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Abstract 
 
Title of Dissertation: Elucidating the Molecular Mechanisms of Zoledronic Acid in 
Breast Cancer 
 
Amanda J. Schech, Doctor of Philosophy, 2012 
 
Dissertation Directed By: Dr. Angela M. H. Brodie, Professor, Department of 
Pharmacology and Experimental Therapeutics 
 

Zoledronic acid (ZA) has been shown to improve disease free survival of 

postmenopausal breast cancer patients when used alone or in combination with endocrine 

therapy. These effects have been corroborated by many preclinical studies. Furthermore, 

ZA has been shown to reduce metastatic disease in patients, which has also been 

reproduced in the preclinical setting. However, the molecular mechanisms explicating 

these pharmacological effects of ZA remain unknown. As such, the objective of this 

dissertation was to elucidate the molecular mechanisms of ZA on cell viability, the 

epithelial-mesenchymal transition (EMT), and the tumor initiating cell population.  

Experiments investigating the combination of ZA and aromatase inhibitor 

letrozole showed that the combination inhibited cell viability in an additive manner. 

Further examination into the mechanism of this combination effect unveiled the 

inhibitory effects of ZA on the aromatase enzyme. Immunoprecipitation experiments 

confirmed that ZA inhibited serine phosphorylation of the enzyme important for its 

enzymatic activity. Rescue experiments showed that estradiol treatment could prevent 

loss of cell viability after ZA treatment, suggesting that ZA’s inhibition of the aromatase 

enzyme contributes to the anti-tumor mechanism of ZA. Other mechanisms of ZA’s anti-

tumor effect were also investigated. Although treatment with ZA inhibited the expression 



 
 

and enzymatic activity of cyclooxygenase-2, as well as the transcriptional activation of 

nuclear factor kappa B, neither were involved in ZA’s inhibition of cell viability.  

However, treatment with ZA modulated EMT in triple negative breast cancer cell 

lines, as evidenced by decreased mesenchymal cellular morphology, decreased 

mesenchymal mRNA and protein expression. This was accompanied by increased E-

cadherin protein, mRNA, and CD24 cell surface expression. Furthermore, this reversal in 

EMT was attributed to inhibition of nuclear factor kappa B transcriptional control. 

Additionally, ZA treatment decreased the self renewal capability of triple negative breast 

cancer cells, as evidenced by decreased self renewal protein expression. Furthermore, 

treatment with ZA both prevented mammosphere formation and decreased the number of 

existing mammospheres. These results suggest that treatment with ZA can prevent the 

acquisition of an invasive phenotype as well as the capacity to repopulate a tumor at a 

secondary site, thereby eliminating a cancer cell’s ability to metastasize. 
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Chapter 1: Introduction 

Breast Anatomy and Development 

Within each breast lies a complex network of lobules, ducts, fatty connective tissue and 

lymphatic tissue (1), referred to specifically as the mammary gland. The main function of 

the mammary gland is to produce milk after pregnancy (2).  Each mammary gland is 

comprised of 15-20 lobes, with each lobe containing lobules. At the end of each lobule 

are alveoli, which are responsible for producing milk in response to hormone signals. The 

lobules come together to form a lactiferous duct which drains into openings in the nipple, 

delivering milk to nursing offspring. The lactiferous duct contains an inner layer of 

luminal epithelial cells which line the ducts and an outer layer of basal/myoepithelial 

cells which contact the basement membrane. The anatomy of the breast is illustrated in 

Figure 1.1.  

 

 
Figure 1.1. 
Anatomy of the breast. 
(a) Molecular breast structure. The breast is composed a network of lobules and ducts, which 
undergo differentiation upon onset of puberty and pregnancy. Milk is produced in the lobules and 
flows through the ducts, which end at the nipple. (b) Cellular composition of a duct. Each duct has 
a layer of myoepithelial cells which contact the basement membrane (fibroblasts) of the breast 
and a layer of epithelial cells which are located on top of the myoepithelial cells. 
Adapted from Ali et al., (2). 
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Unlike other tissues, the mammary glands continue to develop, beginning at the 

onset of puberty and continuing through pregnancy and lactation (3). Puberty marks the 

start of breast maturation, which reaches maximum differentiation during pregnancy and 

lactation (3). During puberty, growth and branching of the ducts occur, leading to the 

formation of terminal end buds, which later develop into alveoli. Throughout 

menstruation, the number of alveoli increases, giving rise to the generation of more 

differentiated lobules. Full development of the breast occurs in two distinct phases which 

correlate with early and late pregnancy, at which time ducts reach their branching 

capacity and lobules achieve maximum differentiation, respectively. The breast continues 

to develop during lactation, and completes differentiation at the onset of menopause.  

These changes are regulated predominantly by the steroid hormones estrogen and 

progesterone (2). The production of both estrogen and progesterone begins at the onset of 

puberty, during which time the ovaries become active. This increase in estrogen 

production leads to activation of estrogen signaling, regulated by the estrogen receptor 

expressed by luminal cells lining the lactiferous duct of the mammary gland. An 

excessive unregulated stimulation of estrogen receptor signaling in the mammary gland is 

believed to increase the incidence of breast cancer. 

 

Breast Cancer: Epidemiology,  Molecular Classification, and Targeted 
Therapy 
 
Epidemiology 

Breast cancer is the most common cancer diagnosed in women in the United 

States, and is currently the second leading cause of cancer related death amongst women 
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(Figure 1.2). The American Cancer Society estimates that approximately 227,000 women 

will be diagnosed with invasive breast cancer this year, and an additional 40,000 women 

will die from the disease (4). While there is no established cause of breast cancer, there 

are many factors which can increase the risk of a breast cancer diagnosis, some of which 

include: age (55+ years of age), genetic abnormality (BRCA1/2 mutation),  age of 

menarche and menopause, age at first birth, and environmental influences (smoking, 

alcohol use, and obesity) (4).  

 
Figure 1.2. 
2012 Estimated Cancer Incidence and Death Rates in Women by Site. 
Adapted from American Cancer Society (4). 
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Molecular Profiling & Subtypes of Breast Cancer 

Clinical diagnosis and subsequent treatment of breast cancer relies on the type of 

breast cancer with which a patient is diagnosed. Types of breast cancer can be stratified 

in multiple ways. Perou and colleagues developed a classification scheme which 

categorizes breast cancer by grouping together those with similar genetic expression 

profiles (5, 6). The classification scheme describes five distinct breast cancer subtypes: 

normal-like, human epidermal growth factor-2 (HER2)-enriched, basal-like, luminal-A 

and luminal-B. Normal-like breast cancer most closely resembles normal breast tissue. 

HER2-enriched breast cancer is characterized by increased HER2 expression, 

concomitant with loss in estrogen receptor (ER) expression. Basal-like breast cancers 

share genetic similarity to basal/myoepithelial cells which contact the basement 

membrane of the ducts in the mammary gland. Finally, luminal-A and B breast cancers 

are akin to the luminal cells which line the ducts of the mammary gland. In addition, both 

luminal-A and B express the ER, but at different levels; expression of ER is increased in 

luminal-A breast cancer when compared to expression levels of luminal-B. Furthermore, 

luminal-B has been shown to be more aggressive than luminal-A. Overall, these 

classifications provide a basis with which to both diagnose and treat breast cancer.  

 

Human Epidermal Growth Factor Receptor-2 Breast Cancer  

Biology 

HER2-enriched (HER2+) breast cancers account for approximately 12% of all of 

breast cancer diagnoses (7). HER2 is a member of the epidermal growth factor receptor 

(EGFR) family, which also includes EGFR, HER3, and HER4. This family of receptors 
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is activated through ligand-mediated dimerization. Activating ligands include EGF and 

heregulins. HER2, however, lacks its own activating ligand. Instead, HER2 undergoes 

activation through heterodimerization with the other members of the EGFR family, as 

HER2 itself can recognize the preferred ligands for the other EGFR receptors. 

Additionally, the molecular structure of HER2 allows it to phosphorylate itself when 

dimerized with another HER2. This dimerization, and subsequent activation, occurs in 

the absence of ligand (8).  

HER2 is considered an oncogene. The overexpression and amplification of HER2 

has been associated with malignancy and poor prognosis (9, 10). This overexpression of 

HER2 has been associated with cell cycle progression, increased cell proliferation, and 

tumor metastasis, largely due to its ability to activate major signaling networks, including 

the phosphatidylinositol-3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) 

pathways (11). Signaling mediated by HER2 is summarized in Figure 1.3.  

 
Figure 1.3. 
HER2 Signaling.  
HER2 undergoes homo- or heterodimerization with members of the EGFR family of receptors. 
Upon activation, HER2 is phosphorylated. This phosphorylation leads to activation of the MAPK 
and PI3K signaling pathways, leading to increased cell proliferation and cell cycle progression. 
Adapted from Lin at al., (12). 
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Targeted Therapy 

HER2+ breast cancers are treated with two compounds, trastuzumab and 

lapatinib.  Trastuzumab, also known as Herceptin, is a monoclonal antibody against the 

extracellular domain of HER2. Many mechanisms of action have been proposed to 

explain the effects of trastuzumab on HER2+ breast cancers, including induction of 

antibody dependent cellular cytotoxicity, and downregulation of HER2 via endocytosis 

(13). Lapatinib is a dual receptor tyrosine kinase inhibitor which binds to the ATP 

binding domain of both HER2 and EGFR, inhibiting their ability to phosphorylate other 

receptors following dimerization (14). This prevents activation of signaling through PI3K 

and MAPK, inhibiting cell survival and proliferation (15). 

 

Basal-like/Triple Negative Breast Cancer 

Biology 

Basal-like breast cancers are characterized by expression of cytokeratins observed 

in basal/myoepithelial cells, often accompanied by a lack of both ER and HER2 

expression. As breast cancer is stratified on expression of ER, the ER target gene 

progesterone receptor (PR), and HER2, this class of breast cancer is often referred to as 

triple negative breast cancer (TNBC). There are differences between the two 

classifications, however, as not all TNBC express basal markers and some basal-like 

breast cancers express either ER/PR or HER2. Triple negative breast cancers account for 

approximately 15% of all breast cancer diagnoses (16-18).  They are characteristically 

more aggressive and are more likely to metastasize (19).  
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Targeted Therapy 

Because TNBC lack expression of therapeutic targets (ER/PR and HER2), they 

are best treated with chemotherapy. Chemotherapeutic agents target rapidly dividing 

cells, including cancer cells, as well as normal cells of the bone marrow, gastrointestinal 

tract, and hair follicles. Types of chemotherapy used include taxanes, which are anti-

mitotic agents (docetaxel, paclitaxel), anthracyclines, which are DNA intercalating agents 

(doxorubicin, daunorubicin), cyclophosphamides, which alkylate DNA (capecitabine, 

gemcitabine) topoisomerase inhibitors (camptothecin, irinotecan) and antimetabolites, 

which inhibit DNA synthesis (methotrexate). Though effective in killing cancer cells, the 

off-target effects on rapidly dividing normal cells account for the side effects of 

chemotherapy, which limit optimal dosing. Some of these side effects include 

immunosuppression, mucositis, and alopecia. 

 

Luminal-A/B/Estrogen Receptor Positive Breast Cancer 

Biology 

Luminal-A and luminal-B, referred to herein as estrogen receptor positive (ER+) 

breast cancers, are the most common of the cancers, consisting of about 70% of all breast 

cancer diagnoses (20). The growth and proliferation of ER+ breast cancer is mediated by 

signaling through the ER. The ER is a hormone receptor and transcription factor which 

regulates the expression of cell proliferation and cell survival genes (21). The ER is 

activated upon binding to estradiol, its cognate ligand. Ligand binding results in 

dissociation of chaperone protein hsp90, and dimerization, which completes the DNA 

binding domain of the receptor complex. The activated receptor then translocates to the 
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nucleus, binds to the estrogen response element (ERE) on DNA, and drives transcription 

of target genes, including PR, cyclins, and different growth factors (21). This signaling 

pathway is illustrated in Figure 1.4.  

 
Figure 1.4. 
Estrogen-mediated signaling through the ER.  
Estrogen crosses the plasma membrane and binds to the ER. Binding of estrogen to ER leads to 
dissociation of heat shock protein 90 and dimerization. Dimerization completes the nuclear 
localization signal on ER, which translocates to the nucleus, binds to DNA and activates gene 
transcription. 
 
 
Estrogen Synthesis and Regulators 

Estrogen is the key molecule which activates signaling through the ER. Estrogen 

is produced by the conversion of androgens to estrogens by the aromatase enzyme, a 

cytochrome P450 enzyme (22). This conversion is the final step of steroid biosynthesis 

cascade, which is outlined in Figure 1.5. 

 



9 
 

 
Figure 1.5. 
Steroid Biosynthesis Cascade. 
Estrogen is synthesized in the final step of the steroid biosynthesis cascade, a tightly regulated 
process mediated by cytochrome P450 enzymes. The aromatase enzyme is responsible for the 
final reaction, the conversion of androgens into estrogens.  
 
 

 The aromatase reaction consists of three separate hydroxylation steps (illustrated 

in Figure 1.6) which require molecular oxygen and NADPH. During the course of the 

reaction, a hydrogen in the 1β- position is afforded, allowing for the formation of the 

hydroxylated benzene ring observed in estrogenic substrates (23, 24). The expression of 

aromatase is regulated by tissue-specific promoters, including ones specific for placenta 

(PI.1), ovary/breast (PII), and adipose tissue (PI.3. PI.4). The PII promoter is the 

predominant promoter in breast cancer, and is primarily regulated by cAMP-mediated 

signaling, including signaling through prostaglandin-E2 (25).  
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Figure 1.6. 
Aromatase Enzyme Reaction. 
The aromatase reaction is a three step hydroxylation reaction which requires molecular oxygen 
and NADPH. During the reaction, the androgen A ring is converted to an aromatic ring in the 
estrogenic product.  
* Denotes hydrogen afforded during the aromatase reaction. 
Adapted from Njar and Brodie (23). 
 

Cyclooxygenase-2 Signaling 

 Preclinical data shows that aromatase expression and enzymatic activity is 

regulated by cyclooxygenase-2 [(COX-2), (26-29)], the enzyme responsible for the 

production of prostaglandin E2 (PGE2). The regulation of aromatase by PGE2/COX-2 is 

illustrated in Figure 1.7. Cyclooxygenases are a class of enzymes responsible for the 

conversion of arachadonic acid into prostaglandin-H2, the precursor molecule used to 

generate prostanoids. Involved in a multitude of different physiological events, 

prostanoids are comprised of two types: thromboxanes and prostaglandins, including 

PGE2. There are two isoforms of cyclooxygenase, COX-1 and COX-2 (30). COX-1 is 
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constitutively and ubiquitously expressed, while the expression of COX-2 is more tightly 

regulated. Recent studies have linked COX-2 overexpression to different types of 

cancers, including colorectal cancer (31, 32) and breast cancer (33). COX-2 expression is 

regulated at the promoter level by different coactivators, including nuclear factor for 

interleukin-6/CCAAT-enhancer binding protein (NF-IL6/C/EBP), cAMP response 

element (CRE), and nuclear factor kappa B [(NFκB), (34)]. 

 
Figure 1.7. 
Cyclooxygenase-2 and Prostaglandin E2 Regulation of Aromatase. 
Cyclooxygenase-2 converts prostaglandin H2 into prostaglandin E2. The generation of PGE2 
activates prostaglandin GPCR receptors, EP1, EP2, EP3, and EP4. Activation of EP2 and EP4 
results in a stimulatory response which increases levels of cyclic-AMP. This increase in cAMP 
leads to the activation of protein kinase A, and, subsequently, increased expression of cyclic AMP 
response element binding protein. CREBP then binds to the CREB element on the p1.3/pII 
aromatase promoter, contributing to its gene transcription.  
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Nuclear Factor kappa B Signaling 

 Nuclear factor kappa B (NFκB) is a transcription factor which regulates a myriad 

of cellular processes, including cell growth, differentiation, apoptosis, as well as 

inflammation and the immune response (35). Upregulation of NFκB has been reported in 

multiple cancers, including leukemia (36), lymphoma (37), and breast cancer (38). The 

NFκB family consists of five proteins: p65 (RelA), RelB, c-Rel, p105, and p100. These 

five proteins can be further categorized into two groups: those which are transcriptionally 

active (RelA, RelB, and c-Rel), and those which require proteolytic cleavage (from p105 

and p-100 to p-50 and p-52, respectively) for transcription. All NFκB proteins possess a 

Rel homology domain (RHD) which controls dimerization and binding, to DNA. The 

RHD also contains the nuclear localization signal, to which IκB proteins bind to sequester 

NFκB proteins in the cytoplasm. 

 Activation of NFκB occurs through a tightly regulated phosphorylation cascade 

[(38), Figure 1.8]. Extracellular stimuli, which include tumor necrosis factor-α (TNF-α), 

interleukins, and lipopolysaccharide, activate their cognate receptors which in turn 

phosphorylate I-kappa kinase kinases (IKK kinases), which include MEKK, TAK-1, and 

NFκB-inducing kinase (NIK). These kinases then phosphorylate I-kappa kinases (IKKs), 

which consist of three independent kinases, IKKα, IKKβ, and IKKγ. These IKKs are 

responsible for the phosphorylation of I-kappa B (IκB), a protein responsible for 

sequestering NFκB subunits in the cytoplasm. Phosphorylation of IκB results in its 

polyubiquitination and degradation by the 26S proteosome. The loss of binding between 

NFκB and IκB unveils the nuclear localization signal of NFκB, which allows NFκB to 

translocate from the cytoplasm to the nucleus. Once NFκB is in the nucleus, it activates 
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transcription of its target genes, some of which regulate cell viability, inflammation, and 

the epithelial-mesenchymal transition.  

 
Figure 1.8. 
Nuclear Factor Kappa B Signaling. 
Extracellular stimuli activate their receptors, which phosphorylate IKK kinases. These kinases 
then phosphorylate I-kappa kinases IKKα, IKKβ, and IKKγ, which phosphorylate sequester 
protein IκB. Phosphorylation of IκB results in its polyubiquitination and degradation by the 26S 
proteosome. The loss of binding between NFκB and IκB unveils the nuclear localization signal of 
NFκB, which allows NFκB to translocate from the cytoplasm to the nucleus. Once NFκB is in the 
nucleus, it activates transcription of its target genes. 
Adapted from Karin et al., (38). 
 
 
Targeted Therapies 

Estrogen receptor (ER) expressing breast cancers (ER+) are treated by a class of 

compounds known as endocrine therapy. Endocrine therapy consists of drugs that target 

either estrogen action or estrogen synthesis. Selective estrogen receptor 

modulators/downregulators (SERM/SERD) target ER and aromatase inhibitors (AI) 
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target aromatase. Both SERM/SERD and AI provide a unique mechanism of action as 

well as a distinct set of side effects.  

 

Selective Estrogen Receptor Modulators/Downregulators 

There are currently three SERMs prescribed clinically: raloxifene, toremifene, 

and tamoxifen, with tamoxifen being the most commonly used of the three. Selective 

estrogen receptor modulators act as ER antagonists in the breast, as they bind to the ER 

with an increased affinity compared to that of estrogen (39). Binding of the SERM to the 

ER confers an aberrant conformation of the ligand-receptor complex. Subsequent 

translocation of the SERM/ER complex to the nucleus results in the repression of 

transcription at the estrogen response element due to the inability of the aberrant complex 

to recruit coactivator proteins. This leads to the loss of ER target gene expression (40). 

SERMS do not have the same pharmacological action in all tissues, however. While 

SERMs act as antagonists of the ER in the breast, they have agonist action in bone, which 

helps to protect from osteoporosis, as well as in the endometrium, which can lead to 

increased risk of endometrial cancer (39, 40).  

The second class of molecules which target the ER are the selective estrogen 

receptor downregulators (SERDs). The best known example is fulvestrant. Fulvestrant 

binds to the ER with a potency similar to that of estradiol but 100 times that of tamoxifen 

(41, 42). It also lacks agonist action on the ER, which negates the side effects that 

accompany the use of SERMs (43-45). In addition to being an estrogen antagonist, 

binding of the SERD to the ER interferes with the ER protein structure, inhibiting 

dimerization and causing degradation of the ER (46-48). Additionally, Long, Brodie and 
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colleagues showed that treatment with fulvestrant could also inhibit cellular aromatase 

activity of human choriocarcinoma cells, but had no direct effect on the enzyme (49).  

