferation was calculated relative to 
solvent-only treated samples. ***p<0.001. B) Hs578T cells were treated with 2 µM doxorubicin, 
with or without bFGF, and with solvent control (DMSO) or 1 µM (+), 2 µM (++), 4 µM (+++), or 8 
µM (++++) Stattic. Expression levels of cleaved caspase-3 and the loading control β-tubulin were 
examined by immunoblotting.  
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Figure 2.8 HC-11 or HC-11/R1 cells were injected into the mammary fat pads of Balb/c mice. 
Mice were palpated to determine the % tumor free. 
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FGFR activation induces HA accumulation in a STAT3-dependent manner. 

Because HAS2 was previously identified as a STAT3 target gene [65], we determined 

the contribution of STAT3 to iFGFR1-mediated Has2 expression and HA synthesis. As 

shown in Figure 2.9A, treatment of HC-11/R1 cells with Stattic led to decreased Has2 

gene expression within 2 hours of B/B treatment. Furthermore, inhibition of STAT3 also 

led to decreased HA synthesis following iFGFR1 activation (Figure 2.9B). To verify the 

link between FGFR, STAT3 and HA in human breast cancer cells, Hs578T cells were 

treated with bFGF in the presence or absence of Stattic and HA synthesis was analyzed. 

Although Hs578T cells already express high basal levels of HA [68], inhibition of STAT3 

activity led to a decrease in bFGF-induced HA synthesis (Figure 2.9C). 

To confirm these findings in vivo, immunohistochemical analysis was performed 

on HC-11/R1-derived tumors (Figure 2.6F). Both pSTAT3Tyr705 and HAS2 staining were 

observed in the tumors from solvent-treated mice (Figure 2.9D). Analysis of serial 

sections of tumors from Stattic-treated mice revealed decreased pSTAT3Tyr705 and HAS2 

staining in the same areas within the tumor. Furthermore, analysis of tumor-associated 

HA by ELISA revealed decreased HA levels in tumors from mice treated with Stattic 

(Figure 2.9E), consistent with the observed decrease in HAS2 expression. 
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Figure 2.9 STAT3 regulates expression of HAS2 and production of HA. A) HC-11/R1 cells 
were treated with 30nM B/B, 4µM Stattic or solvent for 2 hours. RNA was collected to examine 
expression of Has2 by qRT-PCR. B) HC-11/R1 cells were treated as in (A) for 18 hours. 
Conditioned media was collected to examine expression of HA by ELISA. C) Hs578T cells were 
treated with 50ng/ml bFGF and Stattic (2µM (+) or 4µM (++)) or solvent for 18 hours, and levels 
of HA in the conditioned media were determined by ELISA. D) Serial tumor sections from mice 
treated with solvent or 20mg/kg Stattic were stained for pSTAT3Tyr705 and HAS2. E) Amount of 
HA in tumors from mice in D) was assessed by ELISA. *p<0.05, **p<0.01, ***p<0.001. 
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Inhibition of HA synthesis decreases acinar growth in three-dimensional 

culture. Further studies were performed to determine the effects of inhibiting HA 

synthesis using three-dimensional (3D) culture models, which provide a more relevant 

environment than cells in traditional two-dimensional culture [131]. We have previously 

demonstrated that primary mammary epithelial cells isolated from MMTV-iFGFR1 

transgenic mice form large acinar structures in 3D culture upon iFGFR1 activation [121]. 

To assess effects HA inhibition on acinar growth, 4-MU was added to the 3D culture at 

the same time as activating iFGFR1, which led to inhibition of iFGFR1-induced acinar 

growth (Figure 2.10A,B). Furthermore, treatment of established structures with 4-MU led 

to inhibition of further acinar growth (Figure 2.10C,D). These studies demonstrate that 

blocking HA synthesis leads to inhibition of iFGFR1-dependent growth of both 

developing and established acinar structures.   

Further studies were performed using the Hs578T cells, which exhibit high levels 

of both FGFR activation [20] and high levels of HA synthesis [68]. The cells were plated 

in 3D culture and structures were treated with either PD173074 to inhibit FGFR 

activation, 4-MU to inhibit HA synthesis or both for 6 days, and proliferation was 

assessed using phospho-histone H3 staining. Surprisingly, treatment of cells with either 

PD173074 or 4-MU alone did not affect proliferation (Figure 2.10E,F). However, when 

treated with both inhibitors together, proliferation was significantly decreased (Figure 

2.10E,F). Taken together, the 3D culture studies suggest that HA inhibition may be a 

relevant approach for targeting both FGFR-driven cancers and cancers that have high 

levels of FGFR activation, but are not necessarily FGFR-driven. To assess whether high 

levels of FGFR activation and HA co-exist in human patient samples, the TMA described 

above was stained for HA. No staining was observed in hyaluronidase treated samples, 

demonstrating specificity for the staining (Figure 2.5B). HA was found in all samples and
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Figure 2.10 Inhibition of HA synthesis leads to decreased FGFR-induced growth in 3D 
culture. A) Primary mammary epithelial cells were isolated from MMTV-iFGFR1 transgenic mice 
and plated in 3D culture. Cells were treated with 30nM B/B,10µM 4-MU or solvent. Light 
microscopy images were obtained after 10 days in culture. B) Quantification of acinar area. C) 
Structures were treated with B/B to activate iFGFR1 for 6 days, followed by treatment with solvent 
or 4-MU for 8 days. Images were obtained from the same structures. D) Quantification of acinar 
area. Red arrow indicates addition of 4-MU. E) Hs578T cells were plated in Matrigel. The cells 
were treated with solvent (Control), 10µM 4-MU, 1µM PD173074 or both for 6 days. The cultures 
were stained with phospho-histone H3 and analyzed by confocal microscopy. F) Quantification of 
phospho-histone H3 positive cells. *p<0.05. G) Representative images of pFRS2 and HABP-
stained sections of human breast cancers. Magnification bars represent 50µm. 
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was therefore present in all breast cancer samples exhibiting high levels of pFRS2 

(Figure 2.10G). Therefore, combination therapies targeting both FGFR activity and HA 

synthesis may be considered for patients with high levels of FGFR activation.  

 

 

Discussion 
 

 The results from these studies reveal a novel link between FGFR activation and 

synthesis of HA by tumor cells, thus linking intracellular signaling to alterations in the 

microenvironment (Figure 2.11). HA is an important component of the ECM that is 

normally involved in a number of physiological processes including maintenance of 

tissue integrity, morphogenesis, wound healing and inflammation [117, 125].  HA is a 

prevalent component of the normal human breast ECM and alterations in HA contribute 

to breast cancer growth and progression [69, 70, 115]. Tumor-associated HA alterations 

are complex and can include increased HA synthesis, changes in HA localization and 

increased HA fragmentation [132, 133]. High levels of HA accumulate in breast cancer, 

in part due to increased HA synthesis by HAS enzymes including HAS2; these high 

levels of HA are associated with reduced survival and poor response to therapy [134, 

135]. HA is typically produced in a high molecular weight form and can be cleaved into 

lower molecular weight fragments by hyaluronidases or reactive oxygen species under 

specific conditions, such as during inflammation and within the tumor microenvironment 

[136-138]. While high molecular weight HA inhibits tumor formation [139], low molecular 

weight forms have been shown to stimulate cancer cell migration and invasion possibly 

through differential interactions with its receptors, such as CD44 and RHAMM [132, 133, 

140]. While our current studies have not specifically assessed HA fragmentation, they 
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demonstrate that FGFR can increase the levels of HA within the tumor 

microenvironment creating the necessary substrate for HA fragment production.  

Because changes in HA are often associated with inflammation, further studies 

focused on the contributions of inflammatory pathways to FGFR-mediated changes in 

HA, specifically the transcription factor STAT3. In our current studies, we found 

differences in the kinetics of the two STAT3 phosphorylation sites, Ser727 and Tyr705, 

following FGFR activation. Phosphorylation at Ser727 has been previously identified as 

a rapid site of phosphorylation following FGFR activation [126]. However, the 

observation of cytokine mediated indirect phosphorylation at Tyr705 at later time points 

is novel and provides a potential feed forward mechanism through which FGFR 

activation induces inflammation in breast cancer. Although initially thought to be 

secondary to phosphorylation of Tyr705 and involved in maximal STAT3 activation, 

recent studies have suggested that pSTAT3Ser727 may have different functions than 

pSTAT3Tyr705 [141]. Interestingly, pSTAT3Ser727 has been identified in early stage tumors 

in melanoma, whereas pSTAT3Tyr705 has been associated with later stage cancer [141]. 

Further studies are required to elucidate whether these two phosphorylation sites have 

different roles in mediating FGFR-driven tumor growth. 