 

Aromatase Inhibitors 

The other type of endocrine therapy used clinically are the aromatase inhibitors 

(AIs). Aromatase inhibitors inhibit the aromatase enzyme, stopping the synthesis of 

estrogen. The loss of estrogen abrogates signaling through the ER. As aromatase is the 

last step in the steroid biosynthesis cascade, targeting it specifically reduces extraneous 

effects on the rest of the cascade. There is little homology between the aromatase enzyme 

and that of other cytochrome P450s, further ensuring no off target effects of aromatase 

inhibition on other cytochrome P450 enzymes in the steroid pathway (50). Currently, 

there are three AI’s used clinically: exemestane, anastrozole, and letrozole (Figure 1.9).  
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Figure 1.9. 
Past and Present Aromatase Inhibitors. 
Formestane is the first aromatase inhibitor, while exemestane, letrozole, and anastrozole are the 
currently used aromatase inhibitors.  
Adapted from Njar and Brodie, (23). 
 
 

Exemestane is a steroidal noncompetitive aromatase inhibitor, similar to 4-

hydroxyandrostenedione (formestane), the first selective AI used clinically. These 

inhibitors bind irreversibly to the active site of the aromatase enzyme, rendering both 

itself and the enzyme inactive (51). Anastrozole and letrozole are nonsteroidal, 

competitive aromatase inhibitors, and they bind reversibly to the heme ion of the enzyme. 

Treatment with both types of AI depletes the majority of estrogen from the body, which 

negatively affects bone. Without the agonist action of estrogen on bone, treatment with 

ZA lead to increased athralgia, osteopenia, bone fracture, and osteoporosis (52). Since it 
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is clinical practice to treat postmenopausal women with bisphosphonates, these agents are 

also given to breast cancer patients to counteract the side effects of estrogen depletion on 

bone. 

 
  
Bisphosphonates: Structure and Function 

Bisphosphonates: Structure and Classification 

Bisphosphonates (BP) are a class of pharmacological agents used for the 

treatment of osteoporosis. They have a high affinity for hydroxyapatite molecules in 

bone, where they bind and exert their molecular action (53). The structure of BPs dictates 

their molecular mechanism. In the center of the BP is a carbon to which are attached two 

functional groups, R1 and R2. R1 and R2 allow for increased binding to hydroxyapatite 

as well as increased resorptive activity, respectively (53). The molecular structure of BPs 

is illustrated in Figure 1.10.  

There are two classes of BPs, the amino (amino-BP) and non-

aminobisphosphonates (non-amino-BP), which are stratified based on their R2 functional 

group. Aminobisphosphonates contain an amino-based group, while non-amino-BPs 

contain an alkyl group. Both classes inhibit bone 

resorption, but with different efficacies (54). This 

difference in efficacy stems from their different 

structures, which modulates their ability to inhibit bone 

resorption and osteoclast function. 

 

 

Figure 1.10. 
Generic Structure of 
Bisphosphonate. 
Adapted from Rogers et al, (53). 
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Osteoclast Function: A Brief Introduction 

Osteoclasts are cells which degrade bone through bone resorption. They function 

by dissolving hydroxyapatite and degrading bone matrices. The structure and components 

of an osteoclast are illustrated in Figure 1.11.  

 
Figure 1.11. 
Structure of an Osteoclast. 
Cited from Itzstein et al., (55).  
 

Osteoclasts degrade bone through a series of steps. First, the osteoclast attaches to 

hydroxyapatite molecules in bone. There, it forms the sealing zone under the osteoclast, a 

process mediated by integrins (56). The sealing zone is comprised of actin ring structures. 

After the creation of the sealing zone, the osteoclast forms the ruffled border, hallmarked 

by long actin-based podosomes which penetrate the bone matrix (57, 58). The osteoclast 

then secretes hydrochloric acid through the ruffled border into the resorption lacuna (59), 

which is the space between the ruffled border and the bone. The pH of the resorption 

lacuna is tightly controlled by ATPase pumps on the ruffled border membrane (60). The 
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low pH environment allows for solubilization of the bone matrix, which is then degraded 

by proteolytic enzymes. Molecules generated following bone degradation are trafficked 

from the resorption lacuna to the extracellular environment via vesicular transport (56).  

 

Basic Pharmacology 

Both classes of BPs bind to mineralized bone matrix, and become detached during 

bone resorption, where they are taken up by osteoclasts. Once internalized by the 

osteoclast, the BP begins to inhibit bone resorption. Each class of BP, however, has its 

own individual mechanism. Non-amino bisphosphonates are metabolized to non-

hydrolysable analogues of ATP, which accumulate in the osteoclast. This leads to the 

inhibition of metabolic processes which require ATPase pumps (61, 62), including those 

responsible for maintaining the low pH of the resorption lacuna.  

Aminobisphosphonates were shown to inhibit bone resorption more effectively 

than the non-amino-BPs (63). This was attributed to the addition of the amino group at 

the R2 position. Aminobisphosphonates inhibit the cholesterol biosynthesis pathway 

through inhibition of farnesyl pyrophosphate synthase (54, 64, 65), a key enzyme 

responsible for the synthesis of isoprenoids, including farnesyl and geranylgeranyl 

groups. The cholesterol biosynthesis cascade is illustrated in Figure 1.12.  
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Figure 1.12. 
Cholesterol Biosynthesis Pathway. 
Zoledronic acid inhibits farnesyl pyrophosphate synthase, the enzyme responsible for production 
of farnesyl and geranylgeranyl diphosphate in the cholesterol biosynthesis cascade.  
Adapted from Kimmel et al., (66). 
 
 

Isoprenoids are necessary for the post-translational modification of small GTPase 

proteins, which require prenylation to function (67). As GTPase proteins are essential in 

many steps of osteoclast-mediated bone resorption, including formation of the sealing 

zone, actin ring, and ruffled border, integrin signaling, and steps within vesicular 

transport (66), loss of their function inhibits these steps within osteoclasteogenesis, 

resulting in abrogation of bone resorption.  

Bisphosphonates have been approved by the FDA for use in the treatment of 

osteoporosis, Paget’s disease, bone metastases, multiple myeloma, and other skeletal 

related malignancies. The most common side effect of BP therapy is osteonecrosis of the 

jaw, which is described as an area of exposed bone which does not heal after a period of 
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time (68). There are many BPs currently used clinically, from both classes, which are 

summarized in Figure 1.13. The most potent BP to date is zoledronic acid (69).  

 
Figure 1.13. 
Currently Used Bisphosphonates. 
Cited from Rogers et al., (53). 
 
 
Zoledronic Acid 
 

Pharmacokinetics 

Zoledronic acid (ZA) is an amino-BP with a hydroxyl group at its R1 position and 

an imidazole ring at its R2 position. It is administered as a 15 minute intravenous 

infusion. Zoledronic acid has a rapid pharmacokinetic profile, with a half life of 

approximately 15 minutes for first elimination phase, and 146 hours for the second (70). 

It is excreted from the kidneys without undergoing biotransformation (70). However, ZA 

bound to hydroxyapatite molecules in bone stays there for many years, as it is still 
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detectable 36 months after it its first administration (71). Molecular and clinical studies 

have shown that ZA has vast biological activity, both as an anti-tumor agent as well as an 

inhibitor of bone and visceral metastases.  

 

Clinical Findings with Zoledronic Acid 

Clinical studies with ZA have provided mixed results about the efficacy of the 

compound regarding its anti-tumor effect in patients. The ABCSG (Austrian Breast and 

Colorectal Study Group) published a clinical trial in 2009 which reported that the 

addition of ZA to endocrine therapy improved disease free survival when compared to 

endocrine therapy alone [36% reduction in risk of disease progression, (72)]. These 

results have since been replicated in the ZO-FAST (Zometa-Femara Adjuvant Synergy 

Trial), which reported that the combination of AI letrozole and ZA administered 

immediately improved disease free survival when compared to either letrozole alone or 

the combination of letrozole and ZA administered after a bone malignancy occurred 

[41% relative risk reduction for disease-free survival, (73)]. Conversely, the AZURE 

(Adjuvant Zoledronic Acid to Reduce Recurrence) trial published in 2010 reported that 

ZA did not provide any added benefit in improving disease free survival, as there was no 

significant difference between women who did and did not receive ZA treatment 

[adjusted hazard ratio in the ZA group 0.98, (74)]. However, subgroup analysis of the 

AZURE trial did report an improvement in disease-free survival in post-menopausal 

women (overall survival rate was 84.6% in the ZA group and 78.7% in the control group, 

p=0.04). Subgroup analyses of the ABCSG-12 and ZO-FAST clinical trials corroborated 
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these findings (Figure 1.14). Treatment with ZA has also been shown to reduce the risk 

of breast cancer by 28% in postmenopausal women (75).  

 
Figure 1.14. 
Summary of Zoledronic Acid Clinical Trial data. 
Improvement in disease free survival in patients treated with letrozole and zoledronic acid (ZO-
FAST), zoledronic acid and standard of care (AZURE), or zoledronic acid, goserelin, and 
endocrine therapy (ABCSG-12). 
Cited from Gnant, (76). 

 

The effects of ZA on metastatic disease in the clinical setting have not yet been 

directly studied by a specific clinical trial. The ABCSG-12 trial reported a reduction in 

frequency of bone metastases as well as distant metastases to other sites, including loco-

regional and contralateral relapse [32% risk reduction, (72)]. These results were 

confirmed by ZO-FAST which showed that patients treated with ZA had fewer relapses 

than those who received delayed ZA [3.2% difference in disease free survival between 

immediate and delayed ZA patients, (73)]. Previous studies with clodronate, a non-

amino-BP, showed a reduction in bone metastases following adjuvant treatment 

[p<0.001; (77)]. Clinical trials also showed reduction of circulating vascular endothelial 

growth factor in the blood of cancer patients (78), as well as reduction of disseminated 

tumor cells in the bone marrow of patients with early breast cancer (79). 
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Preclinical 

Cell Viability Effects 

The anti-tumor activity of ZA has been illustrated in many types of cancers, 

including multiple myeloma (80), prostate (81), as well as breast. Zoledronic acid has 

been shown to inhibit the viability of multiple breast cancer cell lines, including MCF7, 

T47D, Hs578t, and MDA-MB-231 (82-86). This is due to inhibition of cell proliferation 

and induction of apoptosis.  

 It has been reported that ZA induces apoptosis, which potentially explains the 

effects of ZA on cell viability. This has been illustrated using multiple apoptotic assays, 

which demonstrate that treatment with ZA causes caspase activation, DNA 

fragmentation, downregulation of bcl-2, PARP cleavage, upregulation of TRAIL, and 

release of cytochrome c from mitochondria (82-88). The mechanisms responsible for 

these effects on cell viability have not yet been established, though hypotheses have been 

proposed. The best hypothesis to date is that ZA inhibits viability though its primary 

mechanism of action: inhibition of farnesyl pyrophosphate synthase. This inhibition 

would lead to decreased prenylation of proteins involved in cell proliferation and 

apoptosis.  

The effects of cotreatment with BPs and isoprenoid analogues farnesol and 

geranylgeraniol have been examined on induction of apoptosis. Results from these 

experiments show differential results. Benford and colleagues showed that cotreatment 

with amino-BPs and both farnesol and geranylgeraniol could partially inhibit caspase 

activation (89). These results were confirmed by Hiraga and colleagues (90).  
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It has also been proposed that ZA inhibits viability through loss of mitogens 

released into the cell microenvironment via bone resorption. Hiraga and colleagues 

hypothesized that bone-stored growth factors which are released into the cell 

microenvironment following resorption would no longer be available to surrounding cells 

following treatment with ZA (90). This hypothesis was studied in further detail by 

Fromigue and colleagues, who investigated the effect of different mitogens (epidermal 

growth factor, insulin derived growth factor 1 and 2, and fibroblast growth factor) on 

inhibition of cell viability following treatment with ZA (91).  It was concluded that only 

fibroblast growth factor could rescue viability inhibited by ZA (91). 

To date, no molecular mechanism has successfully been proposed which explains 

the effects of ZA with respect to its inhibition of cell viability. Potential molecular 

mechanisms investigating the role of ZA on cell viability will be explored in Chapter 3. 

 
Inhibition of Metastasis 

The effects of ZA as an inhibitor of preclinical metastases and steps in the 

metastatic cascade have also been well studied. Treatment with ZA has been shown to 

inhibit adhesion, migration, and invasion of breast cancer cell lines (92-94). Treatment 

with ZA has been shown to inhibit proteins involved in these cellular processes. Proteins 

inhibited include matrix metalloproteinases (95, 96) and αVβ3/αVβ5 integrins (97, 98).  

Additionally, ZA has been shown to inhibit angiogenesis through reduction of endothelial 

cell proliferation (99, 100). In vivo data from Peyruchaud and colleagues showed that 

treatment with ZA inhibits the progression of osteolytic lesions and inhibit expansion of 

MDA-MB-231 cells which specifically metastasize to bone (101).  Hiraga and colleagues 
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confirmed these results, showing with an orthotopic model of breast cancer that treatment 

with ZA could inhibit both visceral and bone metastases (90). 

In addition to loss of protein expression, it has been postulated that these effects 

are also due to decreased GTPase function, as GTPase proteins (RhoA, Rac, cdc42) are 

involved in cell motility. This hypothesis was confirmed by Denoyelle and colleagues, 

who demonstrated that cotreatment with ZA and geranylgeraniol rescued the inhibition of 

cell invasion and migration of TNBC (94).  

However, other steps in the metastatic cascade (illustrated in Figure 1.18), which 

occur prior to cell migration and cell invasion, are essential for a cell to metastasize. One 

such step is passage through the epithelial-mesenchymal transition (EMT), a cellular 

process whereby cells of an epithelial origin lose epithelial markers and simultaneously 

gain mesenchymal markers (described as acquisition of invasive phenotype in Figure 

1.15). These changes allow cells to travel as a single cell without the requirement of cell-

cell contacts, giving the cell a metastatic advantage. The effects of ZA on EMT will be 

discussed further in Chapter 4. 
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Figure 1.15. 
Metastatic Cascade. 
Cells which undergo metastasis undergo the acquisition of an invasive phenotype (A), which 
allows them to migrate and invade more freely. This acquisition leads to the invasion of cells into 
stroma and intravasation into the blood stream (B). These cells then use the blood stream to 
travel to their secondary site (C). Cells then extravasate out of the circulation nad into 
surrounding tissues (D). Upon survival (E), cells then revert back to an epithelial phenotype and 
form a new tumor.  
Cited from Chaffer and Weinberg, (102). 
 
 
Epithelial-Mesenchymal Transition 

The epithelial-mesenchymal transition (EMT) is a biological process whereby 

cells of epithelial origin undergo changes to become more mesenchymal [Figure 1.16, 

(103, 104)]. Epithelial cells are polarized, immobile cells attached to the extracellular 

matrix of the basement membrane (103). In contrast, mesenchymal cells are non 

polarized cells loosely associated with the basement membrane, and have a high capacity 

for cell motility.  Epithelial cells use E-cadherin for attachment, which interacts with 

other E-cadherin molecules on adjacent cells, resulting in cell-cell contacts. When cells 

begin to undergo EMT, epithelial cells lose expression of E-cadherin. E-cadherin is 

essential to the process of EMT, as loss of its expression can induce EMT and its 

subsequent re-expression can lead to reversal of EMT (103, 105).  



28 
 

 
Figure 1.16. 
Epithelial-Mesenchymal Transition. 
Process whereby cells of an epithelial type undergo cellular changes to become mesenchymal 
cells in response to cellular stimuli.  
Cited from Ouyang et al., (106). 
 

 

EMT is triggered by environmental factors, including mitogens (HGF, EGF, 

PDGF, and TGF-β) and extracellular matrix molecules (107, 108). The process of EMT 

requires several steps [reviewed by Kalluri, (104)]. First, cells lose intracellular 

adherence as the basement membrane is disrupted and undergoes rearrangement. This 

affords cells improved motility. Cells can then migrate into the stromal compartment. 

Characteristic cellular changes include loss of cell-cell contact, loss of cell polarity, gain 

of an elongated cell structure, and gain in the ability to move as a single cell. EMT is 

mediated by transcription factors, examples of which are Twist and Snail. Both Twist and 

Snail act as negative regulators to E-cadherin expression and are transcriptionally 

regulated by NF-κB (109-111), which regulates additional mediators of EMT including 

matrix metalloprotease-9 (112). 

 

Tumor Initiating Cells & EMT 

Recent studies have identified a subpopulation of cells within primary tumors 

which possess the ability to generate new tumors (113), referred to as tumor initiating 
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cells. Tumor initiating cells have been shown to express CD44hi/CD24lo cell surface 

markers (114), and as few as 100 cancer cells with the CD44hi/CD24lo phenotype isolated 

from human breast tumors could generate tumors in Non-Obese Diabetic/Severe 

Combined Immunodeficiency (NOD/SCID) mice (114). This study was the first to 

provide evidence that a heterogeneous subset of cells within a breast tumor with self 

renewal capability existed. A follow-up to this study showed that the self renewal 

capability of these tumor initiating cells could be assessed by the cell’s ability to 

propagate in suspension culture, referred to as mammosphere formation (115).  

Recent publications have hypothesized a link between cells which have 

undergone EMT and this tumor initiating cell population; cells which undergo EMT have 

been shown to acquire tumor initiating cell traits, including the ability to form 

mammospheres (116). Furthermore, it has been elucidated that TWIST, a key regulator of 

EMT, is involved in the transcription of BMI-1, a key regulator of stem cell 

characteristics (117, 118).  The effects of ZA on this tumor initiating cell population, as 

they relate to the effects of ZA on EMT, will be discussed in Chapter 4.  
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Specific Aims and Hypotheses 

Specific Aim 1: Identify a molecular mechanism for zoledronic acid’s inhibition of cell 
viability. 
 

• Hypothesis: Zoledronic acid inhibits cell viability through inhibition of aromatase, 
cyclooxygenase-2, and nuclear factor kappa B signaling. 
 

• Rationale: Previous clinical and preclinical studies have shown that zoledronic 
acid inhibits cell viability in combination with aromatase inhibitors. Mechanisms 
responsible for this inhibition are poorly studied, but preclinical data implicates 
all three pathways as potential targets of zoledronic acid’s drug action.  
 

• Subaims: 
1. Investigate mechanisms of the combination effect between zoledronic acid 

and letrozole. 
2. Investigate effect of zoledronic acid on: 

• aromatase inhibition 
• COX-2 inhibition 
• NFκB inactivation 

 
 

Specific Aim 2: Investigate the effect of zoledronic acid on the epithelial-mesenchymal 
transition and the tumor initiating cell population. 
 

• Hypothesis #1: Zoledronic acid will reverse the epithelial-mesenchymal transition 
through inactivation of nuclear factor kappa B.  
 

• Hypothesis #2: Zoledronic acid will inhibit self renewability and the tumor 
initiating cell population through modulation of EMT.  
 

• Rationale: Zoledronic acid has been shown to inhibit invasion, migration, and 
metastatic disease. No mechanism has been proposed to explain these effects. As 
EMT is vital to the metastatic cascade, it is proposed that zoledronic acid inhibits 
metastasis through modulation of EMT. Furthermore, it has been shown that cells 
which undergo EMT acquire a self renewal phenotype. Therefore, if zoledronic 
acid can modulate EMT, it is possible that it could also inhibit self renewal. 