Further analysis of the mechanisms driving STAT3 phosphorylation 

demonstrated that FGFR activation induces various IL-6 family members, which 

contributed to phosphorylation of STAT3Tyr705. While these studies focused on actions of 

IL-6-mediated signaling in the tumor cells, it is likely that the IL-6 family members also 

act on neighboring epithelial cells (Figure 2.11) and cells within the tumor reactive 

stroma, including infiltrating inflammatory cells, to promote tumor growth and 

progression. Further studies are in progress to determine the relative contributions of IL- 
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Figure 2.11 Activation of FGFR (1) leads to increased gene expression and secretion of IL-6 
family members (2). These bind to the gp130 receptor (3) which activates STAT3 (4). 
Phosphorylated STAT3 regulates HAS2 expression (5). HAS2 stimulates production of 
hyaluronan (6), which is then secreted and contributes to induced proliferation, migration and 
chemoresistance. 
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6 family cytokine-induced signaling in tumor cells compared with other cell types in the 

microenvironment.    

These studies raise the possibility that patients with high levels of FGFR activity 

and tumor-associated HA may be candidates for combinatorial therapies targeting both 

of these molecules. Consistent with this, our 3D culture studies suggest that while 

inhibition of FGFR in FGF-responsive cells alone does not affect cell proliferation, 

combinatorial treatment inhibiting both FGFR and HA synthesis leads to decreased 

proliferation. Whether this is due to cooperative effects of decreased signaling of both 

pathways or due to removal of HA surrounding the tumor cell and thus providing access 

of the drug to the cells, which has been demonstrated in other models [142], remains to 

be determined. Regardless of the mechanism, these findings provide an example of the 

potential therapeutic impact of designing therapeutic strategies that target both tumor 

cell-specific oncogenic pathways and the pro-tumorigenic microenvironment. 

 In conclusion, these studies define a novel pathway involving FGFR, STAT3 and 

HA synthesis that contribute to tumor growth. Because all of the components of these 

pathways are known to contribute to other tumor types as well as inflammation-related 

diseases, this pathway likely represents a general mechanism that can be applied more 

broadly than just breast cancer. Finally, these results provide important insights into the 

potential need for targeting growth factor driven signaling pathways within the tumor 

cells in combination with inhibiting HA/tumor cell interaction to more effectively treat 

breast cancer in patients.  
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Chapter 3. Disruption of STAT3 signaling in mammary tumor myeloid cells 
promotes tumor growth.  
 

 

Introduction 

 

Tumors arise in the complex environment of intrinsic and extrinsic drivers, and 

inflammation has been recognized as a critical factor contributing to tumor development 

[143, 144]. Abundant evidence suggests that tumor infiltrating immune cells are co-opted 

to aid tumor growth by secreting growth factors, remodeling the extracellular matrix, and 

shielding the tumor from an effective immune response [145, 146]. Infiltration of different 

types of immune cells into the tumor microenvironment is associated with differing 

patient outcomes. For example, increased percentages of tumor infiltrating CD8+ T 

lymphocytes in breast cancers are associated with better prognosis [147]. In contrast, 

increased numbers of tumor infiltrating myeloid cells such as myeloid-derived 

suppressor cells (MDSC) and macrophages have been associated with poor patient 

prognosis, and depleting or “re-educating” these populations as a means to control 

tumor progression has been an active field of investigation [76, 143, 148-151]. Tumor-

associated macrophages (TAMs) contribute to breast cancer progression through a 

variety of mechanisms such as production of angiogenic and growth factors, matrix-

remodeling enzymes, and molecules that interfere with a productive anti-tumor immune 

response [152-154]. As current standards of care target primarily the epithelial 

compartment of breast tumors, development of novel therapeutic strategies that address 

the critical contributions of tumor infiltrating immune cells is warranted. 

Macrophage polarization within the tumor microenvironment is thought to play a 

key role in tumor progression [155]. Conventionally, macrophages are thought to 
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assume the M1 (classical) phenotype in response to interferon-gamma (IFNγ) and 

pathogen-derived toll-like receptor ligands such as lipopolysaccharide (LPS). 

Alternatively activated macrophages (M2) are induced by the cytokines IL-4 and IL-13, 

as well as in response to IL-10, immunoglobulins, and glucocorticoids [94]. The two 

phenotypes are critical in response to infection where M1 macrophages respond initially 

and drive the pro-inflammatory protective cascade, while M2 macrophages develop to 

antagonize inflammation and orchestrate the wound-healing response. TAM polarization 

is often associated with an M2-like phenotype and efforts are being made to repolarize 

TAMs to an anti-tumor M1-like phenotype. However, more recent studies have 

suggested that TAMs can reside along a spectrum of the M1/M2 continuum and can 

express markers associated with both polarization states depending on tumor type and 

stage [96, 156]. Understanding how macrophages respond to the microenvironment and 

delineating the mechanisms that regulate their function is critical for developing 

therapeutic approaches that act on macrophages to control tumor growth and 

progression.   

Signal transducer and activator of transcription (STAT) factors are thought to be 

important mediators of macrophage polarization. IFNγ-activated STAT1 has been linked 

to M1 polarization while STAT6 and STAT3, activated by IL-4/IL-13 and IL-10 

respectively, have been linked to M2 polarization. Activated STAT3 has been observed 

in up to 30% of myeloid cells in human breast cancers and has been implicated in 

regulating myeloid cell function in tumors [157]. Genetic studies have suggested that 

myeloid-specific STAT3 activation contributes to an immunosuppressive phenotype and 

that ablation of STAT3 in myeloid cells leads to enhanced anti-tumor T cell responses in 

mouse models of melanoma and urothelial carcinoma [100]. In contrast, deletion of 

STAT3 in myeloid cells has also been found to enhance colitis and promote the 
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formation of colon tumors, possibly as a result of increased chronic inflammation that 

results upon deletion of STAT3, which is known to constrain pro-inflammatory responses 

[103]. These studies highlight the potential complexities of STAT3 function within the 

myeloid compartment during tumor initiation and growth. 

Although STAT3 is activated in myeloid cells associated with breast cancer, the 

contributions of STAT3 to immune cell function during mammary tumor growth have not 

been investigated using conditional genetic deletion approaches. We previously 

developed an orthotopic transplant model dependent upon fibroblast growth factor 

receptor 1 (FGFR1) activation to study the contributions of the IL-6/STAT3 pathway to 

mammary tumor initiation and growth [28]. Activation of inducible FGFR1 led to a 

significant increase in STAT3-activating cytokines, such as IL-6. We demonstrate here 

that these soluble factors also activate STAT3 in macrophages in vitro, and that 20% of 

tumor associated macrophages exhibit activated STAT3 in vivo. Surprisingly, injection of 

tumor cells into STAT3-floxed x c-fms-iCre mice, in which STAT3 is efficiently deleted in 

macrophages and partially deleted in other myeloid and lymphoid lineages [103], led to 

significantly increased tumor incidence and decreased tumor latency. These phenotypes 

were not observed in a polyoma middle T (PyMT)-derived model in which the tumor 

associated macrophages exhibited lower levels of activated STAT3. STAT3Δ/∆ bone 

marrow derived macrophages (BMDMs) displayed an enhanced pro-inflammatory 

phenotype in the presence of LPS and IFNγ, consistent with published studies 

demonstrating that STAT3 constrains pro-inflammatory responses [103, 158]. 

Furthermore, we found that STAT3 deletion in BMDMs led to prolonged activation of 

STAT1 as well as increased expression of canonical STAT1 target genes including the 

immune checkpoint inhibitor molecule programmed death ligand 1 (PD-L1) both in vitro 

and within mammary TAM populations. Finally, we demonstrate that secreted factors 
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from the human breast cancer cell line MDA-MB-231 were able to enhance STAT1 

signaling in STAT3Δ/∆ macrophages. Taken together, our results demonstrate that 

conditional deletion of STAT3 in immune cells leads to enhanced mammary tumor 

initiation and growth. Because STAT3 has oncogenic functions in breast cancer cells 

and is considered as a potential therapeutic target, our findings highlight the importance 

of understanding of STAT3 function in non-tumor cells.    

 

 

Materials and Methods 

 

Animals 

B6.129S1-STAT3flox/flox (STAT3tm1Xyfu) mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME). FVB cfms-icre Tg(Csf1r-icre)1Jwp/J mice were provided 

by Dr. Elaine Lin [103]. All mice were backcrossed to the BALB/c and FVB backgrounds 

via the speed congenic technology provided by IDEXX RADIL (Columbia, MO). The 

STAT3flox/flox and cfms-iCre mice were then crossed to generate the mice lacking STAT3 

expression in myeloid cells. STAT3fl/fl/cfms-iCre mice are referred to as conditional-

STAT3∆/∆, while STAT3fl/fl littermates, which lack cfms-iCre, are used as controls. All 

experiments were performed with 6-8 week-old female mice. All animal care and 

procedures were approved by the Institutional Animal Care and Use Committee of the 

University of Minnesota and were in accordance with the procedures detailed in the 

Guide for Care and Use of Laboratory Animals. 