 
• Subaims: 

1. Determine whether zoledronic acid can modulate EMT in TNBC cell lines. 
2. Investigate regulation by NFκB of EMT in TNBC cell lines. 
3. Characterize the effect of zoledronic acid on tumor initiating cells in TNBC. 
4. Examine the implications of these findings. 
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Chapter 2: Materials and Methods  

Materials 

Zoledronic acid and letrozole were kindly provided by Novartis Pharma (Basel, 

Switzerland). Lapatinib was kindly provided by Glaxo Smith Kline (Raleigh-Durham, 

NC). Celecoxib was kindly provided by Dr. A. Fulton (University of Maryland, 

Baltimore, Baltimore, MD). Androstenedione, actinomycin-D, and prostaglandin E2 were 

purchased from Sigma-Aldrich (St. Louis, MO). McCoy’s 5A Medium, Dulbecco’s 

Modified Eagle Medium (DMEM), trypsin/EDTA, penicillin/streptomycin (P/S), dPBS, 

reverse transcriptase reagents [5x reverse transcriptase buffer, dithiothreitol (DTT), 

deoxynucleotide triphosphate mix (dNTPs), bovine serum albumin (BSA), random 

primers, and Moloney Murine Leukemia Virus reverse transcriptase (MMLV)], Cell 

Extraction Buffer, Alexa-Flour 488 (A11008), Hoescht 33342 (H3570), and Near-IR 

fluorescent viability dye were purchased from Invitrogen (NY, USA). Fetal bovine serum 

(FBS) and charcoal-dextran treated FBS (CDT-FBS) was purchased from Atlanta 

Biologicals (Lawrenceville, GA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) reagent was purchased from Amresco (Cleveland, OH). Androst-4-ene-3, 

[1-β-3H]-, 17-dione (3H∆4A) was purchased from PerkinElmer (Waltham, MA). 

Fluoromount-G was purchased from Southern Biotech (Birmingham, AL). Chromatin 

immunoprecipitation assay kit (ChIP kit), salmon sperm DNA/protein A agarose slurry, 

and BMI-1 antibody were purchased from Millipore (Billerica, MA). Qiaquick PCR 

Purification kit, Qiashredder kit, RNeasy kit, siRNA against RelA (S100301672), 

AllStars negative control siRNA, and HiPerfect transfection reagent were purchased from 

Qiagen (Valencia, CA). DyNAmo SYBR green qPCR mix was purchased from MJ 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
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Research (Boston, MA). BCA kit, Pierce Co-Immunoprecipitation kit, and NE-PER 

Nuclear & Cytoplasmic Fraction kit were purchased from Thermo Scientific (Rockford, 

IL). Prostaglandin E2 EIA kit and CAY10512 were purchased from Cayman Chemical 

(Ann Arbor, MI). Luciferase Assay System was kindly provided by Dr. A. Jaiswal 

(University of Maryland, Baltimore, Baltimore, MD) from Promega (Madison, WI). 

Tumor necrosis factor-α, U0126, LY294002, N-cadherin, Snail, pRelA(S536), total 

RelA, PARP-1, α-tubulin, and β-actin antibodies were purchased from Cell Signaling 

(Danvers, MA). Twist-1, RelA (ChIP grade) antibodies and normal rabbit IgG were 

purchased from Santa Cruz Technologies (Santa Cruz, CA). CD24-FITC (#555427) and 

CD44-APC (#559942) antibodies were purchased from BD Pharmingen (San Diego, 

CA). Mammocult media and supplements were purchased from Stem Cell Technologies. 

Protease (Complete TM) and phosphatase (PhosSTOP) inhibitors were purchased from 

Roche (Mannheim, Germany). Polyvinylidene fluoride (PVDF) membrane was 

purchased from Fisher Scientific (Pittsburgh, PA). All other western blotting materials 

were purchased from BioRad (Hercules, CA). All other reagents were purchased from 

Sigma-Aldrich (St. Louis, MO).  

 

Cell Culture, Treatment & Imaging 

Cells used for experiments include AC1 [aromatase transfected MCF7, 

transfected by L. Macedo, aromatase construct gift from Dr. S. Chen, City of Hope, 

Duarte, CA (119)], SkBR3 (obtained from ATCC), SkBR3-luc (gift from Dr. AS 

Baldwin, UNC-Chapel Hill, Chapel Hill, NC), MDA-MB-231 (gift from Dr. Qun Zhou, 

University of Maryland, Baltimore, Baltimore, MD), and Hs578t (obtained from ATCC). 
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Cells were routinely maintained in following media: AC1: DMEM, 5% FBS, 1% P/S, 

800µg/mL G418; SkBR3: McCoys 5A Medium, 10% FBS, 1% P/S; SkBR3-luc: McCoys 

5A Medium, 10% FBS, 1% P/S, 300µg/mL G418; MDA-MB-231 and Hs578t: DMEM, 

5% FBS and 1% P/S. Cell lines were grown at 37ºC in 5%CO2, and were passaged 

weekly. For cell treatment, each cell line was seeded and grown to specified density. 

Cells were then treated for specified duration. Cells and mammospheres were imaged 

using a Canon EOS Rebel T1i at 10x or 4x magnification, as specified. 

 

MTT Assay 

For assays performed using letrozole or steroid treatment, cell media was changed 

to phenol red-free media containing CDT-FBS 48 hours prior to seeding, and cells were 

maintained in this media supplemented with 25nM androstenedione [∆4A, (120)] for the 

entirety of the assay. For all other treatments, cells were maintained in regular growth 

medium for the duration of the assay. Cells were seeded into 96-well plates at a density 

of 5000 cells/well and allowed to attach overnight. Cells were then treated with 

individual treatments for specified duration. For 6 day treatments, retreatment occurred 3 

days following the first treatment. After treatment, treatment media was aspirated and 

cells were washed with dPBS. Cells were then incubated in serum-free media containing 

0.5mg/mL MTT for three hours. MTT-containing media was aspirated and 100µL DMSO 

was added to each well. Plate was shaken on plate-shaker for 10 minutes, allowing 

formazan dye trapped within the cells to dissolve into DMSO. Plate was then read using a 

plate reader at an absorbance of 560nm. Data points were fitted to a sigmoidal dose-
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response curve with using Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-X))). Values are 

expressed as percent change compared to vehicle treated control.  

 

Trypan Blue Exclusion 

Cells were maintained in regular growth medium for the duration of the assay. 

Cells were seeded into 12 well plates at a density of 20,000 cells/well and allowed to 

attach overnight. Cells were then treated with individual treatments as specified. 

Following treatment, treatment media was aspirated and cells were washed with dPBS 

and trypsinized. Trypsin was quenched with serum containing media. 10µL of cell 

suspension was mixed with 10µL trypan blue and total number of viable cells was 

determined using a BioRad TC10 Automated Cell Counter. Values are expressed as 

percent change compared to vehicle treated control of total viable cells.  

 

Extraction of Human Placental Microsomes 

Microsomes were collected from human term placenta by differential 

centrifugation. Placenta was washed and rinsed in distilled water, then cut into pieces and 

weighed. Sucrose solution (0.25M) was added to the placental pieces at a volume 1.5 

times the weight, and the tissue was homogenized. Homogenate was centrifuged at 

10,000xg for 30 minutes at 4ºC. The supernatant was removed and ultracentrifuged at 

109,000xg for 1 hour at 4ºC. Following centrifugation, the supernatant was removed and 

the remaining pellet (containing microsomes) was stored in 2mL of 0.1M phosphate 

buffer (2.78g sodium phosphate monobasic, 21.48g sodium phosphate dibasic 

heptahydrate, 12mg DTT).  
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Microsomal Aromatase Assay 

Microsomal aromatase assay was performed as described by Long and colleagues 

(49). Individual treatments, 10nM ∆4A, and 10µCi/mL (1-β-3H)-androstenedione 

(3H∆4A) were added to boroscillate glass tubes and airdried for 10 minutes. To each tube 

was added 200µg microsomes, cofactors (20mg glucose-6-phosphate, 5mg β-NADP, and 

25U glucose-6-phosphate dehydrogenase per 1mL distilled H2O) at 100µL 

cofactors/tube, and 0.1M phosphate buffer to a final volume of 1mL. Tubes were placed 

in a 37ºC shaking water bath in the presence of oxygen and incubated for 30 minutes. 

Reaction was quenched following addition of 2mL chloroform. Reaction mixture was 

vortexed for 15 seconds then centrifuged at 2000rpm for 20 minutes at 4ºC. 500µL of 

supernatant was added to 500µL 2.5% charcoal suspension, vortexed, and then incubated 

at room temperature for 5 minutes. Tube was centrifuged at 2000rpm for 20 minutes at 

4ºC. The resulting supernatant contained tritiated water, the byproduct of the radioactive 

aromatase enzymatic reaction (Figure 2.1 for reaction schematic). 500µL of supernatant 

was added to 4mL Scintiverse-BD scintillation fluid and radioactivity was counted using 

a scintillation counter. Resulting CPM data was converted to fmol/mg using GraphPad 

Quick Calcs Software and is expressed as fmol per mg protein*hr.  

 

Figure 2.1. 
Aromatase Reaction Schematic. 
Grey circle indicates 1β-hydrogen (replaced with tritium) afforded in the aromatase reaction. This 
coordinates with hydroxyl radicals in the supernatant to form tritiated water, measured by 
scintillation counter. Full reaction illustrated in Figure 1.6. 
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Cellular Aromatase Assay 

Cellular aromatase assay was performed as described by Long and colleagues 

(49). Cell media was changed to phenol red-free media containing CDT-FBS 48 hours 

prior to seeding. Cells were then seeded into 6-well plates at a density of either 150,000 

cells/well (AC-1) or 300,000 cells/well (SkBR3) and allowed to attach overnight. Cell 

media was then changed from phenol red-free media containing 5% CDT-FBS to 1mL of 

1% phenol red-free CDT-FBS. Cells were treated with individual treatments in the 

presence of 10nM ∆4A and 0.5µCi/mL 3H∆4A for 1 hour in 5%CO2. Following 

treatment, conditioned media was collected and added to 300µL trichloroacetic acid. 

Mixture was vortexed and centrifuged for 20 minutes at 200rpm at 4C. Supernatant was 

added to 2mL chloroform, vortexed for 15 seconds, and then centrifuged at 2000rpm for 

20 minutes at 4ºC. 500µL of supernatant was added to 500µL 2.5% charcoal suspension, 

vortexed, and then incubated at room temperature for 5 minutes. Tube was centrifuged at 

2000rpm for 20 minutes at 4ºC. 500µL of supernatant was added to 4mL scintiverse-BD 

scintillation fluid and radioactivity was counted using scintillation counter. Run in 

parallel with treatment was a single replicate of each sample, which got the same 

treatment as the samples but in lieu of 3H∆4A was treated with the equivalent amount of 

cold ∆4A. Following treatment, these samples were collected and the total protein 

concentration was determined using the BCA assay. Resulting CPM data was converted 

to fmol/mg using GraphPad Quick Calcs Software and is expressed as fmol per mg 

protein*hr, where mg protein is the total protein concentration as determined from cold 

control. 
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Preparation of Whole Cell Lysates & Subcellular Fractions 

Cell media was aspirated and cells were washed twice with ice cold dPBS 

containing 1x protease inhibitors. Cells were scraped by rubber policeman in 300µL 

RIPA buffer (50mM Tris-HCl [pH 7.4], 1% Nonidet P-40, 0.25% deoxycholic acid, 1mM 

EDTA) containing 1x protease inhibitors and 1x phosphatase inhibitors. Samples were 

sonicated for 15 pulses on ice and incubated by end over end rotation at 4ºC for 30 

minutes. Samples were then cleared by centrifugation for 30 minutes at max speed at 4ºC.  

Cell fractionation was performed using either the NE-PER Nuclear and 

Cytoplasmic Extraction Reagent Kit or the Nuclear Extraction Protocol. For the NE-PER 

kit, cells were collected by trypsinization and centrifuged at 500xg for 5 minutes at 4ºC. 

Pellet was washed once with dPBS, transferred to a 1.5mL microcentrifuge tube, and 

pelleted by centrifugation at 500xg for 3 minutes. Ice cold CER I buffer was added to the 

cell pellet and vortexed for 15 seconds. Tube was incubated on ice for 10 minutes. Ice 

cold CER II buffer was added to the pellet and vortexed for 1 minute, and then incubated 

on ice for 1 minute. Tube was vortexed again and centrifuged at max speed for 5 minutes. 

Supernatant was collected as cytoplasmic fraction. Pellet was suspended in NER buffer 

and vortexed for 15 seconds every 10 minutes for 40 minutes, incubating tube on ice in 

between each vortex step. Tube was then centrifuged at max speed for 20 minutes. 

Supernatant was collected as nuclear fraction. 

 For the Nuclear Extraction Protocol, cells were scraped by rubber policeman in 

dPBS, washed twice, and centrifuged at 1000 rpm for 5 minutes at 4ºC. Pellet was 

resuspended in 1x hypotonic buffer (20mM Tris-HCl, pH 7.4, 10mM NaCl, 3mM MgCl2) 

and incubated on ice for 10 minutes. To this was added 25µL of 10% NP40. Mixture was 
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vortexed for 10 seconds and centrifuged for 10 minutes at 3000 rpm at 4ºC. Supernatant 

was collected as cytoplasmic fraction. The pellet was resuspended in 50µL complete cell 

extraction buffer (cell extraction buffer with 1mM PMSF and protease inhibitors), and 

mixture was vortexed every 10 minutes for 30 minutes. Mixture was centrifuged for 30 

minutes at 14,000xg at 4ºC. Supernatant was collected as nuclear fraction. Protein 

concentrations were determined using BCA method.  

 

Immunoprecipitation 

Immunoprecipitation was performed using the Pierce Co-Immunoprecipitation 

kit. Antibodies (5µg cyp19: Santa Cruz #sc-14245 or 5µg normal goat IgG: Santa Cruz) 

were purified using the Antibody Cleanup Kit (Thermo) and conjugated to AminoLink 

Plus Coupling Resin (Co-IP kit). Cell media was aspirated and cells were washed once 

with ice cold dPBS. Ice cold IP Lysis/Wash Buffer (Co-IP kit) was added to the cells and 

was incubated for 5 minutes on ice. Lysate was transferred to a microcentrifuge tube and 

protein concentration was determined by BCA assay. Lysates were diluted to a 

concentration of 1000µg/500µL IP Lysis/Wash Buffer. The diluted lysate was added 

80µL of Control Agarose Resin slurry (Co-IP kit) which had been coupled to a spin 

column. Lysate was precleared for 1 hour at 4ºC using end-over-end rotation. Spin 

column was centrifuged for 1 minute at 1000xg, and flow-through was collected as 

precleared lysate. Coupled resin was primed with IP Lysis/Wash Buffer and precleared 

lysate was added to the resin. Resin-lysate mixture was incubated at 4ºC using end-over-

end rotation overnight. Following immunoprecipitation, the resin-lysate mixture was 

centrifuged, and the flow-through discarded. Column was washed twice with IP 
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Lysis/Wash Buffer. 10µL of Elution Buffer (Co-IP kit) was added to the column and 

centrifuged. An additional 50µL of Elution Buffer was added and column was incubated 

at room temperature for 5 minutes. Column was centrifuged and flow-through was 

collected as immunoprecipitated sample. 5x Lane Marker Sample Buffer (Co-IP kit, to 

buffer was added 1M DTT for a final concentration of 100mM) was added to each 

sample, heated for 5 minutes at 100ºC, and analyzed using western blot. 

 

Western Blotting 

50µg of protein was added to 2x Laemmli buffer (purchased commercially) or 5x 

Laemmli buffer (250mM Tris HCl pH 6.8, 10% SDS, 50% glycerol, 0.02% bromophenol 

blue, 10% β-mercaptoethanol) and boiled for 5 minutes. Samples were loaded onto 10% 

SDS-PAGE gels and run at room temperature for 2h at 90V. Proteins were transferred to 

PVDF membranes at 4ºC overnight at 30V. Membranes were blocked for 1 hour at room 

temperature in 5% non-fat dry milk (NFD), dissolved in 1x Tris buffered saline 

containing 0.01% Tween-20 (TBS-T). Membranes were incubated overnight at 4ºC in 

primary antibody per manufacturer’s protocol. Primary antibodies used are listed at the 

end of Materials and Methods section. Membranes were washed and incubated in 

secondary antibody (HRP-conjugated goat anti-rabbit or goat-anti-mouse, BioRad, 

1:10,000) diluted in 5% NFD/TBS-T for 1 hour at room temperature. Membranes were 

washed and bands were visualized following incubation in enhanced chemiluminescence 

detection reagent. Membranes were stripped in stripping buffer for 30 minutes at room 

temperature, reblocked, and reprobed for loading controls. Quantification was performed 
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using Molecular Dynamics software (ImageQuant). Densitometric values were 

normalized to loading control.  

 

RNA Extraction and Reverse Transcription 

Cells were washed twice with ice cold dPBS, collected in buffer RLT, and lysed 

by centrifugation through QIAshredder spin columns. Total RNA was extracted and 

purified from lysates using the RNeasy Mini Kit. RNA concentration and purity was 

determined from 260nm and 280nm absorbance, diluted with molecular grade water to 

0.08µg/µL, and reverse transcribed. The reverse transcription reaction mixture consisted 

of 6µL diluted RNA, 4 µL 5x strand reverse transcriptase buffer, 4 µL dNTPs, 2µL DTT, 

2µL of 1mg/mL BSA, 1µL of 0.5µg/µL random primers, and 1µL MMLV reverse 

transcriptase. The mixture was incubated for 1 hour at 37ºC. The reverse transcription 

product (RT) was stored at -20ºC until further use. 

 

RNA Stability Experiments 

Cells were plated and allowed to grow to 70% confluency. Cells were treated with 

ZA alone or in combination with 5µg/mL actinomycin-D over a time course. Following 

treatment, cells were collected and lysed as described in RNA Extraction and Reverse 

Transcription. 

 

Conventional & Quantitative Polymerase Chain Reaction  

mRNA and promoter expression were measured using both conventional 

polymerase chain reaction (conventional PCR) and quantitative polymerase chain 
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reaction (qPCR). Methods were described by Kazi and colleagues (121). For 

conventional PCR, each 30µL reaction consisted of 3µL RT, 3µL10xbuffer, 2.4µL 

deoxynucleotide triphosphate mix (same as used for reverse transcription described 

above), 3µL 5µM primer mix, 0.15µL Taq DNA polymerase, and 18.45µL molecular 

grade water. 8µL product and 2µL 5x loading dye were loaded onto 10% TBE gels and 

visualized using Syngene software. qPCR analysis was performed using a DNA Opticon 

System (MJ Research). Each 30µL reaction mixture included 3µL cDNA, 15µL 

DyNAmo SYBR green qPCR mix, 1.2µL primer mix, and 10.8µL molecular grade water. 

Each sample was assayed in duplicate and a standard curve was generated by serially 

diluting control cDNA. The yield of product for each unknown sample was calculated by 

applying its threshold cycle to the standard curve using the Opticon Monitor analysis 

software (version 1.01, MJ Research).  Primers and conditions used are listed at the end 

of Materials and Methods section. Values were normalized to corresponding GAPDH 

values and are expressed as the fold change relative to control treatment. 

 

Enzyme-linked immunosorbent assay  

Enzyme-linked immunosorbent assay (ELISA) was performed using the 

Prostaglandin E2 EIA kit.  Conditioned media was collected from the wells of treated 

samples. Samples were assayed in triplicate. Fifty microliters of each sample was added 

to Prostaglandin E2 AChE tracer and Prostaglandin E2 monoclonal antibody in the 

enclosed goat anti-mouse IgG coated plate. Plate was incubated for 18 hours at 4ºC. 

Wells were emptied and washed 5 times with Wash Buffer. Plate was shaken for 60-90 
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minutes with readings taken at 420nm at 60, 80, and 90 minutes. Sample absorbance was 

compared to that of a standard curve generated in parallel using PGE2 EIA standard.  

 

Luciferase Assay 

Luciferase activity was assayed using the Luciferase Assay System. SkBR3-luc 

cells were seeded in 12 well plates and allowed to reach 70% confluency. The cells were 

then treated with respective treatments for 24 hours. Following treatment, cell media was 

aspirated and cells were washed twice with ice cold dPBS. 200µL of passive lysis buffer 

was added to the cells, and then cells were rocked on ice for 30 minutes. Following cell 

lysis, 10µL of cell lysate was aliquoted in a luminescent plate and a background reading 

was taken to account for background luminescence. 25µL of luciferase assay substrate 

was then added to the lysate and luminescence reading was taken. Luminescence was 

normalized to total µg protein. 

 

RNAi 

Untreated cells were seeded in 12-well plates at a density of 120,000 cells/1.1mL 

passage media. Cells were allowed to briefly attach under culture conditions. RelA 

siRNA (stock solution: 20µM) was diluted to a final concentration of 240nM/100µL and 

mixed with 6µL HiPerfect Transfection Reagent for 10 minutes at room temperature. 

This mixture resulted in a final concentration of 20nM siRNA+6µL HiPerfect 

Transfection Reagent when added drop wise to the cells. Cells were incubated for 72 

hours under normal cell culture conditions in the presence of the siRNA. Following 
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transfection, cell media was removed and transfected cells were used for future 

experiments.  

 

Immunofluorescence 

SkBR3 cells were seeded onto glass coverslips (10,000 cells/coverslip) and 

allowed to attach overnight. Cells were then treated with vehicle or 10µM ZA for 24 

hours. Cells were then fixed in 3.7% formaldehyde for 10 min at room temperature, 

washed, permeabilized with 0.25% Triton X-100 in dPBS for 10 min, washed, and 

blocked for 1 hour in 5% BSA and 0.5% NP40 in dPBS. Cells were incubated overnight 

at 4ºC with anti-RelA (Millipore 1:500) in dPBS containing 2.5% BSA. Cells were 

washed and incubated in secondary antibody (goat-anti mouse, Alexa Fluor 488, 1:1000) 

and Hoescht 33342 nuclear stain (1:5000) for 1 hour at room temperature in the dark. 

Imaging was performed using a Nikon Eclipse TE2000-U microscope system (courtesy 

of Dr. Yun Qiu, University of Maryland, Baltimore, Baltimore, MD) at 10x 

magnification. 

 
 
Chromatin Immunoprecipitation 

Chromatin immunoprecipitation analyses were performed using the Chromatin 

Immunoprecipitation (ChIP) assay kit from Millipore. Following treatment cells were 

treated with 1% formaldehyde for 10 minutes at 37ºC. Cells were washed twice with ice 

cold dPBS containing protease inhibitors, scraped and pelleted at 2000rpm for 4 minutes 

at 4ºC. Cell pellet was resuspended in SDS Lysis Buffer and incubated for 10 minutes on 

ice. Cells were sonicated on ice for 10 10 second pulses with a 30 second rest period in 
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between each sonication. Samples were centrifuged for 10 minutes at max speed at 4ºC. 

200µL of supernatant was diluted 10-fold in ChIP dilution buffer containing protease 

inhibitors to a final volume of 2mL. At this point, 20µL of each diluted supernatant was 

set aside as the input loading control. The remaining diluted supernatant was precleared 

with Protein A Agarose/Salmon Sperm DNA for 2 hours at 4ºC using end-over-end 

rotation. The agarose was pelleted and the supernatant was incubated with either 5µg 

RelA antibody (NFκB p65 A, Santa Cruz Technologies, sc-109) or 5µg twist antibody 

(H-81, Santa Cruz Technologies, sc-15393) overnight at 4ºC using end-over-end rotation. 

In addition, control samples were incubated with 5µg normal rabbit IgG (Santa Cruz 

Technologies, sc-2027) as a negative control. Following the overnight incubation, 60µL 

of Protein A Agarose/Salmon Sperm was added and incubated for 2 hours at 4ºC with 

end-over-end rotation.  The mixture was centrifuged at 1000rpm for 1 minute and 

supernatant was discarded. Remaining pellet was washed sequentially using end-over-end 

rotation for 10 minutes at 4ºC with the following reagents: Low Salt Immune Complex 

Buffer, High Salt Immune Complex Wash Buffer, and LiCl Immune Complex Wash 

Buffer. An additional two 10 minute washes at room temperature were performed using 

TE Buffer. The protein-DNA complexes bound to antibody were eluted by incubating the 

remaining pellet in 250µL elution buffer (1% SDS, 0.1M NaCO3) for 15 minutes at room 

temperature using end-over-end rotation. The mixture was centrifuged and supernatant 

was transferred to a new tube. The process was repeated with an additional 250µL elution 

buffer, so that the final eluate volume was 500µL. To the eluate was added 20µL 5M 

NaCl. This was then incubated overnight in a water bath at 65ºC to reverse crosslinks. 

Also incubated overnight were the input loading controls aliquoted from the previous 

dilution step. After reversing crosslinking, 10µL 0.5M EDTA, 20µL Tris-HCl, and 1µL 
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20mg/mL Proteinase K was added to the mixture and incubated at 45ºC for 1 hour. DNA 

was then extracted using the QiaQuick PCR Purification Kit. Resulting DNA was used 

for both conventional and real time PCR, as described above. Primers and conditions 

used are listed at the end of this section. Values were normalized to each individual input 

control.  

 

Cell Cycle Analysis, Cell Surface Expression, and Fluorescence Activated 
Cell Sorting 
 

Cell media was aspirated and cells were washed twice in dPBS. Cells were 

collected by trypsinization and centrifuged for 3 minutes at 500xg. Cells were counted 

and resuspended in dPBS at a cell density of 1 million cells/100µL dPBS. For cell cycle 

analysis, cells were incubated for at least 30 minutes in hypotonic cell lysis buffer (0.1% 

sodium citrate, 0.1% Triton X-100) in the presence of 50µg/mL propidium iodide and 

25µg/mL ribonuclease A. Following incubation, the cells were analyzed using FlowJo 

software. The Watson algorithm was used to find the peak and S-phase populations from 

a univariate distribution curve. For cell surface expression, cells were incubated in 10µL 

CD24-FITC, CD44-APC antibodies/1 million cells for 15 minutes at 37ºC. Cells were 

then washed twice in 5 mL dPBS containing 1% BSA. Stained cells were counted within 

an hour using FlowJo software. For fluorescence activated cell sorting, cells were stained 

in the same manner as the cell surface expression, with the addition of 1µL Near-IR 

fluorescent viability dye/1 million cells. Cells were sorted using a FACSAria flow 

cytometer and analyzed using FACSDiva software.  
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Mammosphere Assay 

Cell media was aspirated and cells were washed twice in dPBS. Cells were 

removed by trypsinization and collected by centrifugation at 500xg for 5 minutes at 20ºC. 

Cells were counted and resuspended in mammosphere media (Mammocult Basal 

Medium, 10% Mammocult Proliferation Supplements, 4µg/mL heparin, 0.48µg/mL 

hydrocortisone, 2.5µg/mL amphoterecin B, and 50µg/mL gentamycin) at a cell density of 

10,000 cells/mL. Two milliliters of cell solution was seeded in 6-well ultra-low 

attachment plates. Cells incubated for one week at 37ºC in 5%CO2. Formed 

mammospheres were counted manually and imaged using a Canon EOS Rebel T1i at 10x 

magnification. For secondary mammospheres, mammospheres and media were collected 

and spun down at 350xg for 5 minutes at 4ºC. Media was aspirated and 1mL trypsin-

EDTA was added to each mammosphere pellet. The trypsin/pellet was pipetted up and 

down for approximately 1.5 minutes, and dPBS with 2% FBS was added. Mixture was 

centrifuged at 350xg for 5 minutes at 4ºC. Media was aspirated and cells were 

resuspended in Mammocult media and counted. Ultra-low attachment plates were seeded 

with 5000 cells and incubated for 1 week at 37ºC in 5% CO2. For treated secondary 

mammospheres, mammospheres were permitted to form 72 hours prior to treatment.  

 

Statistical Analysis 

All data are expressed as mean±SEM unless noted. p values were calculated using 

unpaired t test (2 samples), ANOVA (3+ samples) and Tukey’s post hoc analyses using 

GraphPad Prism 5. All experiments (unless noted) were performed three independent 

times and data calculated as one data set. p<0.05 was considered significant.  
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Antibodies used for western blot 

• pAkt(T308) (Cell Signaling #9275, 1:1000)  
• pAkt(S473) (Cell Signaling # 4058, 1:1000) 
• pERK (Cell Signaling #9101, 1:1000)  
• total Akt (Cell Signaling # 4691, 1:1000) 
• total ERK (Cell Signaling #9102, 1:1000)  
• cyp19 (Santa Cruz #sc-14245, 1:200 & Serotec #MCA2077S, 1:250) 
• p-Serine (Santa Cruz #sc-81514, 1:200) 
• p-Tyrosine (Cell Signaling #9411, 1:2000) 
• COX-2 (Santa Cruz #sc-7951, 1:200) 
• pRelA(S536) (Cell Signaling #3031, 1:1000) 
• total RelA (Millipore #17-10060, 1:500 & Cell Signaling #4764, 1:2000)  
• PARP-1 (Cell Signaling #9542, 1:1000) 
• α-tubulin (Cell Signaling #2144, 1:1000) 
• GAPDH (Cell Signaling #2118, 1:1000) 
• phospho-IκB(S32/36) (Cell Signaling #9246, 1:1000)  
• total IκB (Cell Signaling #4814, 1:1000) 
• N-cadherin (Cell Signaling #4061, 1:1000)  
• E-cadherin (BD Transduction Laboratories #610181, 1:2000) 
• Snail (Cell Signaling #3879, 1:500 for 48 hours) 
• Twist-1 (Cell Signaling #4119, 1:500 for 48 hours & Santa Cruz sc-15393)  
• Oct-4 (abcam #ab9857-100, 1:1000)  
• BMI-1 (Millipore #05-637, 0.2µg/mL) 
• β-actin (Cell Signaling #4970, 1:1000) 
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Primers & Conditions used for PCR Analyses 
 
• human cyp19 (accession no. NM031226) [Cited from Sabnis et al., (122).] 

forward: 5’-GAATATTGGAAGGATGCACAGACT-3’  
reverse: 5’-GGGTAAAGATCATTTCCAGCAGTGT-3’ 
Conditions: 60ºC annealing temperature, 50 cycles (qPCR)  
 

• human COX-2 (accession no. NM000963) [Dr. Amy Fulton] 
forward: 5‘-ACGCCCTCAGACAGCAAAG-3’  
reverse: 5’-ATCGCACTTATACTGGTCAATCC-3’  
Conditions: 58ºC annealing temperature, 50 cycles (qPCR)  
 

• human TWIST-1 (accession no. NM_000474) [Designed using Primer3 software] 
forward: 5’-TCAGCCACTGAAAGGAAAGG-3’  
reverse: 5’-CCCTCAGAGGAAGGATGAAA-3’  
Conditions: 60ºC annealing temperature, 50 cycles (qPCR)  
 

• human Snail (accession no. NM_005985) [Cited from Jiao et al., (123).] 
forward: 5’-TTCTTCTGCGCTACTGCTGCG-3’ 
reverse: 5’-GGGCAGGTATGGAGAGGAAGA-3’  
Conditions: 60ºC annealing temperature, 50 cycles (qPCR)  
 

• human N-cadherin (accession no. NM_001792) [Designed using Primer3 software] 
forward: 5’-AGGGGACCTTTTCCTCAAGA-3’  
reverse: 5’-CTACTGCATGTGCCCTCAAA-3’  
Conditions: 60ºC annealing temperature, 50 cycles (qPCR)  
 

• human E-cadherin (accession no. NM _004360) [Cited from Sitarz et al., (124).] 
forward: 5’-CGGGAATGCAGTTGAGGATC-3’ 
reverse: 5’-AGGATGGTGTAAGCGATGGC-3’ 
Conditions: 60ºC annealing temperature, 50 cycles (qPCR),  
60ºC annealing temperature, 34 cycles (conventional PCR)  
 

• human RelA (accession no. NM_021975) [Cited from Lee et al., (125).] 
forward: 5’-TAGGCGAGTTATAGCCTCAG-3’ 
reverse: 5’-CTGCAGTTTGATGATGAAGA-3’ 
Conditions: 58ºC annealing temperature, 50 cycles (qPCR)  
 

• human GAPDH (accession no. NM_002046.3) 
forward 5’-AAGGTCGGAGTCAACGGATTTG-3’ and  
reverse: 5’-CCATGGGTGGAATCATATTGGAA-3’  
Conditions: 60ºC annealing temperature, 50 cycles (qPCR)  
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• human TWIST-1 promoter [Designed using Primer3 software] 
forward: 5’-GGGAGGACGAATTGTTAGACC-3’ 
reverse: 5’-GGAGGAGGGACTTTTCGAAGTT-3’ 
Conditions: 60ºC annealing temperature, 50 cycles (qPCR)  
60ºC annealing temperature, 34 cycles (conventional PCR) 
 

• human BMI-1 promoter [Cited from Yang et al., (118).] 
forward: 5’-GCAGCCCGCCGAGGCTCG-3’  
reverse: 5’-GGATGCGAGGGGCGGATCC-3’  
Conditions: 60ºC annealing temperature, 50 cycles (qPCR) 
60ºC annealing temperature, 34 cycles (conventional PCR) 
 

• human E-cadherin promoter [Cited from Vesuna et al., (126).] 
forward: 5’-CTCCAGCTTGGGTGAAAGAG-3’ 
reverse: 5’-GGGCTTTACACTTGGCTGA-3’  
Conditions: 60ºC annealing temperature, 50 cycles (qPCR) 
60ºC annealing temperature, 34 cycles (conventional PCR) 

 
• negative control primers [Cited from Yang et al., (118).] 

forward: 5’-GGTCAAGTACATGTGAC-3’ 
reverse: 5’-TCTCCTCTAGCTTGCAG-3’ 
Conditions: 60ºC annealing temperature, 40 cycles (conventional PCR) 
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Chapter 3: Specific Aim 1 
Introduction 

Zoledronic acid has been shown to improve disease free survival in clinical trials. 

Preclinically, ZA has been shown to inhibit cell proliferation and induce apoptosis. These 

in vitro effects have been established in multiple different iterations, including caspase 

activation, DNA fragmentation, downregulation of Bcl-2, PARP cleavage, and release of 

cytochrome-c (82-84, 86, 87). To date, no mechanism has been provided to explain these 

effects. Therefore, the overall goal of Specific Aim 1 was to identify a molecular 

mechanism for ZA’s inhibition of cell viability.  

The interest in ZA as a treatment for breast cancer originated from clinical trials 

which show that it can improve disease free survival in combination with endocrine 

therapy. Since the publication of those clinical trials, a single paper has investigated the 

combination in vitro. This study reported a synergistic combination effect following 

treatment with letrozole, followed by treatment with ZA. However, no mechanism was 

proposed to explain this combination effect. Investigation of this combination and the 

mechanisms explaining its efficacy were the focus of the first subaim in Specific Aim 1.  

Although it is well established that ZA inhibits the viability of cells, there is little 

evidence suggesting a mechanism through which this inhibition occurs. Previous groups 

have reported an effect of ZA on both the cyclooxygenase-2 (COX-2) and nuclear factor 

kappa B (NFκB) signaling pathways. Both of these pathways are known to play a role in 

breast cancer tumorigenesis. Therefore, the effects of ZA on both of these pathways, as 

well as the role these pathways play on cell viability, were the focus of the second subaim 

in Specific Aim 1.  
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Results 

Zoledronic Acid Inhibits Breast Cancer Cell Viability Independent of its 
Primary Mechanism of Action 

 
To verify the effect of ZA on breast cancer cell viability, breast cancer cell lines 

with varying molecular markers were used to determine whether there were differential 

effects on cell viability based on the expression of different molecular markers. The 

classifications and specific cell lines included: ER+: T47D, MCF7, AC-1 [aromatase 

transfected MCF7], HER2+: SkBR3, and TNBC: MDA-MB-231, Hs578t. All of the cell 

lines were treated with increasing concentrations of ZA (100pM1mM) for 6 days, and 

cell viability was measured using the MTT assay. Observed was a nearly identical IC50 

between 1µM and 10µM in all cell lines (Figure 3.1, Table 1). Conversely, 6 day 

treatment of the immortalized breast cell line MCF10A with ZA (100pM1mM) 

significantly only inhibited viability at a dose of 1mM (p<0.001, Figure 3.2). These 

results, taken together, suggest that ZA inhibits the viability of cancer cells independent 

of their molecular profile, and has only a marginal effect on normal cells.  

 
 
 

Figure 3.1. 
Dose Response Curves Following 
Treatment with Zoledronic Acid for 6 days. 
Breast cancer cell lines T47D, MCF7, AC-
1 [aromatase transfected MCF7], SkBR3, 
MDA-MB-231, and Hs578t were treated 
with increasing concentrations of 
zoledronic acid for 6 days. Cell viability 
was measured using the MTT assay. 
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Table 1. 
Inhibitory Concentration of 50% Values from Figure 3.1. 

 
 

 
Figure 3.2. 
Dose Response Curves Following Treatment with Zoledronic Acid for 6 days in MCF10A. 
Immortalized normal breast cell line MCF10A was treated with increasing concentrations of 
zoledronic acid for 6 days. Cell viability was measured using the MTT assay. ***p<0.001. 
 

To determine whether the primary mechanism of zoledronic acid was involved in 

its inhibition of cell viability, SkBR3 and MDA-MB-231 cells were treated for 72 hours 

with ZA (1µM or 10µM) in combination with different molecules involved in the 

cholesterol biosynthesis cascade, including 10µM mevalonate, 10µM farnesol, and 10µM 

geranylgeraniol. None of the isoprenoid analogues were able to rescue cell viability in the 

SkBR3 cells, though a partial rescue was observed in the MDA-MB-231 cells following 

treatment with geranylgeraniol (Figure 3.6). These results suggest that, while the primary 
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mechanism of action is involved ZA’s inhibition of cell viability, it is not the only 

mechanism of action. 

 
Figure 3.6. 
Rescue Experiments with Intermediates from the Cholesterol Biosynthesis Pathway in 
Combination with Zoledronic Acid. 
SkBR3 (a) or MDA-MB-231 (b) breast cancer cell lines were treated with specified treatments for 
72 hours. Cell viability was measured using the MTT assay.  
 
 
 
 
 
 
 
 
 
 



54 
 

Zoledronic Acid Inhibits Aromatase Activity and Phosphorylation: 
Potential Mechanism for Additive Zoledronic Acid and Letrozole Drug 

Interaction 
 

Potency of single agent zoledronic acid and letrozole in AC-1 cells 
 

Results from both the ABCSG-12 and ZO-FAST clinical trials suggest a possible 

combination effect following the combination of ZA and endocrine therapy when used in 

breast cancer patients. Based on these findings, it was hypothesized that combining ZA 

and the aromatase inhibitor (AI), letrozole, may result in either an additive or synergistic 

combination effect.  AC-1 cells, which are MCF7 human breast cancer cells stably 

transfected with the aromatase gene, were developed in the Brodie laboratory and were 

used for the following experiments as they exhibited sensitivity to both AIs and ZA. 

Before studying the combination of ZA and letrozole, the efficacy of both compounds 

was determined. AC-1 cells were treated with increasing concentrations of ZA or 

letrozole (1nM100µM) for 72 hours or 6 days, and cell viability was measured using 

the MTT assay. Both drugs induced a dose- and time-dependent decrease of cell viability 

as shown in Figure 3.4. The inhibitory concentration of 50% viability (IC50) of letrozole 

was 2.5µM in 72h and 87nM in 6 days. The IC50 of ZA was 16µM in 72 hours and 6µM 

in 6 days. These curves show that ZA and letrozole are not equipotent, and that letrozole 

is more potent at inhibiting cell viability than ZA. 



55 
 

 
Figure 3.4. 
Dose Response Curves of AC-1 Cells Following Treatment with Letrozole and Zoledronic Acid. 
AC-1 cells were treated for 72 hours (a) or 6 days (b) with increasing concentration of zoledronic 
acid (dashed line) or letrozole (solid line).  
 
 
Pharmacological relationship of combination zoledronic acid and letrozole 
on cell viability 

 
To determine the pharmacological relationship between the two compounds, 

combination analyses were performed using combinations of each drug at different doses.  

Based on single agent dose response data, combination experiments were performed 

following 72 hours of treatment. This time was chosen because there were no large 

changes in viability observed at this time point, which allowed for better assessment of 

changes in cell viability. As the two compounds were not equipotent to one another, 
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normal combination algorithms (i.e. combination index and isobologram analyses) could 

not be utilized to measure potential combination interactions. To test the combination, 

ZA was kept at a fixed dose while letrozole was varied over a specific dose range. 