 

Mouse treatments 
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For BALB/c tumor induction, 1x106 HC-11/R1 cells in 50% Matrigel (BD Biosciences) 

were injected into the inguinal mammary fat pads of conditional-STAT3Δ/∆ and STAT3fl/fl 

mice, and mice were treated as described previously [28]. For FVB tumors, 0.5x106 

MMTV-PyMT tumor derived cells were injected into FVB recipient mice of the indicated 

genotype. All mice were examined for tumor development by palpation and were 

considered tumor-bearing once tumor size reached approximately 100 mm3. Tumor 

growth was measured using calipers, and tumor volume was calculated using the 

following equation: V=(LxW2)/2. All mice were injected with 30 mg/kg 5-bromo-2’-

deoxyuridine (BrdU) intraperitoneally 2 hours prior to sacrifice. 

 

Cell culture 
 
HC-11/R1 cells were generated and maintained as described previously [22]. Bone 

marrow derived macrophages (BMDMs) were obtained as described previously [25]. 

PyMT cells, isolated from tumors generated in transgenic MMTV-PyMT mice, were 

provided by Dr. Felicite Noubissi and Dr. Brenda Ogle and grown in DMEM/F12, 5 µg/ml 

insulin (Akron Biotech) and 1 µg/ml hydrocortisone (Sigma-Aldrich), 5 µg/ml EGF (Life 

Technologies), 5% fetal bovine serum and 1% penicillin-streptomycin (Life 

Technologies). MDA-MB-231 cells were obtained from ATCC and maintained in DMEM 

supplemented with 10% FBS and 1% Pen/Strep (Invitrogen). All cells were grown at 

37°C and 5% CO2.  

 

Cell stimulation 
 
Serum-starved HC-11/R1 cells were treated with B/B (Clonetech) or vehicle ethanol for 

24 hours, and conditioned medium (B/B CM) was collected, filtered, and used to 

stimulate BMDMs, previously serum-starved for 4 hours. For inhibitor treatments, 
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BMDMs were pre-treated with 50µM SC144 (Sigma-Aldrich) or solvent DMSO for 1 hour. 

50µM SC144 or equivalent amount of DMSO were then added to the treatment as 

indicated.  

 

Immunoblot analysis 
 
Cell were lysed in RIPA buffer containing protease inhibitors as previously described 

[28]. Immunoblot analysis was performed by incubating PVDF membranes overnight at 

4ºC with the following antibodies: pSTAT3 (Cell Signaling #9131, 1:1000), STAT3 (Cell 

Signaling #12460, 1:1000), GAPDH (Cell Signaling #2118, 1:10000), pSTAT1 (Cell 

Signaling #9167, 1:1000), STAT1 (Cell Signaling #9172, 1:2000), β-tubulin (Cell 

Signaling #2146, 1:1000).  

 

Flow cytometry 

Tumors were harvested by blunt dissection and single-cell suspensions were made by 

mechanical disruption at room temperature, followed by 30’ incubation at 37˚C in 

24µg/ml Liberase TL (Roche, #05401020001) and 0.15mg/ml DNAse I (Sigma-Aldrich, 

#DN-25). Digestion was halted by addition of DMEM+10% FBS and centrifugation, 

followed by passing the cell suspension through a 70µm strainer (Falcon, #352350). Red 

blood cells were lysed using ACK Lysing Buffer (Lonza, #10-548E) following 

manufacturer’s instructions. Following addition of ice-cold PBS, cell were centrifuged at 

4˚C for 5’ at 1500 rpm, and remaining cells were resuspended in pre-chilled FACS buffer 

(0.5% FBS, 10mM EDTA, 1X PBS). Samples were analyzed with LSRII (Becton 

Dickinson) after staining with the following antibodies: purified CD16/32 (eBioscience, 

#14-0161), CD3-APC (Tonbo Biosciences, #20-0031), CD4-BV605 (BioLegend, 

#100547), CD8-PerCP (BioLegend, #100732), F4/80-FITC (BioLegend, #123107), PD-
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L1-PeCy7 (BioLegend, #124313). Fixable Viability Dye eFluor 780 was added to all 

samples to exclude dead cells (eBioscience, #65-0865-14). All flow data was analyzed in 

FlowJo software (Tree Star v.10).   

 

Quantitative reverse transcription-PCR 
 
RNA was extracted from cells using TriPure (Roche) and cDNA was prepared using the 

qScript cDNA synthesis kit (Quanta Biosciences) according to the manufacturers’ 

protocols. Quantitative RT-PCR (qRT-PCR) was performed using PerfeCTa SYBR 

Green (Quanta Biosciences) and the Bio-Rad iQ5 system. The 2-ΔΔCt method [159] was 

used to determine relative quantification of gene expression and normalized to 

cyclophilin B (CYBP). Primer sequences are provided in Supplementary Table 3.1  

 

Tissue analysis 
 
For analysis of frozen sections, BALB/c and FVB tumors were snap frozen in OCT; 5µm 

thick sections were cut and fixed in acetone for 5 minutes at room temperature. Tissues 

were permeabilized for 10 minutes at -20˚C in pre-chilled methanol. Following an hour 

block in 10% normal goat serum, sections were stained for F4/80 (1:100, BioRad, 

#MCA49RT) and pSTAT3 (1:200, Cell Signaling, #9145) at 4˚C overnight. Secondary 

antibodies goat α-rat and goat α-rabbit, respectively, were incubated for 1 hour at room 

temperature (1:250, Invitrogen, #A11007 and #A11008), and tissues were coverslipped 

with ProLong Gold Antifade DAPI (Invitrogen, #P36931). For analysis of paraffin 

embedded sections, BALB/c tumors were fixed in 4% paraformaldehyde and paraffin 

embedded. 5µm thick sections were stained with hematoxylin and eosin (H&E), F4/80 

(1:100, no antigen retrieval, BioRad, #MCA49RT), Keratin 8 (1:250, Developmental 

Studies Hybridoma Bank, TROMA-1), Keratin 14 (1:500, Covance, #PRB 155-P) and 
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BrdU (1:200, Abcam, #ab6326) as previously described [27, 160]. For statistical 

purposes, 5 images of at least 3 representative tumors were analyzed. 

 

Statistical analysis 
 
Experiments were performed at least three times. Statistical analysis was performed 

using the unpaired two-tailed Student t-test, one-way ANOVA, tailed Mann-Whitney test 

or Kaplan-Meier survival plotter (GraphPad PRISM v6) as indicated in figure legends. 

Differences were considered significant if the p value was ≤ 0.05 (*p ≤ 0.05, **p ≤ 0.01, 

***p ≤ 0.001).  

Error bars represent mean ± SEM.  

 

 

 

Results 

STAT3 is activated in mammary tumor-associated macrophages. Activation 

of STAT3 in approximately 60% of breast cancer cases has been well-documented [28, 

52]. However the contributions of STAT3 signaling in the tumor epithelial versus myeloid 

compartment have not been thoroughly evaluated in breast cancer models. To examine 

STAT3 activation in immune cell populations, we chose a mammary tumor model that 

we have previously demonstrated expresses high levels of IL-6 [28]. HC-11/R1 cells, 

which have been previously characterized, express an inducible FGFR1 that can be 

activated by treating cells with the B/B homodimerizer [22]. Activation of inducible 

FGFR1 in these cells leads to increased production of IL-6 family cytokines, which 

activates STAT3 in an autocrine manner, contributing to tumor cell proliferation and 

migration [28]. As shown previously, activation of inducible FGFR1 in mammary 
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epithelial cells leads to macrophage recruitment and activation [25]. Therefore, further 

studies were performed to determine whether soluble factors produced following iFGFR1 

activation were capable of activating STAT3 in macrophages in vitro. Serum starved HC-

11/R1 cells were treated with solvent control or B/B overnight, and conditioned medium 

(B/B CM) was collected for treatment of primary BMDM. Levels of pSTAT3 were 

examined using immunoblot analysis (Figure 3.1A). Activation of STAT3 in BMDMs was 

observed within 10 minutes of exposure to B/B CM, and returned to baseline levels at 

approximately 90 minutes post-treatment. As we have previously established the high 

level of IL-6 family of cytokines secreted following activation of the FGFR pathway, we 

sought to determine their contribution to STAT3 activation in macrophages [28]. As 

shown in Figure 3.1B, treatment of BMDM with the inhibitor of the IL-6 family common 

receptor subunit gp130 SC144 lead to reduced STAT3 phosphorylation, indicating that 