Combinations used include: 100nM ZA combined with 1nM-10µM letrozole, 1µM ZA 

combined with 1nM-10µM letrozole, and 10µM ZA combined with 1nM-10µM 

letrozole.  These combinations were compared to the viability of cells treated for 72 

hours with each single agent (Figure 3.5, a-c).  
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Figure 3.5.  
Dose Response Data of AC-1 Cells Following Treatment with Combination Letrozole and 
Zoledronic Acid.  
AC-1 cells were treated with increasing concentrations of letrozole in combination with fixed 
doses of zoledronic acid, 100nM (a), 1µM (b), or 10µM (c). Cell viability was assessed using the 
MTT assay. *p<0.05, **p<0.01, ***p<0.001 from both letrozole and zoledronic acid treated 
samples. 
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These combinations showed that, at lower doses of letrozole (i.e. 1nM and 10nM), 

combining letrozole with ZA resulted in a significant additive dose interaction at both 

1µM and 10µM ZA (p<0.001, compared to each individual dose in the combination). To 

confirm these results, the experiment was repeated using a fixed dose of letrozole (1nM) 

combined with 1µM or 10µM ZA in AC-1 cells for 72 hours (Figure 3.6). These results 

confirmed the previous experiment, which showed that combining the two compounds 

resulted in a significant additive drug interaction (p<0.001, Table 2). The combination 

was deemed additive as the expected reduction in cell viability was within the standard 

error of the expected inhibition effect.   

 
Figure 3.6.  
Dose Response Data of AC-1 Cells Following Treatment with 1nM Letrozole and Zoledronic Acid 
Alone or in Combination. 
AC-1 cells were treated for 72 hours with 1nM letrozole alone (white bars), 1µM or 10µM 
zoledronic acid alone (black bars) or in combination (grey bars).  
 
 
Table 2. 
Viability values from Figure 3.6. 

 
Expected % Viable calculated as if two drugs were functioning in an additive manner.  
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Effect of zoledronic acid on letrozole drug efficacy 

Because the combination was determined to function in an additive manner, it 

was of interest to study the mechanisms involved in the interaction. As the inhibitory 

effects of letrozole on aromatase activity have been established, the effects of ZA on 

aromatase enzymatic activity were investigated. Aromatase activity assays performed on 

AC-1 cells treated with 1nM letrozole, 1µM or 10µM ZA alone or in combination for 1 

hour in the presence of 0.5µCi 3H∆4A (as illustrated in Figure 2.1) demonstrated that 

aromatase activity was decreased following treatment with both drugs, though only 

treatment with letrozole was significantly different from vehicle (p<0.05 vs. vehicle 

treated control; Figure 3.7). Furthermore, aromatase activity resulting from the 

combinations show that the addition of ZA to letrozole treatment further decreased 

aromatase activity (p<0.001 in presence of 1µM ZA, p<0.01 in presence of 10µM ZA, 

both vs. vehicle treated control; Figure 3.7). Although the inhibition of aromatase activity 

following treatment with letrozole has been well established, the effect of ZA on 

aromatase activity has not yet been reported.  

 
Figure 3.7.  
Aromatase Activity of AC-1 Cells Treated with Letrozole and Zoledronic Acid Alone or in 
Combination.  
AC-1 cells were treated for 1 hour with 1nM letrozole (Let), 1µM, or 10µM zoledronic acid alone 
or in combination. *p<0.05, **p<0.01, ***p<0.001 from vehicle treated control. 
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Effect of zoledronic acid on aromatase activity 
 

As the effects of zoledronic acid exhibited a trend following 1 hour of treatment, 

longer treatment duration was investigated. To test this, AC-1 cells were treated for 2 

hours with increasing concentrations of ZA (1nM100µM), and the effects on aromatase 

activity were measured. Observed was an inhibition of aromatase activity of 

approximately 50% following treatment with 10nM ZA, with each subsequent dose of 

ZA inhibiting to approximately the same level (Figure 3.8, a). These results confirmed 

that there was a significant effect of ZA on the aromatase enzyme, though the inhibition 

following treatment with letrozole is superior (~100% inhibition with 1µM letrozole 

compared to 53% inhibition with 1µM ZA, Figure 3.8, a). To investigate the mechanism 

whereby this inhibition may occur, the direct effects of ZA on the aromatase enzyme 

were studied using an aromatase microsomal preparation. Microsomes (which are 

enriched in the aromatase enzyme) isolated from placental tissue were treated for 30 

minutes with increasing concentrations of ZA (1nM100µM) in the presence of 0.5µCi 

3H∆4A. Zoledronic acid had no effect on aromatase activity of the enzymatic preparation, 

though treatment with letrozole resulted in a significant reduction of activity (Figure 3.8, 

b). Therefore, zoledronic acid’s inhibition of aromatase activity is not due to direct 

inhibition of the enzyme, and therefore can be attributed to either post-

transcriptional/post translational modifications or changes in gene expression. 
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Figure 3.8.  
Aromatase Activity of AC-1 Cells or Microsomes Following Treatment with Zoledronic Acid or 
Letrozole.  
(a) AC-1 cells were treated for 2 hours with increasing concentrations of zoledronic acid or 1µM 
letrozole (Let). (b) 200µg microsomal protein was incubated for 30 minutes with increasing 
concentrations of zoledronic acid or 1µM letrozole. *p<0.05, **p<0.01, ***p<0.001. 
 
 

 
Effect of zoledronic acid on aromatase expression  
 

The transfection of aromatase into the AC-1 cell line is under control of the β-

actin promoter (119), which eliminates modulation of gene expression as an explanation 

for reduced aromatase activity. Therefore, the effects of ZA on post-transcriptional/post 

translational modifications were examined in greater detail. As the reduction in aromatase 

activity occurred within 2 hours of treatment, the effects of ZA were studied within that 
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time frame. The effect of ZA on aromatase mRNA stability was first investigated. To test 

the effects on mRNA stability, cells were treated with 5µg/mL actinomycin D to inhibit 

nascent RNA synthesis.  Cotreatment with actinomycin-D and ZA had no effect on 

aromatase stability when compared to actinomycin-D and vehicle cotreated control 

(Figure 3.9, a), ruling out any effect of ZA on aromatase mRNA stability. 

The effect of ZA on aromatase protein expression was examined next. AC-1 cells 

were treated for 2 hours with ZA (1µM or 10µM), and the effects on aromatase protein 

expression was measured using western blot. Zoledronic acid had no effect on aromatase 

protein expression following 2 hour treatment of AC-1 cells (Figure 3.9, b). Therefore, 

the loss of aromatase activity in AC-1 cells is not due to a loss in aromatase expression as 

there was no change in protein expression during the duration of ZA treatment.  

 

 

Figure 3.9. 
Post-Transcriptional Regulation of 
Aromatase. 
(a) AC-1 cells were treated for 2 
hours with 5ng/mL actinomycin-D 
(Act. D) in the presence (black 
bars) or absence (white bars) of 
10µM zoledronic acid. mRNA 
levels were measured by qPCR 
and were normalized to GAPDH.  
(b) AC-1 cells were treated for 2 
hours with vehicle or 10µM 
zoledronic acid. Aromatase protein 
levels were measured by western 
blot and were normalized to β-
actin.  
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Effect of zoledronic acid on MAPK & Akt activity  
 

Though there is not much research on post-translational modifications of 

aromatase, previous studies suggest that aromatase undergoes a phosphorylation event 

which is important for its enzymatic activity (127-129). Therefore, it was of interest to 

determine whether ZA could modulate aromatase phosphorylation. Four day treatment 

with kinase inhibitors U0126 and PI3K/Akt inhibitor LY294002 have been previously 

shown to inhibit aromatase phosphorylation (127). To determine whether these results 

could be achieved following shorter exposure, AC-1 cells were treated for 2 hours with 

ZA (1µM or 10µM), 10µM U0126, or 10µM LY294002 in the presence of 0.5µCi 

3H∆4A. Treatment with both kinase inhibitors decreased aromatase activity, though only 

treatment with LY294002 was significantly different from vehicle treated control 

(p<0.01, Figure 3.10, a). Furthermore, both inhibited aromatase activity comparable to 

that of ZA (Figure 3.10, a). As both inhibitors were able to reduce aromatase activity, the 

effect of ZA on the targets of these inhibitors was measured. AC-1 cells were treated for 

2 hours with ZA (1µM or 10µM), 10µM U0126, or 10µM LY294002 and phospho- and 

pan Akt/ERK protein expression was measured by western blot.  As expected, the kinase 

inhibitors were able to completely inhibit the activation of their specific targets, as 

measured by ablation of protein phosphorylation. However, ZA only inhibited the 

activation of Akt, as evidenced by decreased Akt phosphorylation at serine 473 (p<0.01 

vs. vehicle treated control, Figure 3.10, b). Zoledronic acid had no effect on Akt 

phosphorylation at threonine 308, and increased phosphorylation of ERK. These results 

indicate that ZA inactivates the Akt signaling pathway.  
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Figure 3.10.  
Aromatase Expression and Activation of AC-1 Cells Following Treatment with Zoledronic Acid or 
Kinase Inhibitors.  
(a) AC-1 cells were treated for 2 hours with vehicle, 1µM or 10µM zoledronic acid, 10µM U0126, 
10µM LY294002, or 1µM letrozole (Let) and assessed for aromatase activity. (b) AC-1 cells were 
treated for 2 hours with vehicle, 1µM or 10µM zoledronic acid and levels of indicated proteins 
were measured by western blot. Each protein was normalized to its total expression.  
U0: U0126 (MAPK inhibitor), LY: LY294002 (PI3K inhibitor) 
*p<0.05, **p<0.01, ***p<0.001 from vehicle treated control. 
 
 
 
Effect of zoledronic acid on aromatase phosphorylation  
 

To begin studying the potential role of ZA aromatase phosphorylation, the 

phosphorylation status of aromatase in the AC-1 cells was confirmed using 

immunoprecipitation. AC-1 cells were treated for 2 hours with 10µM ZA or 10µM 

LY294002, and resulting lysates were immunoprecipitated with an aromatase antibody. 

Western blot analyses of the immunoprecipitated samples containing aromatase for pan-

serine and pan-tyrosine showed that aromatase undergoes phosphorylation only on serine 

residues (Figure 3.11, a). Furthermore, both ZA and LY294002 were able to inhibit this 

phosphorylation (p<0.08 10µM ZA vs. vehicle treated control, Figure 3.11, a). To 

determine whether Akt played a role in inhibition of aromatase phosphorylation, ZA and 
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LY294002 treated aromatase immunoprecipitated samples were probed for Akt via 

western blot. There was no interaction between Akt and aromatase observed (Figure 

3.11), suggesting that Akt is not involved in the phosphorylation of aromatase.  

Therefore, it is concluded that ZA inhibits the phosphorylation of aromatase, but not 

through inactivation of Akt.  
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Figure 3.11.  
Phosphorylation Status of the Aromatase Enzyme in AC-1 Cells Following Treatment with 
Zoledronic Acid.   
(a) AC-1 cells were treated for 2 hours with vehicle, 1µM or 10µM zoledronic acid, or 10µM 
LY294002. Lysates were immunoprecipitated with either normal rabbit IgG or aromatase 
antibody. Immunoprecipitation products were probed for either pan-tyrosine or pan-serine 
phosphorylation. Non-immunoprecipitated samples were run as whole cell lysates (WCL) controls 
to show aromatase expression. (b) Densitometry analysis from (a). LY: LY294002 (PI3K 
inhibitor), WCL: whole cell lysates. 
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Effect of zoledronic acid’s inhibition of aromatase on AC-1 cell viability  
 

It has been established that ZA inhibits aromatase activity. Therefore, it was of 

interest to determine whether this loss of aromatase activity led to decreased cell 

viability. Cell viability experiments comparing the IC50s of nontumorigenic breast cells 

(MCF10A), breast cancer cells expressing low levels of aromatase (MCF-7), or the stably 

transfected aromatase breast cancer cell line (AC-1) show that 10µM zoledronic acid is 

most effective in inhibiting the viability of the AC-1 cell line (IC50 in AC-1 cells 

11.7µM compared to 46.8µM in MCF-7 and no achievable IC50 in MCF10A, Figure 

3.12).  

 
Figure 3.12. 
Dose Response Data of AC-1, MCF-7, and MCF10A Cells Treated with Zoledronic Acid. 
Immortalized breast cell line MCF10A (large dashed line) and breast cancer cell lines MCF-7 
(small dashed line), and AC-1 (solid line) were treated for 72 hours with vehicle or increasing 
concentrations of zoledronic acid. Cell viability was measured using the MTT cell viability assay.   

 

To determine whether aromatase inhibition was the mechanism whereby ZA 

inhibits cell viability, AC-1 cells were treated for either 72 hours or 6 days with 

increasing concentrations of ZA (1nM100µM) in the presence of either 25nM ∆4A or 

25nM estradiol. Estradiol was able to partially rescue the effect of 1µM and 10µM ZA on 
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cell viability following treatment for 72 hours, as shown by a shift to the right in the 

estradiol dose response curve (grey box, p<0.05; Figure 3.10, a). This effect was lost 

following 6 days of treatment (Figure 3.13, b). This data suggests that, while ZA’s 

modulation of aromatase activity is involved in its inhibition of cell viability in the short 

term, other mechanisms are involved which supersede the effects of ZA on aromatase 

activity in the long term. Therefore, other pathways need to be studied to better 

understand the role of ZA on the viability of breast cancer cells.  

 

 
Figure 3.13.  
Dose Response Data of AC-1 Cells Treated with Zoledronic Acid and Either 25nM 
Androstenedione or 25nM Estradiol. 
AC-1 cells were treated with zoledronic acid in the presence of 25nM androstenedione (solid line) 
or 25nM estradiol (dashed line) for 72 hours.  Grey box: p<0.05 
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Potential Anti-tumor Mechanisms of Zoledronic Acid in SkBR3 Breast 
Cancer Cells 

 
Effect of zoledronic acid on aromatase expression and activation in SkBR3 
cells 
 

Previously performed experiments have illustrated that ZA’s inhibition of cell 

viability is independent of its inhibition of the aromatase enzyme. However, it is possible 

that ZA inhibits regulators of aromatase. To study this in greater detail, a cell line which 

expresses endogenous aromatase was required.  The breast cancer cell line SkBR3 was 

selected as the preferred cell line for the following experiments as it endogenously 

expresses aromatase under cellular regulation (26).  

To confirm the validity of the findings from the first subaim, the effects of ZA on 

the aromatase activity of SkBR3 cells were first examined. However, aromatase activity 

of the SkBR3 cell line was undetectable under basal conditions, and therefore was 

stimulated pharmacologically. To do this, SkBR3 cells were pretreated for 24 hours with 

1µM lapatinib, an EGFR/HER2 inhibitor.  This strategy was previously implemented and 

published by Sabnis, Brodie and colleagues (122), and relies on the fact that aromatase is 

negatively regulated by HER2. Inactivation of HER2 following treatment with lapatinib 

increases aromatase expression and, subsequently, activation. Aromatase activity was 

increased 4 fold between untreated and lapatinib treated cells (p<0.001 NT vs. vehicle 

treated control, Figure 3.14, a), supporting the use of this strategy.  

Following pretreatment with lapatinib, SkBR3 cells were treated for an additional 

24 hours with ZA (1µM and 10µM) or 10µM celecoxib, a selective inhibitor to 

cyclooxygenase-2 (COX-2), in the presence of 0.5µCi 3H∆4A, and aromatase activity 

was measured. 10µM ZA was able to significantly inhibit aromatase activity 
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approximately 30% (p<0.001 from vehicle treated control), and this effect was not 

significantly different from inhibition achieved following treatment with celecoxib 

(Figure 3.14, b).  

 
Figure 3.14.  
Aromatase Expression and Activation in SkBR3 Cells Following Treatment with Zoledronic Acid 
or Celecoxib. 
(a) SkBR3 cells were pretreated for 24 hours with 1µM lapatinib. Following this pretreatment, 
cells were treated with vehicle, 1µM or 10µM zoledronic acid, or 10µM celecoxib and assessed 
for aromatase activity. (b) SkBR3 cells were treated for 24 hours with vehicle, 1µM or 10µM 
zoledronic acid, 10µM celecoxib, or 1µM lapatinib. Aromatase mRNA expression was determined 
using qPCR and was normalized to GAPDH loading control. (c) SkBR3 cells were treated for 24 
hours with vehicle, 1µM or 10µM zoledronic acid, or 10µM celecoxib. Aromatase protein 
expression was determined using western blot and was normalized to β-actin loading control. 
NT: no treatment, Coxib: celecoxib, Lap: lapatinib. *p<0.05, ***p<0.001. 

 

Next, SkBR3 cells were treated for 24 hours with ZA (1µM and 10µM), 10µM 

celecoxib, or 1µM lapatinib, and the effect on aromatase mRNA was measured. 10µM 

ZA was able to significantly inhibit aromatase mRNA expression (p<0.05), and though 

not significant, celecoxib inhibited to a similar extent (Figure 3.14, b). Lapatinib 
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treatment significantly increased aromatase mRNA expression, which provided credence 

to its use in the pretreatment strategy previously implemented. Finally, the effects of ZA 

on aromatase protein expression were measured in SkBR3 following 24 hour treatment 

with 1µM or 10µM ZA or 10µM celecoxib. Though not significant, ZA and celecoxib 

slightly reduced aromatase protein expression (Figure 3.14, c).  

 

Effect of zoledronic acid on COX-2 expression and enzymatic activity 

As the effects between ZA and celecoxib were similar with respect to their 

inhibition of aromatase expression and activation, it was postulated that ZA may inhibit 

expression of COX-2, thus explaining ZA’s inhibition of endogenous aromatase. This 

hypothesis is supported by previous findings which report that treatment with ZA inhibits 

COX-2 enzymatic activity and expression at both the mRNA and protein level in MDA-

MB-231 cells (94). To determine whether these results were reproducible, levels of COX-

2 protein and mRNA were measured using western blot and qPCR in SkBR3 cells treated 

for 24 hours with ZA (1µM and 10µM). A significant reduction in both COX-2 mRNA 

and protein was observed following treatment with 10µM ZA (p<0.05, Figure 3.15, a-b). 

Furthermore, ELISAs measuring levels of prostaglandin  E2 (PGE2), the product of 

COX-2 enzymatic activity, in the conditioned media of SkBR3 cells showed a decrease 

following treatment for 24 hours with 10µM ZA (p<0.001, Figure 3.15, c). These results 

suggest that ZA inhibits COX-2 expression and, subsequently, COX-2 activation.  
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Figure 3.15.  
COX-2 Expression and Activation in SkBR3 Cells Treated with Zoledronic Acid.  
(a) SkBR3 cells were treated for 24 hours with vehicle, 1µM or 10µM zoledronic acid, or 10µM 
celecoxib. Levels of COX-2 protein expression (bottom band is COX-2) were measured using 
western blot. Data was normalized to β-actin loading control. (b) SkBR3 cells were treated for 24 
hours with vehicle, 1µM or 10µM zoledronic acid, or 10µM celecoxib. Levels of COX-2 mRNA 
expression were measured using qPCR and was normalized to GAPDH loading control., (c) 
SkBR3 cells were treated for 24 hours with vehicle, 1µM or 10µM zoledronic acid. Following 
treatment, media was collected and assayed for PGE2 levels using the PGE2 EIA kit. *p<0.05, 
***p<0.001. 
 