IL-6 family of cytokines contribute significantly to STAT3 activation.  
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Figure 3.1. STAT3 is activated in mammary tumor-associated macrophages. A. 
Confluent, serum-starved HC-11/R1 cells were treated with B/B to activate iFGFR1 for 
24 hours, and their media was collected and used to treat BMDMs for 10, 30, and 90 
minutes. Immunoblot analysis was performed to detect levels of phosphorylated STAT3 
(pSTAT3). Levels of total STAT3 are shown as to indicate equal protein loading. B. 
Conditioned media (B/B CM) was collected as described in A. BMDM were serum-
starved and pre-treated for 1 hour with 50µM SC144 or solvent control DMSO, at which 
point B/B CM and SC144 were added for 30 minutes, and levels of pSTAT3 were 
examined by immunoblot. C. 6-week-old mice were injected orthotopically with either 
iFGFR1 or PyMT and tumors were allowed to develop. 5µM frozen sections were 
stained for F4/80 (red), pSTAT3 (green), or DAPI (blue) and analyzed using 
fluorescence microscopy. Scale bar represents 50µm. D. Images generated in C were 
used to count total number of macrophages (F4/80+) and the number of macrophages 
with positive nuclear pSTAT3 signal (pSTAT3+/F4/80+). At least five images from three 
separate animals were analyzed and results were compared using unpaired Student t-
test.   
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Tumor-associated myeloid cells deficient in STAT3 promote growth in 

FGFR1 dependent tumors. Based on the observation that STAT3 is activated in a 

subset of mammary TAMs, further studies were performed to determine whether STAT3 

signaling in myeloid cells contributes to tumorigenesis. HC-11/R1 were injected into the 

mammary fat pads of either STAT3fl/fl  or conditional-STAT3Δ/∆  Balb/c mice. The mice 

were evaluated for tumor onset and tumor growth rate. Conditional-STAT3Δ/∆ mice 

developed tumors significantly sooner than the control STAT3fl/fl group, and tumors grew 

at a significantly faster rate (Figure 3.2A, B). In parallel experiments, PyMT cells were 

injected into STAT3fl/fl or conditional-STAT3Δ/∆ FVB mice. We observed no difference in 

either tumor latency or tumor growth rate in the mice injected with PyMT cells (Figure 

3.2C, D). In order to further characterize the HC-11/R1-derived tumors, we performed 

H&E staining (Figure 3.3A). The tumors appeared histologically similar after H&E 

staining. Tumor sections were stained for nuclear BrdU incorporation, which revealed 

increased rate of cell proliferation in tumors generated in conditional-STAT3∆/∆ hosts 

(Figure 3.3B). Further analysis by flow cytometry revealed that macrophages 

represented a similar percentage of total cells between STAT3fl/fl and STAT3∆/∆ tumors, 

suggesting that myeloid cell function was affected by the lack of STAT3 signaling but not 

macrophage recruitment (Figure 3.3C).  
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Figure 3.2. Tumor-associated myeloid cells deficient in STAT3 promote growth in 
FGFR1 dependent tumors. 6-week-old STAT3fl/fl (n=6) or conditional-STAT3∆/∆ (n=9) 
Balb/c mice were orthotopically injected with 1x106 HC-11/R1 cells in each inguinal 
mammary gland. Mice were examined by palpation for tumor development twice weekly 
(A), and once tumors reached 100mm3, they were measured every day by caliper (B). 6-
week-old STAT3fl/fl (n=3) or conditional-STAT3∆/∆ (n=7) FVB mice were orthotopically 
injected with 0.5x106 PyMT cells in each inguinal mammary gland. Tumor 
measurements were conducted as described in A and B. 
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Figure 3.3. Tumor myeloid cells deficient in STAT3 promote tumor cell 
proliferation in vivo. A. 5µm-thick paraffin-embedded sections of the HC-11/R1 tumors 
generated in Figure 3.2A were stained with hematoxylin and eosin (H&E, left panel), 
BrdU (red, middle panel), or F4/80 (red, right panel). Scale bars represent 50µm. B. 
BrdU+ cells were counted across at least five images in three mice per genotype, and 
their percentage of total DAPI stained nuclei was calculated. Means were compared 
using unpaired Student t-test. C. The percentage of F4/80+ cells among all single live 
cells within control and STAT3∆/∆ HC-11/R1 tumors were calculated using flow cytometry 
as described in the Methods section. Means were not statistically different.  
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STAT3-deficient macrophages display an enhanced pro-inflammatory 

phenotype in the presence of M1 stimuli. STAT3 has a well-defined role in regulating 

the anti-inflammatory response downstream of IL-10 [161]. However, the mechanisms of 

STAT3 activation and function in the induction of the M1 phenotype have not been 

thoroughly investigated. Therefore, we sought to examine primary macrophage 

responses to the canonical M1 and M2 stimuli. We differentiated macrophages from the 

bone marrow of STAT3fl/fl and conditional-STAT3∆/∆ mice (Figure 3.4A) and treated them 

with LPS/IFNγ (M1) and IL-4/IL-13 (M2). We examined the levels of several well-defined 

M1 and M2 markers by qRT-PCR (Figure 3.4B,C). As expected, expression of canonical 

M2 markers such as IL-10, arginase I (ArgI), and mannose receptor 1 (Mrc1/CD206) 

were reduced in BMDM lacking STAT3 compared to STAT3fl/fl cells (Figure 3.4C). 

Conversely, expression of several M1 chemokines and cytokines exhibited significantly 

higher expression in STAT3∆/∆ macrophages compared to STAT3fl/fl cells (Figure 3.4B). 

Specifically, increased gene expression levels of the chemokines Ccl2 and Ccl5, as well 

as increased levels of the inflammatory cytokines Ptgs2 and Il-12 were observed. 

Expression levels of Tnfα and Il-1β were not significantly different in conditional-

STAT3∆/∆ macrophages compared to STAT3fl/fl macrophages, suggesting that only a 

subset of M1 markers are affected by loss of STAT3 (data not shown). Additional studies 

were performed to assess macrophage responsiveness to IL-6, a key tumor cell-derived 

cytokine that activates STAT3 in macrophages. STAT3fl/fl and STAT3∆/∆ BMDM were 

treated with rIL-6, and the expression levels of the previously described panel of M1/M2 

molecules were examined by qRT-PCR. Among the IL-6 regulated molecules, Ccl2 

showed a significant increase, and Il-10 showed significant decrease in expression in the 

STAT3∆/∆ BMDM compared to the STAT3fl/fl (Figure 3.4D, E). These findings indicate that  
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Figure 3.4.  STAT3-deficient macrophages display an enhanced pro-inflammatory 
phenotype. A. BMDM were isolated from STAT3fl/fl and conditional-STAT3∆/∆ mice, as 
described in the Methods section, and protein lysates were analysed by immunoblot for 
levels of STAT3 expression. Levels of the housekeeping protein GAPDH are presented 
as loading control. BMDM were serum-starved and treated with (B) 20ng/ml IFNγ + 
20ng/ml LPS, (C)  20ngml IL-4 + 20ng/ml IL-13, or  (D, E) 100ng/ml rIL-6 and gene 
expression levels of M1/M2 markers were determined by qRT-PCR. All gene levels are 
normalized to the expression of the housekeeping gene Cyclophilin B. Expression levels 
were compared between genotypes in each experiment using one-way ANOVA. Graphs 
are representative of 3 separate experiments.  
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in the absence of STAT3 signaling, macrophages display an enhanced pro-inflammatory 

phenotype in response to pro-inflammatory stimuli. 

 
STAT1 activation is enhanced in STAT3-deficient macrophages. Previously 

published studies have suggested a role for STAT3 in attenuating the functions of 

another STAT family member STAT1 [162, 163]. STAT1 is phosphorylated in response 

to IFNγ and orchestrates a potent inflammatory response in macrophages [164]. 

Therefore, further studies were performed to assess STAT1 activity in STAT3 deleted 

macrophages. STAT3fl/fl and STAT3∆/∆ BMDMs were treated with rIL-6 in a time course 

experiment and levels of phosphorylated STAT1 (pSTAT1) were examined by 

immunoblot analysis (Figure 3.5A). As previously reported, STAT1 was weakly but 

transiently activated at 30 minutes in STAT3fl/fl cells [38, 162]. In contrast, rIL-6 treatment 

led to enhanced and sustained pSTAT1 levels in STAT3∆/∆ BMDMs (Figure 3.5A). To 

examine the ability of tumor cell derived factors to regulate macrophage STAT signaling 

in a similar manner, STAT3fl/fl and STAT3∆/∆ BMDMs were treated with conditioned media 

derived from the human breast cancer line MDA-MB-231. The levels of pSTAT3 and 

pSTAT1 were examined by immunoblot analysis. As shown in Figure 3.5B, tumor cell 

secreted factors activated preferentially activated STAT3 over STAT1 in macrophages. 

However, in the absence of STAT3, exposure of STAT3∆/∆ BMDMs to MDA-MB-231-

derived factors resulted in enhanced phosphorylation of STAT1, similar to the findings 

described above. 
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Figure 3.5. STAT1 activation is enhanced in STAT3-deficient macrophages. A. 
STAT3fl/fl or STAT3∆/∆ BMDM were serum-starved and treated with 100ng/ml rIL-6 for 30 
minutes, 5 hours or 18 hours. Protein lysates were analyzed for pSTAT1 and total 
STAT1 by immunoblot. B. Human MDA-MB-231 cells were grown to confluence and 
serum-starved overnight. Secreted factors were collected and used to treat STAT3fl/fl or 
STAT3∆/∆ BMDM for 2 hours, 8 hours, or 18 hours. Protein lysates were analyzed for 
levels of pSTAT3 and pSTAT1. Levels of GAPDH are shown as a loading control.  
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Expression of downstream STAT1-target genes is upregulated in STAT3∆/∆ 

macrophages. Further studies were performed to determine whether STAT3 deletion in 

macrophages led to enhanced expression of STAT1 target genes. Cxcl9 and Cxcl10, 

which are canonical STAT1 target genes, were examined by qRT-PCR in STAT3fl/fl and 

STAT3∆/∆ cells following rIL-6 treatment. A significant increase in gene expression levels 

of both chemokines was observed in the STAT3∆/∆ cells (Figure 3.6A). These results 

suggest that in the absence of STAT3, IL-6 activates STAT1 and induces expression of 

STAT1 downstream transcriptional targets. Pd-l1 is another STAT1-dependent gene 

expressed by most antigen-presenting immune cells, including macrophages, in 

response to pro-inflammatory stimuli [165]. Therefore, we examined the levels of PD-L1 

in STAT3fl/fl and STAT3∆/∆ BMDMs treated with rIL-6. A significant upregulation of Pd-l1 

gene expression was observed in rIL-6-treated STAT3∆/∆ BMDMs compared to rIL-6-

treated control cells (Figure 3.6A). Furthermore, when PD-L1 surface expression was 

examined by flow cytometry, STAT3∆/∆ BMDMs treated with rIL-6 displayed significantly 

higher MFI levels than STAT3fl/fl BMDMs (Figure 3.6B). As the pro-tumor effects of PD-

L1 expression are well documented in a variety of tumor types, we assessed the levels 

of PD-L1 on the surface of TAMs from STAT3fl/fl and conditional-STAT3∆/∆ tumors. 

Significantly higher expression of PD-L1 was observed on F4/80+ macrophages isolated 

from iFGFR1-driven tumors in conditional-STAT3∆/∆ mice when compared to controls 

(Figure 3.6C). Next, we sought to determine whether the observed increase of Pd-l1 

expression in STAT3∆/∆ BMDMs was dependent on activation of STAT1. As STAT1 

phosphorylation relies on the activation of JAK1, we treated cells with JAK1/2 selective 

inhibitor ruxolitinib (Figure 3.6D). Pd-l1 increase in STAT3∆/∆ BMDM treated with rIL-6 

was abolished in the presence of ruxolitinib, but not the solvent control DMSO, 

suggesting that Pd-l1 expression depends on JAK/STAT signaling. These findings 
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Figure 3.6. Expression of downstream STAT1-target genes is upregulated in 
STAT3∆/∆ macrophages. A. STAT3fl/fl or STAT3∆/∆ BMDM were serum-starved and 
treated with 100ng/ml rIL-6 for 2 hours. Cxcl9, Cxcl10, and Pd-l1 mRNA levels were 
examined by qRT-PCR. B. BMDM were treated with 100ng/ml rIL-6 for 18 hours and 
surface expression of PD-L1 was examined by flow cytometry. Flow plots shown are 
representative images. C. PD-L1 expression on single, live, F4/80+ cells within  
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(Figure 3.6 continued)  

HC-11/R1-derived tumors was examined by flow cytometry. D. STAT3fl/fl or STAT3∆/∆ 
BMDM were treated with pre-treated with 1µM ruxolitinib or the solvent control DMSO for 
1 hour. Following pre-treatment, cells were treated with 100ng/ml rIL-6 and/or 1µM 
ruxolitinib for 2 hours. Levels of Pd-l1 expression were determined by qRT-CPR. 
Changes in means were examined using a Student t-test in A, B, and C, or by one-way 
ANOVA in D.    
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suggest that although STAT3∆/∆ BMDM display an enhanced pro-inflammatory 

phenotype, their ability to mount an effective anti-tumor immune response might be 

compromised due to concurrent upregulation of pro-tumor molecules, such as PD-L1.  

 
 
Discussion 
 

STAT3 activation has been implicated in suppressing the pro-inflammatory 

response and enhancing M2 polarization in macrophages [158]. However, previous 

studies have demonstrated that STAT3 function in myeloid cells in the context of cancer 

is complex. Numerous studies have linked constitutively activated STAT3 with blocking 

maturation of dendritic cells and enhancing pro-tumor activity in myeloid cells [99-101, 

166]. In a mouse model of colon carcinoma, Nefedova et al. demonstrated that dendritic 

cells isolated from tumor-bearing animals exhibited higher levels of pSTAT3 and 

stimulated T cell activation less efficiently than those isolated from control mice [99]. 

Additional studies have reported increased anti-tumor immune response following Mx-

cre mediated hematopoietic STAT3 ablation in subcutaneous mouse models of 

melanoma and urothelial carcinoma [100]. In contrast, other studies have indicated that 

STAT3 activation in immune cells might serve an anti-tumor function as well. Deng et al. 

reported development of spontaneous colon tumors in STAT3fl Csf1r-iCre mice, 

establishing a role for myeloid cell-specific STAT3 in protecting intestinal epithelial cells 

from the effects of excessive inflammation [103]. Furthermore, in a recent study by 

Kumar et al., the authors observed reduced STAT3 activity in both MDSC and 

macrophage populations in several tumor models [104]. Closer examination revealed 

that STAT3 downregulation was required for TAM accumulation within mammary 

tumors, and expression of constitutively active myeloid STAT3 together with depletion of 
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polymorphonuclear-MDSCs inhibited tumor growth [104]. These findings are consistent 

with data from a mouse medulloblastoma model where STAT3flLyzM-cre conditional 

deletion of myeloid STAT3 reversed the accumulation of granulocyte-MDSCs and 

enhanced the ratio of effector : regulatory T cells, but overall failed to affect tumor growth 

[105]. Finally, in a recent study by Bottos et al., systemic JAK inhibition resulted in 

increased metastasis of mammary tumors due to ineffective maturation of natural killer 

cells. The authors observed no change in metastasis rate in immunocompromised mice, 

providing evidence that the effect of JAK inhibition was due to an impaired immune 

response [167]. Together, these studies highlight the complexities of STAT3 activity in 

immune cells and suggest that the cell type specificity of genetic deletion may have 

important consequences for functional outcomes. 

Our studies are the first to report the effects of STAT3 deletion in myeloid cells 

on mammary tumor growth. Our findings are consistent with STAT3 deficiency in 

myeloid cell populations leading to enhanced tumor formation. Notably, the extent of 

phenotype observed correlated with the amount of activated STAT3 in macrophages in 

the tumor microenvironment. These findings would suggest that identifying the levels of 

STAT3 activity in the tumor microenvironment may be critical for determining how a 

tumor might respond to STAT3 inhibition. The broad spectrum of tumor phenotypes 

published previously following STAT3 deletion also points to the need for detailed 

analysis of all cell populations affected by the particular genetic drivers of cre 

expression. Csf1r-iCre is expressed in all cells that at a certain developmental timepoint 

require CSF-1 signaling. This population consists primarily of monocytes, tissue-resident 

macrophages and granulocytes; however certain populations of dendritic cells and 

lymphocytes are also affected by CSF-1 signaling, albeit to a much lower extent [103, 

168, 169]. The studies presented here focused primarily on the effects of STAT3 
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deletion in tumor myeloid cells due to the large number of tumor-infiltrating 

macrophages. Nonetheless, further studies are warranted to elucidate the contributions 

of additional CSF1-R-dependent immune populations to tumor growth and development. 

Consistent with published studies, we found that loss of STAT3 in macrophages 

led to enhanced expression of pro-inflammatory mediators in response to canonical M1 

stimuli [103, 158]. To better mimic the factors found within the tumor microenvironment 

that activate STAT3 in macrophages, we examined the levels of inflammatory mediators 

produced by STAT3∆/∆ BMDM in response to the pro-tumor cytokine IL-6. IL-6 induced 

expression of a subset of M1/M2 markers in a STAT3 dependent manner, several of 

which are known to contribute to mammary tumor growth and progression, including 

Cox-2, CCL2 and PD-L1 [26, 170-173]. Therefore, the pro-tumor effects of STAT3 

deletion in myeloid cells could potentially be due to a combination of factors and defining 

which of these factors functionally contribute to the enhanced tumor formation in the 

conditional-STAT3∆/∆ animals requires further investigation. 