 

Effect of zoledronic acid on cell viability compared to COX-2 inhibition 

As it has been established that ZA can inhibit COX-2 expression and activation, it 

was of interest to determine whether this inhibition played a role in the ZA’s reduction of 

cell viability. To determine whether inhibition of COX-2 could result in loss of viability, 

the effects of ZA and a specific COX-2 inhibitor, celecoxib, on cell viability were 
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assessed. SkBR3 were treated for 6 days with increasing concentrations (1pM100µM) 

of both compounds, and cell viability was measured using the MTT assay. Results 

indicate that ZA inhibits viability approximately one log fold lower dose than that of 

celecoxib (8.5µM vs. 53.8µM, respectively; Figure 3.16, a). However, celecoxib has been 

reported to inhibit the COX-2 enzyme with an IC50 of 40nM (130), a dose approximately 

4 fold lower than what was required to inhibit cell viability. Zoledronic acid inhibits both 

COX-2 expression and cell viability at doses between 1 and 10µM. Based on results 

achieved with celecoxib, it is unlikely that ZA inhibits cell viability through inhibition of 

COX-2. To corroborate these findings, SkBR3 cells were treated for 6 days with 

increasing concentrations of ZA (1pM100µM) in the presence or absence of 10µM 

PGE2. Results show that PGE2 cannot rescue cell viability following treatment with ZA 

(Figure 3.16, b). These results suggest that, although ZA’s can inhibit COX-2 expression, 

these effects play no role in ZA’s inhibition of cell viability. However, upstream 

regulators of COX-2 may be involved in ZA’s inhibition of cell viability, and will be 

more closely studied.  
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Figure 3.16.  
Dose Response Data of SkBR3 Cells Treated with Zoledronic Acid and Celecoxib, or Zoledronic 
Acid with or without PGE2. 
(a) SkBR3 cells were treated for 6 days with increasing concentrations of zoledronic acid (black 
bars) and celecoxib (white bars). Cell viability was assessed using the MTT assay. (b) SkBR3 
cells were treated for 6 days with increasing concentrations of zoledronic acid alone (black bars) 
or in the presence of 10µM PGE2 (white bars). Cell viability was assessed using the MTT assay. 
 

Effect of zoledronic acid on COX-2 mRNA stability 

Because there was no effect of COX-2 inhibition on cell viability, regulation of 

COX-2 was investigated as a means to identify additional putative mechanisms of ZA 

drug effect. As COX-2 has been shown to be regulated by increased mRNA turnover 

(131-133), the effect of ZA on COX-2 mRNA stability was determined. To test this, 

SkBR3 cells were treated with 5µg/mL actinomycin D alone or in combination with 
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10µM ZA at different time points within a 24 hour period. There was no change in COX-

2 mRNA stability at any point within the treatment timeframe (Figure 3.17). This 

suggests that decreases in COX-2 expression following treatment with ZA are 

transcriptionally mediated.  

 
Figure 3.17.  
Stability of COX-2 mRNA.  
SkBR3 cells were treated over a time course (0, 2, 4, 8, 16 hours) with 5ng/mL actinomycin-D 
alone (solid line) or in combination with 10µM zoledronic acid (dashed line). Levels of COX-2 
mRNA were determined using qPCR. Levels were normalized to 18s-rRNA loading control.  
 

Effect of zoledronic acid on RelA expression and cellular localization 
 

To better understand the mechanism whereby ZA inhibits transcriptional 

regulation of COX-2, mediators of COX-2 gene transcription were analyzed as possible 

targets of ZA drug action. One such regulator is the nuclear factor kappa B (NFκB) 

pathway. NFκB is a tightly controlled pathway which relies on the activation and 

translocation of transcription factors into the nucleus to activate expression of genes 

involved in cell viability, inflammation, and the epithelial-mesenchymal transition [as 

reviewed by Min and colleagues, (134)]. To start studying this effects of ZA on the NFκB 

pathway, SkBR3 cells were treated for 24 hours with ZA (1µM or 10µM) and the effects 

of ZA on NFκB active subunit, RelA, expression were measured by western blot. 
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Zoledronic acid had no effect on total RelA protein expression (Figure 3.18, a). This 

suggests that there is no direct effect of ZA on RelA expression, eliminating the chance 

for transcriptional control upstream of this pathway. Additionally, any effect on this 

pathway would be observed as a change in activation. To examine this further, 

subcellular fractionation was studied as cellular localization of RelA is important for its 

activity. Treatment of SkBR3 cells for 24 hours with 10µM ZA significantly increased 

cytoplasmic localization of RelA, though no nuclear expression of RelA was observed 

(p<0.05, Figure 3.18, b).  

 
Figure 3.18.  
Protein Expression of RelA in SkBR3 Cells Following Treatment with Zoledronic Acid. 
(a) SkBR3 cells were treated for 24 hours with vehicle, 1µM or 10µM zoledronic acid. Levels of 
RelA protein were assayed using western blot control. Levels were normalized to β–actin levels. 
(b) SkBR3 cells were treated for 24 hours with vehicle, 1µM or 10µM zoledronic acid. Following 
treatment, cells were fractioned into cytoplasmic and nuclear fractions using the NE-PER 
fractionation kit. PARP: nuclear loading control, α-tubulin: cytoplasmic loading control. *p<0.05  
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Effect of zoledronic acid on NF-κB mediated gene transcription 

As ZA treatment led to increased cytoplasmic levels of RelA in the nucleus, it 

was hypothesized that treatment with ZA could inhibit NFκB mediated gene 

transcription. To test this hypothesis, phosphorylation of RelA at serine 536 was 

measured, as phosphorylation at this site is involved in transcription (135). Western blot 

analyses show that ZA treatment significantly inhibits phosphorylation at this site 

following treatment with ZA (1µM or 10µM) for 24 hours (p<0.05, Figure 3.19, a). To 

confirm these findings, luciferase assays were performed on SkBR3 cells stably 

expressing a 3x kB luciferase reporter construct [SkBR3-luc, (136)] treated for 24 hours 

with ZA (1µM or 10µM)  or the specific NFκB inhibitor, CAY10512. Zoledronic acid 

(10µM) and CAY10512 were able to significantly inhibit luciferase activity (p<0.001, 

Figure 3.19, b). 
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Effect of zoledronic acid on TNF-α mediated NF-κB activation 

Because ZA was able to inhibit NFκB mediated gene transcription, it was of 

interest to investigate the effect of ZA on regulators of NFκB activation, including IκB, 

the protein which sequesters RelA in the cytoplasm. Therefore, levels of phospho- and 

total IκB were measured following treatment with 5ng/mL TNF-α, an established 

activator of the NFκB pathway, on cells pretreated for 24 hours with vehicle or 10µM 

ZA. Results indicate that IκB is already phosphorylated following 24 hour serum 

starvation and that stimulation with TNF-α increases this phosphorylation further (Figure 

3.20). In addition, treatment with TNF-α does not lead to degradation of IκB, even 

following 1 hour of stimulation (Figure 3.20). Furthermore, ZA cannot overcome TNF-α 

Figure 3.19.  
Transcriptional Activity of RelA in 
SkBR3 Cells. 
(a) SkBR3 cells were treated for 24 
hours with vehicle, 1µM or 10µM 
zoledronic acid. Levels of phospho-
RelA (S536) expression protein were 
assayed using western blot control. 
Levels were normalized to total RelA 
levels. 
(b) SkBR3-luc cells were treated for 
24 hours with vehicle, 1µM or 10µM 
zoledronic acid, or 10µM CAY10512. 
Following treatment, cells were lysed 
and assayed for luciferase activity 
using the luciferase activity kit.  
CAY: CAY10512. *p<0.05, ***p<0.001. 
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activation (Figure 3.20). These results suggest that the TNF-α mediated activation of NF-

κB in the SkBR3 cells is aberrant. 

 
Figure 3.20.  
Expression of Phospho- and Total IκB Following Stimulation with 5ng/mL TNF-α in SkBR3 Cells 
Pretreated for 24 hours with Vehicle or 10µM Zoledronic Acid. 
SkBR3 cells were pretreated for 24 hours with vehicle or 10µM zoledronic acid. Following 
pretreatment, cells were stimulated for specified time with 5ng/mL TNF-α. Levels of phospho- and 
total IκB were determined by western blot.   
 
 
 
TNF-α mediated NF-κB activation is aberrant in SkBR3 cells 

Stimulation with TNF-α in SkBR3 cells did not lead to degradation of the IκB 

sequester protein, suggesting that the pathway signals aberrantly. To confirm these 

results, a specific inhibitor to TNF-α mediated NFκB activation, CAY10512, was used to 

measure direct effects on TNF-α mediated NFκB activation. Treatment with 10µM 

CAY10512 for 24 hours was able to inhibit luciferase activity in the SkBR3-luc cells 

(p<0.05; p<0.01, Figure 3.21, a), confirming that the pharmacological inhibitor is 

functional. Treatment with 10µM CAY10512 for 24 hours also reduced phospho-RelA 

(S536) in SkBR3 cells, as measured by western blot (Figure 3.21, b). However, treatment 

with CAY10512 could not overcome stimulation with TNF-α, as IκB still underwent 

phosphorylation and was not degraded after 10 minutes of TNF-α treatment (Figure 3.21, 

c). Therefore, it is concluded that TNF-α mediated NFκB activation is aberrant in SkBR3 
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cells. This suggests that the effects of ZA on canonical NFκB signaling cannot be 

genuinely ascertained. 

 
Figure 3.21.  
Effect of CAY10512 on NFκB Transcriptional Activity in SkBR3 Cells.  
(a) SkBR3-luc cells were treated for 24 hours with vehicle or increasing concentrations of 
CAY10512. Following treatment, cells were lysed and assayed for luciferase activity using the 
Luciferase Activity kit. (b) SkBR3 cells were treated for 24 hours with vehicle or increasing 
concentrations of CAY10512. Levels of phospho-RelA (S536) expression protein were assayed 
using western blot control. Levels were normalized to total RelA levels. (c) SkBR3 cells were 
pretreated for 24 hours with vehicle or increasing concentrations of CAY10512. Following 
pretreatment, cells were stimulated for 10 minutes with 5ng/mL TNF-α. Levels of phospho- and 
total IκB were determined by western blot. *p<0.05, **p<0.01. 
 
 
 
 

Effect of NFκB knockdown  on SkBR3 cell viability 

Nuclear factor kappa B has been implicated in the regulation of many genes 

involved in cell cycle progression and anti-apoptosis, including cyclin-D1 (137), c-myc 

(138), IAP (139), and Bcl-xL (140). Therefore, it was hypothesized that inactivation of 

NFκB by ZA may serve as the anti-tumor mechanism. To confirm that loss of NFκB 
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resulted in decreased cell viability in SkBR3 cells, cells were transfected with siRNA 

against RelA. This transfection resulted in 90% knockdown of RelA compared to 

scramble control (p<0.01, Figure 3.22, a). Once the efficiency of the RelA knockdown 

was determined, SkBR3 cells were again transfected with siRNA against RelA and, 

following the transfection, were allowed to rest in regular media for an additional 24, 48, 

or 72 hours. MTT analyses of these cells resulted in no change in viability compared to 

scramble control at any time point measured (Figure 3.22, b). Therefore, ZA inactivation 

of NFκB cannot be its anti-tumor mechanism, as RelA loss alone plays no role in 

viability of the SkBR3 cells.  

 
Figure 3.22.  
RelA mRNA Expression and Cell Viability of SkBR3 Cells Following Knockdown of RelA by RNAi.  
(a) SkBR3 cells were transfected for 72 hours with scramble or RelA siRNA. Following 
transfection, RelA mRNA expression was assessed using qPCR. Levels of RelA were normalized 
to GAPDH expression. (b) SkBR3 cells were transfected for 72 hours with 20nM scramble or 
RelA siRNA. Following transfection, following transfection, cells rested in absence of transfection 
reagent/siRNA for 24 (black bars), 48 (white bars), or 72 (grey bars) hours. Cell viability was 
measured using MTT assay. Scr: scramble control. **p<0.01  
 
 
Effect of NFκB knockdown on zoledronic acid efficacy 

Although loss of NFκB subunit RelA does not inhibit cell viability, it was of 

interest to determine whether it could alter the efficacy of ZA with respect to inhibition of 

cell viability. To study this further, SkBR3 cells were transfected with scramble siRNA 
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or siRNA against RelA, and following the transfection, were treated with vehicle or ZA 

(1µM-100µM) for 72 hours. MTT analyses of these cells resulted in no significant 

changes in efficacy of ZA between scramble siRNA and RelA siRNA transfected cells 

(Figure 3.23, a). To determine the effect that activating the NFκB pathway would have on 

ZA efficacy, MTT analyses were performed on SkBR3 cells treated for 72 hours with ZA 

(1pM100µM) alone or in the presence of 5ng/mL TNF-α. Treatment with TNF-α was 

unable to rescue ZA’s effects on cell viability (Figure 3.23, b). 

 
Figure 3.23. 
Dose-Response Data of SkBR3 cells with Downregulated RelA or Overactive NFκB Signaling 
Following Treatment with Zoledronic Acid.  
(a) SkBR3 cells were transfected for 72 hours with scramble (black bars) or siRNA (white bars) 
against RelA. Following transfection, cells were challenged with increasing concentrations of 
zoledronic acid for 72 hours. Cell viability was measured using the MTT assay. (b) SkBR3 cells 
were treated for 6 days with increasing concentrations of zoledronic acid alone (black bars) or in 
combination with 5ng/mL TNF-α (white bars). Cell viability was measured using MTT assay.   
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Discussion 

Zoledronic Acid Inhibits Aromatase Activity and Phosphorylation: 
Potential Mechanism for Additive Zoledronic Acid and Letrozole Drug Interaction 

 

The combination of ZA and endocrine therapy has shown promise in the 

improvement of disease free survival in breast cancer patients (72, 73). It remains 

difficult to determine the usefulness of ZA in the clinical setting without first 

understanding its molecular mechanisms. The first subaim of Specific Aim 1 was to 

better understand the pharmacological relationship of the combination of ZA and 

aromatase inhibitor letrozole on ER+ breast cancer cells. Results from this subaim report 

that the combination of ZA and letrozole results in an additive drug interaction when 

administered simultaneously in aromatase transfected cells.  

This result differs dramatically from the study published by Neville-Webbe and 

colleagues in 2010 (141), which report a synergistic drug effect following concurrent 

letrozole and ZA treatment and no effect following simultaneous treatment with both 

compounds. There are differences between the two study designs which may account for 

these conflicting results. Neville-Webbe and colleagues treated cells for 24 hours, 

removed the drug treatment, washed the cells and allowed a rest period of 48 hours 

before viability changes were determined. However, the treatment period in the first 

subaim was for 72 hours with no rest period. The two single agent dose response curves 

for both compounds from Figure 3.4 illustrate that longer treatment duration improves the 

efficacy of both compounds. This may explain why the results from the first subaim 

resulted in better efficacy of the combination. Regardless, the results from this study 

conclude that the simultaneous combination of ZA and letrozole act in an additive 
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manner to inhibit viability. The use of both drugs simultaneously parallels the 

administration schedule used in both the ABCSG-12 and ZO-FAST clinical trials which 

report positive results following the combination of ZA and endocrine therapy agents 

(refer to Figure 1.14).  

The second conclusion of the first subaim is that ZA as a single agent can 

significantly inhibit aromatase activity. The decision to study the effects of ZA on 

aromatase activity stemmed from the pharmacological relationship of its effects in 

combination with letrozole. As it was evident that the two compounds work via different 

mechanisms, the goal of combining the two compounds and measuring their effect on 

aromatase activity was simply to confirm that ZA did not detract from letrozole’s effects. 

In a serendipitous turn of events, it was observed that ZA itself had inhibitory effects 

against aromatase activation. It was first hypothesized that ZA functioned as an AI 

similarly to that of the nonsteroidal AIs, as both compounds share imidazole-based ring 

moieties within their molecular structure (refer to Figure 1.9, Figure 1.13). However, ZA 

had no direct effects on aromatase activity as measured by the microsomal aromatase 

assay. Therefore, it was hypothesized that these inhibitory effects were indirect and 

modulated through cellular effects.  

Based on the small amount of evidence in the literature, it was postulated that the 

inhibition of aromatase activity was caused by loss of phosphorylation of the aromatase 

enzyme. Supporting evidence for this hypothesis, which demonstrates that decreased 

aromatase phosphorylation reduces aromatase activity, has been reported by others. Yue 

and colleagues illustrated that treatment with kinase inhibitors for both the MAPK and 

PI3K pathways significantly inhibited aromatase activity (127), which was confirmed in 

the present study. In addition, Miller and colleagues showed that phosphorylation of 
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aromatase at serine 118 was important for aromatase activity, as mutation of this site 

resulted in decreased aromatase activity (128). The results from this aim show that 

aromatase does undergo phosphorylation under basal conditions, but only on serine 

residues. These results confirm findings from Miller and colleagues, but are different 

from those reported by Catalano and colleagues, who report phosphorylation on both 

serine and tyrosine residues (129). However, the phosphorylation events reported by 

Catalano and colleagues were observed following stimulation with estradiol, while Miller 

and colleagues report serine phosphorylation under basal conditions. These changes in 

condition may explain why the results of this subaim are more akin to those reported by 

Miller and colleagues.   

The results from the aromatase immunoprecipitation suggest that there is no 

interaction between aromatase and Akt, though treatment with LY294002 can inhibit 

both aromatase activation and phosphorylation in AC-1 cells. It was hypothesized that 

there may be another kinase in play, which is first activated by Akt and then 

phosphorylates aromatase. Catalano and colleagues suggest that c-Src may serve as the 

kinase that phosphorylates Akt. Previous studies have shown that BPs can differentially 

modulate the phosphorylation of c-Src. Specifically, Chellaiah and colleagues showed 

that alendronate can prevent phosphorylation of c-Src at Y418 (142). Conversely, Bezzi 

and colleagues show that both clodronate and ZA have no effect on c-Src 

phosphorylation (97). Further studies which investigate the role of ZA on c-Src 

phosphorylation, as well as the activation of other potential kinases, may provide a better 

mechanistic approach for the study of ZA’s inhibition of Akt-mediated aromatase 

phosphorylation.  



86 
 

Because aromatase inhibition has proven to be beneficial in the abrogation of ER+ 

breast cancer growth, it was hypothesized that the effects of ZA on aromatase would also 

play a role in the anti-tumor mechanism of ZA.  Rescue experiments performed in this 

subaim showed that there was a significant rescue of viability following treatment for 72 

hours. However, this effect was lost following longer treatment exposure. This result was 

not surprising, as ZA has been shown to be effective in all subtypes of breast cancer, not 

just those dependent on estrogen and ER-mediated signaling (refer to Figure 3.1). 

Therefore, it is concluded that ZA’s effects on aromatase are contributing mechanisms 

responsible for the anti-tumor effect in ER+ breast cancer.  

 

Potential Anti-tumor Mechanisms of Zoledronic Acid in SkBR3 Breast Cancer Cells 

Though the anti-tumor effects of ZA are well established, little work has been 

done to unveil the mechanisms responsible for those effects. As such, there is little 

background data available with which to begin investigating these mechanisms. Previous 

groups have reported an inhibition of both COX-2 and NFκB signaling following 

treatment with ZA. As both of these pathways are known to play a role in breast cancer 

tumorigenesis, it was of interest to investigate both the effects of ZA on these pathways, 

as well as the role these pathways play on cell viability.  

Cyclooxygenase-2 (COX-2) has been shown to play a role in breast cancer, as it 

has been implicated in inflammation (143) as well as regulation of aromatase expression, 

as reported by Brodie, Fulton, and colleagues (144) and others (26-28). Results from this 

subaim show that treatment with an inhibitor to COX-2, celecoxib, can specifically 

inhibit aromatase expression and activation. This inhibition compares to the inhibition 

achieved following treatment with ZA. Furthermore, ZA can inhibit the expression and 
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activation of the COX-2 enzyme. These findings have been previously published by 

Denoyelle and colleagues, who show that treatment for 24 hours with 1µM ZA is 

sufficient to inhibit both expression and activation of COX-2 in MDA-MB-231 cells (94).  

These results were not reproducible in experiments performed in this subaim, as only the 

higher dose of ZA could affect COX-2. This may be attributed to the differences between 

the MDA-MB-231 (a triple negative breast cancer cell line) and the SkBR3 cell line, 

which overexpresses HER2.  Regardless, modulation of this pathway does not seem to be 

essential to cell viability, as direct inhibition of COX-2 using celecoxib could not inhibit 

cell viability until a dose of 100µM was used. Rescue experiments using treatment with 

prostaglandin E2, the product of COX-2 enzymatic activity, were unable to rescue the 

effects of ZA on the cells, confirming this conclusion.  