In an effort to delineate the mechanism leading to upregulation of inflammatory 

molecules in the absence of STAT3, we examined the activation of STAT1, a well-known 

mediator of inflammation [174].  Previously reported studies have shown that mouse 

embryonic fibroblasts (MEFs) lacking STAT3 exhibit enhanced STAT1 signaling in 

response to IL-6 stimulation, leading to an IFNγ-like response [162]. We show here that 

STAT3∆/∆ BMDM, similarly to STAT3∆/∆ MEFs, upregulate STAT1 signaling in response 

to IL-6 and express significantly higher levels of STAT1 target genes, including Cxcl9, 

Cxcl10 and Pd-l1, than STAT3fl/fl controls. The precise mechanism that guides this 

switch is unknown, and several hypotheses have been proposed. IL-6 signaling is known 

to phosphorylate JAK1, JAK2, and Tyk2, which are all able to recruit and activate STAT1 

and STAT3 [175]. It is possible that the relative abundance of STAT1 and STAT3 within 
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the cell as well as their affinity for the phosphorylated JAKs influence the overall 

outcome and determine the specificity, strength and longevity of STAT activation [175]. 

This plasticity in STAT regulation suggests that the contribution of STAT signaling to 

TAM functions is complex and evolves alongside the repertoire of secreted factors in the 

tumor microenvironment. Previous studies have suggested that STAT1 activation in 

breast tumors can be beneficial and results in enhanced anti-tumor response; however 

more recent findings indicate a correlation between STAT1 expression in macrophage-

rich tumors and worse breast cancer patient outcomes [176, 177]. In addition, 

Kusmarstev and Gabrilovich have shown that TAMs ability to induce T cells apoptosis in 

a mouse model of colon cancer was dependent on STAT1 signaling [178].  The results 

we report here further demonstrate a role of STAT1 in the pro-tumor phenotype of 

tumor-associated myeloid cells. 

STAT3 has emerged as an attractive therapeutic target due to its high levels of 

activity in breast cancer cells [179]. As a result, several clinical trials have begun testing 

STAT3-specific, as well as broader JAK-targeting, inhibitors in breast cancer patients 

([180-182] ClinicalTrails.gov identifier: NCT02876302). Previous studies, such as those 

outlined above, together with our current findings suggest that targeting JAK/STAT 

activation alone can lead to unexpected results such as enhancing tumor development 

or metastasis. Careful analysis of the effects of these inhibitors on non-tumor cells within 

the tumor microenvironment could provide rationale for combination therapy where 

potentially harmful effects of JAK/STAT inhibition are reversed through immune therapy, 

such as exogenous IL-15 [167]. The results presented here reveal the complexity of 

JAK/STAT signaling in myeloid cells leading to novel mechanisms of tumor immune 

evasion possible through upregulation of pro-tumor STAT1-target genes. We observed 

increased expression of several pro-inflammatory mediators, such as Cox-2, in vitro and 
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detected elevated levels of PD-L1 in vivo. We have previously demonstrated that 

inhibition of some of these pro-inflammatory pathways using small molecule inhibitors, 

such as celecoxib, decreases mammary tumorigenesis. The findings outlined in this 

report propose a novel therapeutic opportunity, combing targeted small molecule 

JAK/STAT inhibition with therapies that fine-tune the immune response such as immune 

checkpoint inhibitors or macrophage-depleting agents.  

 

 

  

  

 

  



 

 79 

Supplemental Table 3.1 Mouse primer sequences used in qRT-PCR experiments. 
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Chapter 4. Discussion 
 
 
 
 
Overall Summary 
 

The studies presented in this thesis demonstrate a novel link between activation 

of the FGFR pathway, alterations of the tumor microenvironment and tumor immune 

response in mammary tumorigenesis. These studies are the first to demonstrate that 

FGFR signaling in epithelial cells leads to accumulation of the ECM component 

hyaluronan (HA) through increased production of pro-inflammatory cytokines and 

activation of the STAT3 pathway. Therapeutic inhibition of STAT3 in vivo reduced HA 

accumulation, which correlated with reduced tumor burden. Nonetheless, STAT3 

inhibition did not result in tumor regression, suggesting that additional pro-tumorigenic 

mechanisms are able to sustain tumor growth. Previous work has shown that FGFR1 

activation leads to rapid recruitment of macrophages with pro-tumorigenic functions [25, 

27]. We hypothesized that as TAMs differentiate in the presence of FGFR1-driven IL-6 

family of cytokines, the STAT3 signaling pathway would be activated and would 

influence TAM differentiation. Therefore, further studies focused on delineating the 

STAT3-dependent phenotype and function of mammary TAMs. Utilizing a mouse model 

of genetic STAT3 ablation within myeloid cells demonstrated decreased tumor latency 

and increased tumor growth rate in conditional-STAT3∆/∆ mice compared to control 

animals. These results provide evidence to the hypothesis that STAT3 activation in 

different tumor and immune cell populations can result in both pro- and anti-tumor 

phenotypes, and detailed understanding of these mechanisms is necessary for 

developing effective therapeutic approaches. 
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A. FGFR activation leads to increased HA production 

Chapter 2 of this thesis investigated the downstream signaling events following 

FGFR activation in mammary tumor cells. Our studies demonstrated that activation of 

FGFR in both mouse and human breast cancer cell lines resulted in increased HA 

production. Inhibition of HA production significantly decreased FGFR1-driven cell 

proliferation, migration, and resistance to chemotherapy. These data suggest that ECM 

alterations contribute significantly to tumorigenesis. HA is a vital ECM component of 

most healthy tissues providing structural support and organization [67]. Therefore, its 

localization, production, and extracellular modifications are tightly controlled, and 

dysregulation of any of these processes has been associated with tumor development 

[67, 71]. In our studies, we demonstrated inhibition of HA accumulation via inhibition of 

upstream signaling pathways, however we were not able to address the consequences 

of direct HA depletion on mammary tumorigenesis. In vivo studies of HA contributions to 

tumor development have been hampered by the paucity of HA inhibitors optimized for in 

vivo use. 4-MU is the only currently available inhibitor of HA synthesis, and its short in 

vivo half-life necessitates twice daily oral gavage of experimental animals, which results 

in labor-intensive, high-cost studies. Further studies of the effects of HA inhibition on 

mammary tumor development will likely rely on the alternative delivery method of 4-MU 

incorporated into mouse chow, which has been shown to be effective in long-term in vivo 

experiments of HA depletion [183, 184]. 

Our studies thus far have examined the final amounts of HA produced in 

response to FGFR activation in vitro and in vivo, however we have not investigated the 

patterns of HA localization and fragmentation in mammary tumor development. 

Hyaluronidases are enzymes responsible for cleaving high molecular weight HA into 
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smaller fragments under specific conditions such as tissue damage or disease [185]. 

Whereas high molecular weight HA (HMW) is known to contribute to healthy tissue 

architecture, low molecular weight (LMW) fragments have been shown to promote 

inflammation and contribute to “cancerized stroma” [71]. Preliminary gene expression 

studies showed increased expression of the Hyaluronidase genes Hyal1 and Hyal2 in 

HC-11/R1 cells after iFGFR1 activation (data not shown). Our lab is currently working to 

characterize the pattern of HA fragmentation in a progression of breast cancer cell lines, 

as well as the interaction of those fragments with the HA receptor CD44. Studies in the 

field of pancreatic ductal adenocarcinoma (PDA) development have demonstrated that 

HA is a major component of the highly reactive PDA stroma and contributes to the 

increased interstitial fluid pressure (IFP), which limits the effectiveness of systemic anti-

tumor therapies [186]. These findings have lead to the development of modified 

recombinant hyaluronidase (PEGPH20), which upon intravenous administration was 

able to efficiently deplete stromal HA in an autochthonous PDA model and restore IFP 

levels to that of normal pancreatic tissue. This led to increased blood perfusion, more 

efficient delivery of the chemotherapeutic agent gemcitabine, and significant increase in 

survival of tumor-bearing animals treated with PEGPH20 and gemcitabine compared to 

gemcitabine alone [186]. More recent studies of PEGPH20 in clinical trials of advanced 

PDA patients, showed PEGPH20 is safe as a systemic treatment and had promising 

efficacy results in combination with the standard of care [187]. These results suggest 

that PEGPH20 could be utilized as a clinically relevant tool to examine the effects of HA 

depletion in mammary tumor development. Data from such studies would inform further 

investigation of the mechanisms through which HA promotes tumor development, 

progression and therapeutic resistance.  
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B. Activation of FGFR results in increased levels of STAT3 phosphorylation 

 Further studies were performed to define the signaling pathway by which FGFR 

activation results in HA accumulation. Based on the established link between changes in 

HA and inflammation, our studies focused on potential contributions of inflammatory 

mediators [71]. Our data demonstrated that FGFR activation in epithelial cells led to 

increased expression and production of IL-6 family of cytokines, which are pro-

inflammatory factors known to activate STAT3 [35]. In vitro experiments demonstrated 

that FGFR-driven STAT3 activation promoted several tumorigenic phenotypes, which 

were significantly reduced in the presence of the small molecule STAT3 inhibitor Stattic. 