Signaling through the nuclear factor kappa B (NFκB) pathway has been shown to 

transcriptionally regulate the expression of COX-2 (34), which made it an attractive 

pathway to study with respect to the anti-tumor effect of ZA. Recently published data 

shows that ZA treatment inhibits receptor activator of nuclear factor kappa b ligand 

(RANKL) expression (145), which serves as an extracellular stimulus for NFκB 

signaling, in macrophages.  In addition, previous studies with ZA (97) and alendronate 

(146), have suggested that there are differential effects of BPs on NFκB signaling. Bezzi 

and colleagues (97) have shown that ZA cannot inhibit TNF-α mediated NFκB activation 

in human umbilical vein endothelial cells, while Inoue and colleagues (146) show the 

opposite; alendronate can inhibit TNF-α induced NFκB activation of osteosarcoma cells. 

The results from this subaim correlate closer with those published by Bezzi and 

colleagues, as ZA was also unable to overcome any effects produced following 

stimulation with TNF-α.  
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The use of the SkBR3 cell line for studying NFκB signaling may obscure 

conclusions rather than clarify them. Firstly, the SkBR3 cell line lacks any nuclear RelA 

expression under basal conditions. This was confirmed using immunofluorescence 

(Figure 3.24), which shows a lack of nuclear RelA in both vehicle and ZA treated 

conditions. This suggests that the SkBR3 cell line does not rely on NFκB for viability. 

 
Figure 3.24. 
Cellular Localization of RelA under Basal Conditions in SkBR3 Cells.  
SkBR3 cells were treated for 24 hours with vehicle or 10µM zoledronic acid. Following treatment, 
cells were stained for RelA and imaged at 10x magnification. 
Green: RelA, blue: nucleus. 
 
 

Treatment with TNF-α did result in nuclear translocation of RelA into the nucleus 

(Figure 3.25), suggesting that the signaling pathway is intact. In stark contrast to the lack 

of RelA in the nucleus is the seemingly constitutive activation of NFκB, as the pathway is 

active in the absence of TNF-α stimulation. This is illustrated by phosphorylation of IκB 

under basal conditions. Treatment of SkBR3 cells with TNF-α did result in activation of 

the pathway, as evidenced by increased phosphorylation of IκB. However, there is no 
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degradation of the IκB protein, suggesting that the RelA is not sequestered in the 

cytoplasm by IκB but rather another protein, as it could translocate into the nucleus 

following treatment with TNF-α. Therefore, it is concluded that the SkBR3 have aberrant 

canonical NFκB signaling, but that they do respond to TNF-α stimulation. As ZA could 

not overcome this activation, it is hypothesized that ZA inhibits NFκB via a TNF-α 

independent pathway. This conclusion is corroborated by findings from Bezzi and 

colleagues, as mentioned previously.  

 
Figure 3.25. 
Nuclear Translocation of RelA Following Treatment with TNF-α.  
SkBR3 cells were treated for 24 hours with vehicle or 10µM zoledronic acid. Following treatment, 
cells were treated for 10 minutes with 5ng/mL TNF-α. Cells were then separated into their 
cytoplasmic and nuclear fractions. Levels of RelA were measured using western blot analysis.  
 
 

When the effects of ZA on SkBR3 cells were examined independently of TNF-α 

stimulation, it was concluded that ZA could inhibit the transcriptional activity of NFκB. 

This was observed in both luciferase transactivation assays, as well as decreased 

phosphorylation of RelA at serine 536. This loss of RelA phosphorylation was an 

important finding, as it is involved in regulation of transcriptional activity (135). In 

addition, its nuclear translocation is reported to be regulated independently of IκB 

binding and degradation (147). This mode of regulation correlates with the results of this 

subaim, suggesting that ZA inhibits NFκB activation independently of both TNF-α and 

IκB.  
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Studies examining the role that NFκB plays on cell viability show that the 

pathway is not essential for the viability of SkBR3 cells, as silencing of RelA in SkBR3 

cells had no effect on cell viability. However, NFκB has been shown to directly modulate 

the epithelial-mesenchymal transition (EMT), an essential step within the metastatic 

cascade. The next chapter will more closely examine the role that ZA has on EMT, and if 

the inactivation of NFκB transcription is involved.  
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Chapter 4: Specific Aim 2 
Introduction 

Zoledronic acid (ZA) is a third generation bisphosphonate originally designed for 

use in the treatment of osteoporosis. Clinical studies have shown that, in addition to its 

effect on osteoclasteogenesis, treatment with ZA inhibits metastatic disease (148). 

Preclinically, treatment with ZA has been shown to inhibit metastases in mouse models 

(90, 101), as well as inhibit migration and invasion of cancer cells in vitro (93, 94). 

Mechanisms responsible for these effects have yet to be deduced. However, cells must 

pass through the epithelial-mesenchymal transition (EMT) in order to acquire these 

metastatic capabilities. The effects of ZA on EMT are unknown. Examination of the 

effect of ZA on EMT was the focus of the first subaim of Specific Aim 2.  

Expression of EMT transcription factors Twist and Snail have previously been 

shown to be regulated by the nuclear factor kappa B (NFκB) pathway. In Specific Aim 1, 

it was established that ZA can modulate the transcriptional activity of NFκB.  Therefore, 

it was of interest to determine whether ZA could modulate regulation of Twist and Snail 

via its inactivation of NFκB transcriptional control. This was the focus of the second 

subaim of Specific Aim 2. 

Recent literature has linked EMT to increased self renewability of cells (116). 

Self renewal is one characteristic of the tumor initiating cell population, a subpopulation 

of cells within primary tumors which possess the ability to generate new tumors. 

Therefore, any reversal of EMT by ZA may reduce this population. This was the focus of 

the third subaim of Specific Aim 2. 
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The current study hypothesized that treatment with ZA reverses EMT, resulting in 

decreased mesenchymal characteristics and decreased self renewal capacity. To test this 

hypothesis, the effects of ZA on markers of EMT, differentiation, and self renewal were 

studied. In addition, the effects of ZA on mechanisms which regulate EMT were 

examined. Furthermore, the implications of these results on specific populations which 

arose following treatment with ZA were investigated.  

Triple negative breast cancer cell lines (TNBC) MDA-MB-231 and Hs578t cells 

were used in Specific Aim 2 as TNBC have many characteristics of a cell which has 

undergone EMT. These characteristics include expression of N-cadherin, Twist, and 

Snail. In addition, TNBCs can form mammospheres, which is a direct measure of a cell’s 

capability to self renew. Additionally, TNBC express the tumor initiating cell surface 

signature, CD44hi/CD24lo.  

 

Results 

Zoledronic Acid Modulates the Epithelial-Mesenchymal Transition 
 
Effect of zoledronic acid on TNBC cell viability  
 

It has been previously reported that treatment of breast cancer cells with ZA 

results in cell death (82-87). However, the effects of ZA on short term cell viability were 

not assessed. Therefore, cell viability following treatment with 10µM ZA was measured 

in triple negative breast cancer cells (TNBCs), MDA-MB-231 and Hs578t, following 

treatment with 10µM ZA for 24, 36, 48, and 72 hours. Cell viability was assessed using 

trypan blue exclusion, which provided information on the percentage of viable cells 

within the treated population. Trypan blue exclusion experiments show that loss of 
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viability occurs following 48 hours of treatment and continues through 72 hours in 

Hs578t cells (p<0.01 vs. vehicle treated control in 48 hours, p<0.001 vs. vehicle treated 

control in 72 hours, Figure 4.1, a) and does not occur until 72 hours of treatment in 

MDA-MB-231 cells (p<0.01 vs. vehicle treated control in 72 hours, Figure 4.1, b).  

 
Figure 4.1. 
Time Course Data in TNBC Following Treatment with 10µM Zoledronic Acid for 24, 36, 48, and 
72 hours.  
Hs578t (a) and MDA-MB-231 (b) cells were treated with vehicle (black bars) or 10µM zoledronic 
acid (white bars) over a time course of 24, 36, 48, or 72 hours. Cell viability was assessed using 
trypan blue exclusion. **p<0.01, ***p<0.001. 

 

Cells which remained following treatment with 10µM ZA were assayed for 

markers of apoptosis (PARP-1 and caspase-3). Detached cells were removed prior to cell 

lysis, allowing for analysis of attached cells only. Resulting experiments demonstrated 
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that neither PARP nor caspase-3 underwent cleavage following treatment (Figure 4.2, a-

b), suggesting that the remaining attached cells were viable and not fated for cell death.  

 

Figure 4.2. 
Activation of Apoptotic Markers PARP-1 and Caspase-3 in TNBC Following Treatment for 48 
hours with 10µM ZA. 
Hs578t (a) and MDA-MB-231 (b) cells were treated for 48 hours with vehicle or 10µM zoledronic 
acid. Levels of PARP-1 and caspase-3 were assessed using western blot analysis. Levels were 
normalized to β–actin expression. Expected cleavage products: PARP-1: 132kD (full length), 
89kD (cleavage); caspase-3: 35kD (full length), 17kD (cleavage).  
 
 

Examination of total cell number following treatment with ZA suggests that the 

cells which remain viable following treatment proliferate at a slower rate. In the trypan 

blue experiments, 20,000 cells were seeded on Day 0. Following 72 hours in culture, 

Hs578t cells treated with 10µM ZA proliferate to about 30% the amount of the vehicle 

treated cells (520,000 in ZA treated group compared to 1.7 million in vehicle treated 

group), and MDA-MB-231 cells treated with 10µM ZA proliferate to about 65% the 

amount of the vehicle treated cells (700,000 in ZA treated group compared to 1.1 million 

in vehicle treated group). These results are summarized in Figure 4.2 and Tables 3-4. 

Based on these results, it is concluded that TNBC are sensitive to treatment with ZA. 
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Furthermore, treatment with ZA decreases the proliferative capacity of cells which 

remain viable in the culture.  

 
Figure 4.3 
Total Cell Number in TNBC Following Treatment with 10µM Zoledronic Acid for 24, 36, 48, and 
72 hours.  
Total number of viable cells in Hs578t (a) and MDA-MB-231 (b) following treatment with vehicle 
(black bars) or 10µM zoledronic acid (white bars) over a time course of 24, 36, 48, or 72 hours. 
Cell number was determined using trypan blue exclusion. 
 
Table 3. 
Total Viable Cell Counts from Figure 4.2, a. 
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Table 4. 
Total Viable Cell Counts from Figure 4.2, b. 

 
 
 
Effect of zoledronic acid on TNBC cell morphology 
 

During the viability experiments, it was observed that TNBC which remained 

attached following treatment with ZA underwent morphological changes in a time 

dependent manner. Vehicle treated cells exhibited elongated cell structure (white arrows) 

and lacked cell-cell contacts (Figure 4.4, i & v). At 24 hours, narrowing of the cell body 

was observed, accompanied by a degradation of cell protrusions (Figure 4.4, ii & vi). 

This degradation continued through 36 hours of treatment (Figure 4.4, iii & vii). By 48 

hours of treatment, the protrusions were no longer visible and increased levels of cell-cell 

contact was observed (Figure 4.4, iv & viii, white box is magnified to right). These 

results suggest that treatment with ZA affects the mesenchymal morphology of TNBCs, 

driving them toward a more epithelial morphology. 
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Figure 4.4. 
Morphological Changes of TNBC Following Treatment with 10µM ZA.  
Cellular morphology of Hs578t (left panels, i-iv) and MDA-MB-231 (right panels, v-viii) following 
treatment with vehicle (i, v) or 10µM zoledronic acid over a time course of 24, 36, or 48 hours.  
White arrows indicate areas of cell protrusion. White box indicates areas of cell-cell contact. 
White box magnified in inserts below.  
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Effect of zoledronic acid on expression of mesenchymal and epithelial 
markers 
 

Protein analyses of mesenchymal and epithelial markers were performed on 

TNBCs following treatment with vehicle, 1µM, or 10µM ZA for 24, 48, or 72 hours. 

Treatment with 10µM ZA resulted in the downregulation of mesenchymal proteins [N-

cadherin (p<0.01 vs. vehicle treated control in Hs578t; p<0.07 vs. vehicle treated control 

in MDA-MB-231), Snail (p<0.001 vs. vehicle treated control in Hs578t, p<0.06 vs. 

vehicle treated control in MDA-MB-231), and Twist (Figure 4.5, a-b)] following both 48 

and 72 hours of treatment. These changes were accompanied by a significant 

upregulation of E-cadherin expression following treatment for 48 hours with 10µM ZA in 

MDA-MB-231 cells (p<0.001, Figure 4.5, c). E-cadherin expression could not be 

detected in either vehicle or ZA treated samples in the Hs578t cell line, though protein 

lysates from MCF-7 cells (high E-cadherin expressors) were positive for E-cadherin 

protein expression (Figure 4.5, d). 

These results correlated with decreased mesenchymal mRNA expression [N-

cadherin (p<0.04 vs. vehicle treated control in Hs578t; p<0.052 vs. vehicle treated 

control in MDA-MB-231), Snail, and Twist (p<0.02 vs. vehicle treated control in Hs578t, 

Figure 4.6, a-b)], following 48 hours of treatment with 10µM ZA. Correlating with the 

downregulation of mesenchymal markers, mRNA expression of epithelial marker E-

cadherin was upregulated significantly following treatment for 48 hours with 10µM ZA 

(p<0.02 vs. vehicle treated control in Hs578t; p<0.03 vs. vehicle treated control in MDA-

MB-231, Figure 4.6, a-b). These results indicate that ZA reduces expression of 
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mesenchymal proteins and increases expression of epithelial proteins. Based on these 

findings, it is concluded that ZA modulates the epithelial-mesenchymal transition. 

 
 
Figure 4.5. 
Changes in Mesenchymal and Epithelial Protein Expression Following Treatment with Zoledronic 
Acid. 
(a-b) Hs578t (a) or MDA-MB-231 (b) cells were treated for 24, 48, or 72 hours with vehicle, 1µM, 
or 10µM zoledronic acid. Protein levels were assayed using western blot analysis and were 
normalized to β-actin. (c-d) E-cadherin protein expression in MDA-MB-231 (top) or Hs578t 
(bottom) following treatment for 48 hours with vehicle or 10µM zoledronic acid. MCF-7: E-
cadherin positive control. ***p<0.001. 



100 
 

 
Figure 4.6. 
Changes in Epithelial and Mesenchymal mRNA Expression Following Treatment with Zoledronic 
Acid. 
Hs578t (a) or MDA-MB-231 (b) were treated for 48 hours with vehicle, or 10µM ZA. mRNA levels 
were measured using qPCR and were normalized to GAPDH. *p<0.05. 
 
 
 
 

Inactivation of Nuclear Factor kappa B Signaling Inhibits Expression 
and Promoter Activation of Epithelial-Mesenchymal Transition 

Markers 
 
Effect of zoledronic acid on RelA activation 

Proteins which regulate EMT were investigated as potential mechanisms 

explaining ZA’s modulation of EMT. The NFκB pathway has been shown to regulate the 

expression of EMT transcription factors. In Chapter 3, it was demonstrated that treatment 

with ZA could inactivate NFκB signaling in SkBR3 cells. Therefore, it was hypothesized 

that ZA may modulate EMT through inactivation of NFκB signaling. To determine 

whether ZA inactivates NFκB signaling in TNBC, TNBCs were treated for 48 hours with 

10µM ZA, and the effect on the active subunit of NFκB signaling, RelA, was measured. 

No significant changes were observed with regard to total RelA protein expression 

(Figure 4.7, a). However, the phosphorylation of RelA at serine 536 was decreased 

(Figure 4.7, a).  
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Next, the effect of ZA on RelA cellular localization was studied. Subcellular 

fractionation experiments using the nuclear extraction protocol performed on cells treated 

for 48 hours with 10µM ZA decreased nuclear RelA localization in both Hs578t and 

MDA-MB-231 cells (Figure 4.7, b). This was accompanied by increased RelA 

cytoplasmic localization in both cell lines (Figure 4.7, b). Taken together, these 

experiments suggest that treatment with ZA inactivates NFκB transcriptional activation.  

  

Figure 4.7. 
Protein Expression of RelA in TNBC Following Treatment with Zoledronic Acid. 
(a) Hs578t and MDA-MB-231 cells were treated for 48 hours with vehicle, or 10µM zoledronic 
acid. Levels of phospho- and total RelA were assessed using western blot analysis. (b) Hs578t 
and MDA-MB-231 cells were treated for 48 hours with vehicle or 10µM zoledronic acid. Following 
treatment, cells were fractioned into cytoplasmic and nuclear fractions using the nuclear 
extraction protocol. C: Cytoplasmic, N: Nuclear, PARP: nuclear loading control, GAPDH: 
cytoplasmic loading control. Protein was normalized to β-actin (total RelA), RelA (p-RelA), PARP, 
or GAPDH. *p<0.05 



102 
 

Effect of RelA knockdown on mesenchymal mRNA expression and cell 
viability 
 

Previous studies by others have established that the NFκB pathway regulates 

proteins involved in the epithelial-mesenchymal transition (110, 111).To determine the 

role of the NFκB pathway plays on EMT in TNBC, RNAi strategies were used to 

decrease RelA expression in TNBC. Using this strategy, the expression of RelA was 

reduced approximately 70% in both Hs578t and MDA-MB-231 (Figure 4.8, a-b). To 

study the role of RelA in the regulation of EMT markers Twist and Snail, levels of both 

mRNA transcripts were measured following RelA knockdown. Both Twist and Snail 

mRNA transcripts were downregulated compared to scramble control (Twist: p<0.01 in 

Hs578t, p<0.07 in MDA-MB-231; Snail: p<0.06 in Hs578t, p<0.07 in MDA-MB-231; 

Figure 4.8, a-b), signifying that RelA regulates both Twist and Snail expression in 

TNBC. 

 
Figure 4.8. 
Expression of RelA, Twist and Snail Following Knockdown of RelA in TNBC. 
Hs578t (a) and MDA-MB-231 (b) cells were transfected for 72 hours with scramble (scr) or RelA 
siRNA (siRNA). RelA and Twist mRNA levels were determined using qPCR and were normalized 
to GAPDH. *p<0.05, ***p<0.001. 
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To study the effects of RelA inactivation on cell viability, RNAi strategies were 

again used to decrease RelA expression in the Hs578t and MDA-MB-231 cells.  

Following transient transfection of scramble and RelA siRNA, siRNA was removed; 

transfected cells were replenished with fresh media, and allowed to rest for 72 hours. 

After 72 hours in culture, cell viability was measured by MTT assay. Knockdown of 

RelA resulted in a significant reduction of cell viability in both cell lines, with 

approximately a 25% reduction in Hs578t (p<0.001, Figure 4.9, a) and approximately 

50% reduction in MDA-MB-231 (p<0.001, Figure 4.9, b) when compared to viability of 

scramble transfected control cells. This suggests that signaling through the NFκB 

pathway is important for maintenance of the mesenchymal phenotype and cell viability. 

 
Figure 4.9. 
Dose Response Data Following Knockdown of RelA in TNBC.  
Hs578t (a) and MDA-MB-231 (b) were transfected for 72 hours with scramble (scr) or RelA siRNA 
(siRNA). Following transfection, cell viability was assessed using the MTT assay. ***p<0.001. 
 