In addition, we observed decreased production of HA in cells treated with Stattic, 

suggesting that STAT3 is driving accumulation of HA downstream of FGFR activation. 

This conclusion was further supported by analysis of tumor tissues from Stattic-treated 

mice, which revealed that STAT3 inhibition in vivo reduced expression of HA synthesis 

genes and significantly inhibited HA accumulation. These results suggest that FGFR 

activation might be the initial step of a feed-forward loop that drives accumulation of pro-

inflammatory cytokines, such as IL-6, which signal in an autocrine fashion to enhance 

activation of inflammatory pathways, such as STAT3, which promote ECM remodeling 

that further accelerates activation and recruitment of inflammatory mediators. In order to 

disrupt this tumor-promoting cascade, it might be necessary to inhibit or modulate 

several pathways involved in this network. Our analysis of breast cancer TMA staining 

revealed a positive correlation between samples with activated FGFR and STAT3 

signaling suggesting these pathways are activated together in a subset of human breast 

tumors. One novel implication of these findings is the existence of breast cancer patient 

populations that might benefit from therapies targeting both FGFR and STAT3 signaling 
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in an attempt to disrupt the inflammation-driving network. As FGFR inhibitors advance 

through clinical trials, it may prove beneficial to stratify patients in groups reflecting the 

level of STAT3 activation in addition to FGFR genomic alterations. Addition of JAK/STAT 

targeting agents to the treatment of patients exhibiting high levels of STAT3 activation 

could result in depletion of ECM components, such as HA, which would remove physical 

barriers allowing for better delivery of additional therapies. Furthermore, inhibition of 

STAT3 signaling would lower the expression of STAT3-target genes, which have been 

shown to contribute to tumor cell survival, proliferation, and migration. Alternatively, 

addition of HA depleting agents, such as PEGPH20, to the treatment of 

FGFR+/pSTAT3hi patients, could enhance the efficacy of FGFR targeting inhibitors by 

alleviating the changes in ECM remodeling which have accumulated as a result of FGFR 

pathway activation. The mouse models described in this thesis recapitulate the critical 

components necessary to test these combination therapies in vivo and thus represent a 

valuable tool in improving personalized targeted treatments.  

 

 

C. Epithelial cell-derived secreted factors activate STAT3 in tumor-associated 

macrophages 

 In addition to changes in ECM components, FGFR1 activation leads to 

alterations in the immune cells compartment of mammary tumors. The studies outlined 

in Chapter 2 demonstrated that induction of FGFR1 signaling in mammary epithelial cells 

lead to increased production of IL-6 family of cytokines. Previous work by our lab has 

shown that macrophages are rapidly recruited to proliferating mammary epithelial lesions 

following activation of FGFR1 [27].  As IL-6 is a potent inflammatory mediator, we further 

focused on determining the effects of tumor cell-derived IL-6 on the inflammatory 
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environment. Analysis of TAMs in HC-11/R1 tumors showed that 20% of recruited 

macrophages were positive for pSTAT3. Studies in Chapter 2 demonstrated that FGFR 

signaling in epithelial cells results in the production of several IL-6 family members, such 

as Lif (in mouse cells) and IL-11 (in human breast cancer cells). We have not yet 

determined the levels or patterns of expression of STAT3-activating cytokines that are 

produced by HC-11/R1 cells in vivo. Preliminary IL-6 immunofluorescence staining in 

HC-11/R1-derived tumors revealed positive staining throughout the tumor sections (data 

not shown). Future studies will need to establish whether the level of STAT3 activation in 

TAMs is due to ligand sequestration or localized ligand production by a small tumor cell 

population.  

 In an effort to examine macrophage STAT3 signaling in another commonly used 

model of mammary tumorigenesis, we included orthotopic PyMT-derived tumors in our 

studies. In contrast to the HC-11/R1-derived tumors, only 8% of macrophages recruited 

to PyMT-derived tumors were positive for pSTAT3. This finding was surprising given 

previously published studies establishing the importance of the IL-6/STAT3 signaling 

pathway in the pathogenesis of the transgenic MMTV-PyMT model [157]. Our data point 

to one of the drawbacks of many mouse tumor models derived through transplantation of 

primary tumor cells. As cells are transplanted into the mammary fat pad through an 

injection, this causes injury and inflammation to the surrounding tissue. The contributions 

of this non-tumor source of inflammation to the process of tumorigenesis are unknown 

and may account for some of the differences observed among tumor models. An 

alternative method to transplantation, which avoids the above-described non-tumor 

inflammation, is the autochthonous tumor model where an oncogene is expressed under 

the control of a transgenic promoter resulting in tumor formation. Even though this 

method more accurately reflects some of the mechanisms of tumor growth likely present 
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in human patients, autochthonous models often fail to recapitulate the “aggressiveness” 

of human tumors by frequently developing in a time-frame unsuitable to answer 

questions pertaining to early tumorigenesis.  Nevertheless, the studies presented here 

allowed us to investigate the contributions of myeloid STAT3 signaling in a STAT3hi (HC-

11/R1-derived tumors) and a STAT3low (PyMT-derived) model making it possible to 

delineate phenotype differences based on levels of STAT3 activation.  

 

 

D. Genetic ablation of STAT3 in myeloid-derived cells promotes mammary 

tumorigenesis 

 In order to determine the contributions of myeloid cell STAT3 signaling to 

mammary tumor development and progression, we generated STAT3flcfms-iCre 

(conditional-STAT3∆/∆) mice, in which expression of iCre results in STAT3 deletion within 

bone marrow derived myeloid cells and a proportion of granulocytes and splenic T cells 

[103]. We observed increased tumorigenesis in conditional-STAT3∆/∆ mice injected with 

HC-11/R1 cells compared to wildtype littermate controls. Tumors generated in 

conditional-STAT3∆/∆ mice were detectable by palpation sooner and displayed 

significantly higher growth rates at early experimental time points, however final tumor 

burden was not significantly different between conditional-STAT3∆/∆ mice and controls. 

These data suggest that the primary effect of myeloid cell STAT3 signaling occurred 

during early stages of tumorigenesis, and the effect was lost during later stages of tumor 

growth. Additionally, this effect was abrogated in mice injected with PyMT-derived cells. 

Tumors in these mice developed at the same time and grew at similar rates in both 

conditional-STAT3∆/∆ and wildtype animals. Given our earlier observation that this model 

had a low number of pSTAT3+ TAMs, it is possible that STAT3 signaling is not the 
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primary pathway involved in TAM function, and therefore, disrupting the pathway did not 

affect tumor growth. Alternatively, this result could be due to the intrinsic differences 

between the two models. Staining of the PyMT-derived tumors with the luminal and 

basal keratins K8 and K14 demonstrated that these tumors consist primarily of luminal 

cells [173]. HC-11/R1 cells express high levels of markers associated with the claudin-

low/TNBC breast cancer subtype, and K8/K14 staining did not reveal a consistent 

pattern of single positive cells within the tumor (data not shown). These two breast 

cancer subtypes are characterized by different growth rates, immune cell infiltration, and 

responses to therapy in human patients, and therefore mouse models of similar 

subtypes may respond differently to changes in immune cell signaling.  

 

 

E. STAT3 deletion in BMDM results in an enhanced pro-inflammatory phenotype in 

vitro 

 In order to investigate the mechanism through which STAT3 deletion in myeloid 

cells enhanced tumor formation, we performed in vitro studies using primary wildtype or 

STAT3∆/∆ BMDMs. Initial experiments focused on delineating the changes in BMDM 

polarization in response to canonical M1/M2 stimuli. Based on previously published 

studies, we were not surprised that STAT3 signaling was crucial in the induction of the 

anti-inflammatory M2 phenotype since several M2 markers, such as Il-10 and ArgI, are 

direct STAT3 target genes [158]. In contrast, we observed increased production of pro-

inflammatory mediators, such as Ccl2, Ccl5, and Ptgs2, when STAT3∆/∆ BMDMs were 

exposed to M1 stimuli. Previous studies involving STAT3∆/∆ BMDM have reported 

increased production of inflammatory molecules, however the mechanism of this was not 

established [103, 158]. Interestingly, we were not able to reliably detect differences in 
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the production of pro-inflammatory mediators by protein, which was a challenge also 

reported by others [103]. It is possible that the ELISA assays currently available for the 

measurement of secreted factors are not sensitive enough to detect differences in the 

ranges of protein expression we observed, most of which were several times higher than 

the internal assay controls. In addition, all protein concentrations were measured after 

the cells were stimulated for at least 18 hours, which could be too late to detect 

differences in the kinetics of protein production. Further assays and experimental 

optimization would be needed to demonstrate increased protein expression of pro-

inflammatory cytokines in M1-treated STAT3∆/∆ BMDM.   

Further studies focused on the response of STAT3∆/∆ BMDM to IL-6, as it was 

previously shown to be a key activator of macrophage STAT3 in tumor cell conditioned 

media. Interestingly, only a subset of M1 markers were induced in wildtype BMDM in an 

IL-6-dependent manner, indicating that the subset of inflammatory mediators activated 

following exposure to infection-associated stimuli (LPS/IFNγ) is different from those 

induced in response to tumor cell-derived factors, such as IL-6. Among those IL-6-

induced pro-inflammatory genes, several were significantly upregulated in IL-6-treated 

STAT3∆/∆ BMDM suggesting that STAT3∆/∆ myeloid cells exposed to tumor-derived IL-6 

in vivo could be contributing to development of tumor-promoting inflammation. 

 

 

F. STAT3∆/∆ macrophages display enhanced activation of STAT1 

 Previous work has demonstrated that STAT3 signaling can attenuate the pro-

inflammatory signals of another STAT family member, STAT1, in mouse embryonic 

fibroblasts [162]. Therefore, we examined the levels of STAT1 phosphorylation in the 

absence of STAT3. STAT3∆/∆ BMDM treated with IL-6 showed prolonged activation of 
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STAT1 and enhanced expression of several STAT1 target genes. This was a novel 

finding that suggests that in the absence of myeloid STAT3, tumor cell-derived factors 

may induce STAT1 signaling instead. Further studies will examine the levels of STAT1 

activation in vivo, as our observations thus far were limited to in vitro assays. The 

precise mechanism that allows for IL-6 to signal through STAT1 instead of STAT3 is 

unknown and likely involves several receptor downstream signaling alterations 

(discussed in more detail in Chapter 3). Interestingly, STAT1 activation is indispensable 

in the downstream signaling cascade of type I and type II IFNs and has been shown to 

mediate anti-tumor immune responses [176, 188]. However, STAT1 expression in 

human breast cancer tissues was reported to be a predictor of worse patient outcome in 

cases where STAT1 was co-expressed with the human macrophage markers CD68 and 

CSF1 [177]. This finding would suggest that STAT1 signaling drives the pro-tumor 

functions of human breast cancer TAMs. A study by Tymoszuk et al. showed that STAT1 

signaling contributes to the accumulation of immunosuppresive TAMs in a mouse model 

of HER2+ breast tumors [189]. Our data did not indicate a difference in TAM 

accumulation between controls and conditional-STAT3∆/∆ mice, suggesting that the 

mechanisms driving TAM proliferation in our claudin-low mouse model and the 

transgenic MMTV-Neu model used by Tymoszuk et al. may be different. Nonetheless, 

the overall findings of Tymoszuk and colleagues supported our observations that 

enhanced STAT1 signaling in macrophages may promote tumorigenesis. 

 

 

G. Deletion of STAT3 in BMDM results in increased production of pro-tumor 

factors 
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 As the numbers of TAMs recruited to the mammary tumors remained constant 

across mouse genotypes, further work focused on examining the levels of pro-tumor 

STAT1-dependent molecules that were upregulated in STAT3∆/∆ BMDM treated with IL-

6. One such gene, which was upregulated in the absence of STAT3, was Pd-l1. PD-L1 is 

one of two PD-1 ligands and is expressed on macrophages, dendritic cells, mast cells, T 

and B cells, and numerous non-hematopoietic tissues, such as endothelial and epithelial 

cells [190]. Upon binding to its receptor on T cells, PD-L1 decreases production of 

cytokines, and inhibits T cell survival and proliferation [190]. The expression of PD-L1 

has been shown to increase in response to tissue damage or stress, therefore 

establishing a potent negative feedback loop to T cell activation aimed at limiting 

inflammation-related bystander tissue damage [191]. Studies have shown that this 

pathway is hijacked by cancers, including breast tumors, in an attempt to escape T cell-

mediated antitumor immune responses [192]. Macrophages within HC-11/R1-derived 

tumors exhibited significantly elevated levels of PD-L1 expression in conditional-

STAT3∆/∆ mice compared to controls. In vitro treatment of STAT3∆/∆ BMDM with a 

JAK1/2 inhibitor inhibited PD-L1 upregulation suggesting that PD-L1 expression is 

dependent on JAK/STAT activation. In order to demonstrate that STAT1 is the primary 

driver of PD-L1 expression, however, future work will need to assess PD-L1 levels in 

STAT3∆/∆/STAT1∆/∆ macrophages. SiRNA-mediated STAT1 knockdown in STAT3∆/∆ 

BMDM was difficult to achieve in these studies due to the intrinsic property of 

macrophages to become activated in the process of transfection. In addition, we 

attempted siRNA delivery via electroporation, which resulted in efficient STAT1 

knockdown but also led to high cell mortality rates rendering this method unsuitable for 

use in large-scale experiments. Further studies could make use of BMDM derived from 

c-fms-iCre;STAT3fl/fl;STAT1fl/fl (double K/O) mice, which are not commercially available 
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and would need to be generated in our lab. Currently, experiments are underway to 

determine whether the use of anti-PD-L1 antibody following HC-11/R1 cell 

transplantation in conditional STAT3∆/∆ mice will sufficiently restore immune surveillance 

and return tumor onset and growth rate to those observed in control mice.  

 Because Pd-l1 was not the only STAT1 target gene that was upregulated in the 

IL-6-treated STAT3-deficient macrophages, it is possible that additional factors 

contribute to the pro-tumor phenotype of STAT3∆/∆ TAMs. We observed increased 

mRNA expression of the chemokines Cxcl9 and Cxcl10, which promote recruitment of T 

cells via CXCR3 [193]. As was described in Chapter 1, studies of human breast cancer 

samples have shown that these tumors are infiltrated by cytotoxic T cells at very low 

rates [73]. Further analysis of our conditional-STAT3∆/∆ mouse model will test whether 

absence of STAT3 signaling in myeloid cells results in increased recruitment of T cells to 

the tumor. In this hypothesis is true, recruited T cells are likely still unable to mount an 

effective anti-tumor response within the PD-L1hi immunosuppressive tumor 

microenvironment. Analysis of T cell activation markers can determine if TILs from these 

tumors are able to respond to tumor-derived antigens or if they present an “exhausted” 

phenotype [194, 195]. Increasing TIL levels as a result of myeloid STAT3 inhibition could 

allow for the use of combination therapy employing immune checkpoint inhibitors (such 

as α-PD-1 or α-PD-L1 antibodies) and inhibitors targeting oncogenic drivers like FGFR. 

A recent preclinical study by Liu et al. demonstrated the synergistic effect of trametinib 

(MAPK inhibitor) and PD-1/PD-L1 blockade in a model of melanoma [196]. Our mouse 

models were developed in immunocompetent hosts allowing us to pursue the effects of 

such combination therapies, including the detailed examination of potential therapy 

interactions, optimal treatment schedule, and side effects.  
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H. Conclusions 

 Increased FGFR signaling has been shown to contribute to the pathogenesis of 

all clinically relevant breast cancer subtypes. The studies described in this thesis aimed 

to address the significance of STAT3 signaling downstream of FGFR1 in tumor epithelial 

cells and STAT3 signaling, activated as a result of paracrine signaling, in infiltrating 

tumor macrophages. Despite numerous preclinical studies demonstrating the role of 

STAT3 as an oncogene in the mammary gland, STAT3 activation in human breast 

cancer tissues has been shown to be a marker of good patient prognosis [56, 197]. Our 

data suggest that STAT3 has opposing pro- and anti-tumor effects in different tumor cell 

populations, and it is possible that the integrated signal derived from these 

heterogeneous populations determines the disease outcome (Figure 4.1).  The results of 

our initial studies using Stattic indicated that systemic STAT3 inhibition can limit the rate 

of tumor growth but lack the ability to eradicate the tumors completely. In contrast, 

targeted disruption of STAT3 signaling in myeloid cells enhanced tumorigenesis, 

suggesting that STAT3 signaling in this context acts to restrain tumor development. 

Therefore, it is important to determine the consequences of STAT3-targeted therapies in 

all cell types that constitute the tumor microenvironment. The results of such studies can 

help guide the development of combination breast cancer therapies that account for the 

therapy-induced changes in not just tumor cells, but also the tumor stroma and the tumor 

immune response.   
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Figure 4.1 Final model. Activation of FGFR results in ECM alterations and STAT3 
phosphorylation in tumor and infiltrating myeloid cells through the production of IL-6 family 
members that act in autocrine and paracrine manner to regulate mammary tumor formation and 
growth.  
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