Effect of zoledronic acid on the interaction between RelA and the Twist 
promoter 
 

To analyze transcriptional regulation of RelA on Twist and Snail gene expression, 

chromatin immunoprecipitation analyses were performed on TNBC treated with 10µM 

ZA for 48 hours. Treated samples were immunoprecipitated with an antibody against 
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RelA or with normal IgG, and products were amplified using primers against the Twist 

promoter which contained the -κB binding site. Conventional PCR showed a band, 

indicating an interaction between the Twist promoter and RelA in both cell lines. This 

band was lost in samples treated with ZA (Figure 4.10). Analyzed of products with qPCR 

showed that treatment with ZA significantly reduced the interaction between RelA and 

the Twist promoter (p<0.05 vs. vehicle treated control in Hs578t, p<0.01 vs. vehicle 

treated control in MDA-MB-231; Figure 4.10). The same products were analyzed using 

primers against the Snail promoter, but no product was amplified in either conventional 

or qPCR. 
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Figure 4.10. 
Chromatin Immunoprecipitation of RelA Binding to the Twist Promoter in TNBC. 
(a) Schematic of binding site within gene of interest. (b-c) Hs578t (right, (b), black bars, (c)) and 
MDA-MB-231 (left, (b) and white bars, (c)) were treated for 48 hours with vehicle or 10µM 
zoledronic acid, and interaction between RelA and Twist promoter was measured via chromatin 
immunoprecipitation. (b) Conventional PCR analysis, (c) qPCR analysis. Levels of Twist promoter 
were normalized to input controls. *p<0.05, **p<0.01 
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Zoledronic Acid Induces Cellular Differentiation and Inhibits  
Self Renewal 

 
Effect of zoledronic acid on differentiation of triple negative cell lines 

It has been reported that cells which undergo EMT acquire a self renewal 

phenotype (116). As treatment with ZA has been shown to modulate EMT in TNBC, it 

was hypothesized that treatment with ZA would lead to a reduction in self renewal. As 

differentiation of cells is a strategy to reduce self renewal, it was of interest to investigate 

the effects of ZA on cellular differentiation. TNBC were treated for 48 hours with 10µM 

ZA, and remaining attached, viable cells were analyzed for changes in cell cycle 

progression. Both cell lines underwent cell cycle arrest, with Hs578t arrested in S-phase 

(p<0.001, Figure 4.11, a) and MDA-MB-231 arrested in G1-phase (p<0.001, Figure 4.11, 

b). These results suggest that treatment with ZA inhibits cell cycle progression. 

 
Figure 4.11. 
Cell Cycle Analysis Following Treatment with Zoledronic Acid in TNBC. 
Hs578t (a) and MDA-MB-231 (b) cells were treated for 48 hours with vehicle or 10µM zoledronic 
acid. Cell cycle analysis was performed using flow cytometry, and cell populations were 
determined by Watson’s pragmatic method. ***p<0.001 
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Effect of zoledronic acid treatment on expression of self-renewal proteins  

Previous data suggests ZA increases cellular differentiation of TNBC. 

Specifically, treatment with ZA decreases proliferative capacity (Figure 4.3), increases 

cell-cell contact (Figure 4.4), increases E-cadherin protein and mRNA expression (Figure 

4.5, 4.6), and inhibits cell cycle progression (Figure 4.11).  As differentiation of cells is a 

strategy to reduce self renewal, it was of interest to investigate the effects of ZA 

treatment on self renewal of TNBC. Therefore, the effect of ZA on the expression of self 

renewal proteins BMI-1 and Oct-4 was examined. Both markers were reduced following 

treatment with ZA at both the 48 and 72 hour time points (Figure 4.12, a-b), providing 

evidence that ZA reduces self renewal capability.  

 
 
Figure 4.12. 
Expression of Self Renewal Proteins BMI-1 and Oct-4 Following Treatment with Zoledronic Acid 
in TNBC. 
Hs578t (a) or MDA-MB-231 (b) cells were treated for 24, 48, or 72 hours with vehicle, 1µM, or 
10µM ZA. Self renewal protein levels determined using western blot analysis and were 
normalized to β-actin. 
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Effect of zoledronic acid on the interaction between Twist and the BMI-1 
promoter 
 

BMI-1 has been implicated in the maintenance of an undifferentiated phenotype, 

and is an established self-renewal protein. Twist, a known EMT transcription factor, has 

also been shown to directly regulate BMI-1 gene expression (118). Results from previous 

experiments have shown that treatment with ZA can inhibit the expression of both Twist 

(Figure 4.5, 4.6) and BMI-1 (Figure 4.12). To provide a mechanism linking modulation 

of EMT and loss of self renewal, Twist regulation of BMI-1 gene expression was 

investigated using chromatin immunoprecipitation. TNBC were treated with vehicle or 

10µM ZA for 48 hours, and samples were immunoprecipitated with an antibody against 

Twist or with normal IgG. Resulting products were amplified using primers against the 

BMI-1 promoter which contained the Twist binding site. Twist was shown to interact 

with the BMI-1 promoter in both Hs578t and MDA-MB-231 cells, as evidenced by 

conventional PCR. Furthermore, this interaction was lost following treatment with ZA 

(Figure 4.13). Products were also analyzed by qPCR, which confirmed that treatment 

with ZA significantly reduced the interaction between Twist and the BMI-1 promoter 

(p<0.05 vs. vehicle treated control in Hs578t; p<0.01 vs. vehicle treated control in MDA-

MB-231; Figure 4.13). This data suggests that ZA inhibits binding of Twist to the BMI-1 

promoter, providing evidence that modulation of EMT leads to loss of self renewal. 
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Figure 4.13. 
(a) Schematic of binding site within gene of interest. (b-c) Hs578t (right, (b), black bars, (c)) and 
MDA-MB-231 (left, (b) and white bars, (c)) were treated for 48 hours with vehicle or 10µM 
zoledronic acid, and the interaction between Twist and the BMI-1 promoter was measured via 
chromatin immunoprecipitation. (b) Conventional PCR analysis, (c) qPCR analysis. Levels of 
Twist promoter were normalized to input controls. *p<0.05. 
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Effect of zoledronic acid on mammosphere formation  
 

Cells which successfully pass through EMT have been shown to acquire a self 

renewal phenotype, which allows them to continually divide over time (116). ZA has 

been shown to modulate EMT, induce cellular differentiation, and reduce expression and 

gene activation of BMI-1, an established self renewal protein. Therefore, the effects of 

ZA on TNBC self-renewal capability were studied using the mammosphere assay. First, 

the effects of ZA on prevention of mammosphere formation were investigated. TNBC 

were treated for 24, 48 or 72 hours with 10µM ZA under adherent conditions. Following 

treatment cells that remained attached and viable were collected and seeded in 

mammosphere culture.  Pretreatment with ZA significantly reduced mammosphere 

formation in both cell lines after treatment for 48 (Hs578t: p<0.05 vs. vehicle treated 

control; MDA-MB-231 p<0.001 vs. vehicle treated control; Figure 4.14, Table 5) and 72 

hours (Hs578t: p<0.05 vs. vehicle treated control; MDA-MB-231 p<0.001 vs. vehicle 

treated control; Figure 4.14, Table 5). This data confirms that treatment with ZA prevents 

mammosphere formation.  
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Figure 4.14. 
Representative Sample of Mammosphere Formation in TNBC Following Treatment under 
Adherent Conditions with 10µM Zoledronic Acid. 
Hs578t (a-d) and MDA-MB-231 (e-f) cells were pretreated for 24, 48, and 72 hours with vehicle or 
10µM zoledronic acid. Remaining viable cells were then plated in mammosphere conditions and 
allowed to propagate for 7 days. 
 
Table 5.  
Mean±SEM of Compiled Mammosphere Experiments.   

 
*p<0.05, **p<0.001 
 

 

The effects of ZA on existing mammospheres prior to ZA treatment were studied 

next. Specifically, secondary mammospheres were generated from both Hs578t and 

MDA-MB-231 primary mammosphere cultures. Primary mammospheres were serially 

passaged and were either left untreated or were treated with vehicle (denoted Vehicle) or 

10µM ZA (denoted Immediate) for 72 hours. Following this 72 hour period, the 
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mammospheres which were left untreated were then treated with 10µM ZA (denoted 

Delayed). At this point, all three groups (Vehicle, Immediate, Delayed) were allowed to 

propagate for an additional 7 days in mammosphere culture. Both groups treated with ZA 

(Immediate and Delayed) resulted in significantly lower number of mammospheres 

compared to those treated with vehicle (Figures 4.15, 4.16). However, immediate 

treatment with ZA was more effective than delayed treatment in reducing the number of 

existing mammospheres (Hs578t: p<0.001 (Immediate) vs. p<0.01 (Delayed), Figure 

4.15, b; MDA-MB-231: p<0.001 (Immediate) vs. p<0.01 (Delayed); Figure 4.16, b). 

Taken together, these data suggest that ZA can reduce mammosphere formation resulting 

from pretreated adherent cells and existing mammospheres. Based on these findings, it is 

concluded that ZA treatment can inhibit self renewal in TNBC.  

 

 
Figure 4.15. 
Mammosphere Formation Following Treatment of Existing Hs578t Mammospheres with 10µM 
Zoledronic Acid.  
(a) Mammospheres resulting from primary culture (top left) were made into a single cell 
suspension and serially passaged into a secondary mammosphere culture. Culture was either 
treated immediately with 10µM zoledronic acid (immediate) or allowed to form for 72 hours prior 
to treatment with vehicle or 10µM zoledronic acid (delay). (b) Quantification of mammospheres 
from (a). **p<0.01, ***p<0.001.  
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Figure 4.16. 
Mammosphere Formation Following Treatment of Existing MDA-MB-231 Mammospheres with 
10µM Zoledronic Acid.  
(a) Mammospheres resulting from primary culture (top left) were made into a single cell 
suspension and serially passaged into a secondary mammosphere culture. Culture was either 
treated immediately with 10µM zoledronic acid (immediate) or allowed to form for 72 hours prior 
to treatment with vehicle or 10µM zoledronic acid (delay). (b) Quantification of mammospheres 
from (a). **p<0.01, ***p<0.001.  
 
 
Effect of zoledronic acid on CD44hi/CD24lo cell surface expression  

Zoledronic acid has been shown to inhibit self renewal in TNBC, as evidenced by 

decreased mammosphere formation (Figures 4.14, 4.15, & 4.16). As self renewal is a 

characteristic of the tumor initiating cell population, the effects of ZA on the tumor 

initiating cell population were explored in greater detail. To more closely examine the 

effects of ZA on this population, the cell surface expression signature CD44hi/CD24lo was 

analyzed by flow cytometry. In addition to being markers of epithelial cells (CD24) and 

adhesion and migration (CD44), this particular cell surface signature is a characteristic of 

the tumor initiating cell population. Therefore, the effects of ZA on this cell surface 

signature were examined.  An increase in CD24 expression was observed in both cell 
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lines following treatment for 48 hours in Hs578t (~40% increase in CD24, Figure 4.17, 

Table 6) and 72 hours in MDA-MB-231 (~60% increase in CD24 expression, Figure 

4.17, Table 6). In addition to corroborating initial reports of increased cell differentiation, 

this data also suggests that treatment with ZA may reduce the tumor initiating cell 

population in TNBC. 

 
Figure 4.17. 
Representative Sample of CD44/CD24 Cell Surface Expression in TNBC. 
Hs578t (top panels, LR) and MDA-MB-231 (bottom panels LR) were treated for specified 
time with vehicle or 10µM zoledronic acid. Viable cells were stained for CD44 and CD24 
expression. Staining was assayed using flow cytometry. Denotes CD44hi/CD24lo population.   
 
Table 6.  
Mean±SEM of CD24/CD44 Cell Surface Expression Experiments.  

 
*p<0.05, ***p<0.001 
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Implications of Zoledronic Acid’s Drug Effects on  
Triple Negative Breast Cancer Cells 

 
Implication of increased CD24 cell surface expression in TNBC  
 

When analyzing TNBC on the basis of CD24 expression, two distinct populations 

of cells arose following treatment with ZA: those which expressed high levels of CD24 

and those which expressed low levels of CD24.  Because CD24 is an epithelial marker, 

increases in its expression should increase epithelial characteristics, induce cellular 

differentiation, and decrease the tumor initiating cell population. Therefore, it was of 

interest to determine whether these differences were observed between the two different 

populations of TNBC.  

To examine this further, TNBC treated for 48 hours with 10µM ZA were sorted 

into CD24-enriched and CD24-null populations using fluorescence activated cell sorting 

(FACS, Figure 4.18). Following FACS, the sorted populations were used test growth 

kinetics, changes in mammosphere formation, and sensitivity to ZA treatment. 

 
Figure 4.18. 
FACS Analysis of TNBC CD24-enriched (CD44hiCD24+) and CD24-null (CD44hi/CD24-) 
Populations. 
Hs578t and MDA-MB-231 cells were treated for 48 hours with 10µM zoledronic acid. Following 
treatment, viable cells were stained with a viability dye and antibodies against CD24 and CD44. 
Cells were then sorted based on CD24 expression into CD24+ (CD24-enriched) and CD24- 
(CD24-null) populations.   
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Growth Kinetics 

To test changes in growth kinetics, 1000 cells (denoted Day 0, Figure 4.19) from 

the CD24-enriched and CD24-null populations of each TNBC were seeded and allowed 

to propagate for 7 days. Following this growth period, cells were counted by 

hemacytometer using trypan blue exclusion. The proliferative capacity of the CD24-

enriched populations was slower when compared to that of the CD24-null (denoted Day 

7, Figure 4.19, Table 7). Cells were then reseeded and allowed to propagate for an 

additional 7 days, following which cell number was again determined (denoted Day 14). 

During this growth period, differences in growth rate between the two TNBC were 

observed. In Hs578t, the cells overcame the slowing of growth observed at Day 7, while 

MDA-MB-231 cells maintained the slow growth rate observed at Day 7 (Figure 4.18, 

Table 7). From these data, it is concluded that increased CD24 expression slows 

proliferative capacity. 

 
Figure 4.19.  
Growth Kinetics of CD24-null and CD24-enriched Populations in TNBC.  
CD24-enriched (black bars) and CD24-null (white bars) populations of Hs578t (a) and MDA-MB-
231 (b) were seeded and allowed to propagate for 7 days. Cells were counted by hemacytometer 
using trypan blue exclusion. Total cell number from this time is denoted Day 7. Cells were then 
reseeded and allowed to propagate for an additional 7 days. Cells were counted by 
hemacytometer using trypan blue exclusion. Total cell number at this time is denoted Day 14. 
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Table 7. 
Growth Kinetics Quantification of CD24-null and CD24-enriched Populations in TNBC. 

 
 
 
Mammosphere Formation 

To test changes in mammosphere formation, CD24-null and CD24-enriched cells 

were seeded in mammosphere culture and allowed to propagate for 3 days. At this time, 

the resulting mammospheres serially passaged and reseeded in mammosphere conditions 

at a density 5000 cells per well. The cells were allowed to propagate for 7 days, at which 

time the total number of mammospheres formed was determined (denoted secondary). 

Differences in mammosphere forming capacity were observed between the two cell lines. 

In Hs578t, the mammosphere forming capacity of the CD24-enriched population was 

reduced compared to that of the CD24-null population (Figure 4.20, a, secondary). No 

significant difference was observed between the CD24-null and CD24-enriched 

populations resulting from MDA-MB-231 cells (Figure 4.20, b, secondary). 

Recapitulation of the secondary mammospheres into tertiary spheres showed similar 

results (Figure 4.20, tertiary). Results obtained with the Hs578t cell line suggest that 

increases in CD24 expression reduce self renewal capability. However, in the MDA-MB-

231 cell line increased CD24 expression has no discernible effect on self renewability.   
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Figure 4.20. 
Mammosphere Formation of CD24-null and CD24-enriched Populations in TNBC.  
CD24-null (white bars) and CD24-enriched (black bars) cells were seeded in mammosphere 
culture and allowed to propagate for 3 days. Resulting mammospheres were serially passaged 
and reseeded in mammosphere conditions. Cells were allowed to propagate for 7 days, at which 
time the total number of mammospheres formed was determined (denoted secondary). Vehicle 
treated mammospheres from each cell population were serially passed, reseeded in 
mammosphere conditions, and allowed to propogate for 7 days. Total number of mammospheres 
formed was then determined (denoted tertiary). ***p<0.001 
 
 

Sensitivity to zoledronic acid 

Differences in ZA sensitivity between the CD24-null and CD24-enriched were 

assayed in mammosphere culture as the growth rates of the two populations were not 

uniform in adherent culture conditions. During assessment of mammosphere forming 

capacity, additional mammospheres were generated at the same time as tertiary 

mammospheres. (For Hs578t cells, only CD24-null cells could be analyzed due to low 

cell number resulting from the secondary mammospheres). These additional 
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mammospheres were either treated with ZA upon seeding in mammosphere conditions 

(denoted Immediate), or allowed to propagate 72 hours prior to seeding in mammosphere 

conditions (denoted Delayed). Both Immediate and Delayed treated mammospheres were 

sensitive to ZA, independent of CD24 expression (Figure 4.21).  

 
Figure 4.21.  
Sensitivity of Tertiary Mammospheres from CD24-null and CD24-enriched Populations of TNBC 
to 10µM Zoledronic Acid.  
Tertiary mammospheres resulting from the serial passage from Figure 4.20 (just null population in 
Hs578t, both populations in MDA-MB-231) were either treated immediately with 10µM ZA 
(immediate) or allowed to form for 72 hours prior to treatment with vehicle or 10µM ZA (delay). 
Mammospheres were allowed to propagate for 7 days following the delay treatment. White bars: 
CD24 null, black bars: CD24-enriched.  
 
 
Cell Reversion to Original Cell Surface Expression 
 

During the course of the experiments on the CD24-null and CD24-enriched 

populations, it was observed that over time the differences between the two populations 
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with respect to growth kinetics and mammosphere formation were diminished. Due to 

this observation, the cell surface expression of CD24/CD44 in the two populations was 

assessed by flow cytometry. To do this, tertiary mammospheres from both the CD24-null 

and CD24-enriched populations resulting from MDA-MB-231 cells were made into a 

single cell suspension and assessed for CD24 and CD44 cell surface expression using 

flow cytometry. The CD24-enriched population no longer expressed higher levels of 

CD24 when compared to the CD24-null population, suggesting that the cells were able to 

revert back over time, even when cultured in non-adherent conditions (Figure 4.22, a). 

Furthermore, analysis of tertiary mammospheres from both populations after treatment 

with ZA  demonstrate that only cells which were originally enriched for CD24 can re-

express CD24 when compared to CD24-null cells (Figure 4.21, b).  Taken together, these 

data suggest that changes in CD24 cell surface expression are not permanent, and in the 

absence of treatment the changes induced by ZA treatment can be reversed by the cell.  
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Figure 4.22. 
Cell Surface Expression of CD44/CD24 on Cells from MDA-MB-231 Tertiary Mammospheres 
Resulting from CD24-null and CD24-enriched Populations. 
CD24-null (left panels) and CD24-enriched (right panels) populations resulting from MDA-MB-231 
tertiary mammospheres treated with vehicle (a) or delayed 10µM ZA (b) were assayed using flow 
cytometry for cell surface expression of CD24 and CD44. 
 
 
Implication of drug pressure removal on changes induced by treatment with 
zoledronic acid  
 

The previous studies of this aim demonstrate that ZA can decrease both the 

mesenchymal phenotype and the self renewal capacity of a cell. However, it appears that 

these changes are not permanent and that the cell can revert back to its original state 

following removal of treatment. Experiments performed on CD24-null and CD24-

enriched populations show that in the absence of ZA, changes in CD24 expression were 

not permanent. However, re-exposure to ZA led to re-expression of CD24 (Figure 4.22). 
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To confirm these results, experiments were performed on adherent cells in which TNBC 

were treated with 10µM ZA for 48 hours. Following treatment, cells were imaged and 

replenished with fresh media devoid of any treatment. The cells were then imaged over a 

period of 7 days (Hs578t, Figure 4.23) or 96 hours (MDA-MB-231, Figure 4.24) After 48 

hours of treatment, both cell lines shifted from a more mesenchymal cell morphology to a 

more epithelial morphology, as described in Figure 4.4. Cells also began to detach as 

observed previously. After the removal of ZA from the cell media, cells continued to 

detach for the next 72 hours. However, after 72 hours in the absence of treatment, the 

proliferative capacity of both cell lines increased, and both cell lines regained their 

mesenchymal cell phenotype. Based on this observation, as well as the data from Figure 

4.22, it is concluded that the effects of ZA are temporary, and without constant drug 

pressure cells can revert back to their original phenotype.  
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Figure 4.23. 
Cell Morphology of Hs578t Cells Post-Zoledronic Acid Treatment. 
Hs578t cells were seeded and treated for 48 hours with 10µM zoledronic acid. Following 48 hours 
of treatment, cells were washed and replenished with fresh media. Cells were then imaged at 
specified times. All cells were imaged at 10x magnification. 
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Figure 4.24. 
Cell Morphology of MDA-MB-231 Cells Post-Zoledronic Acid Treatment. 
MDA-MB-231 cells were seeded and treated for 48 hours with 10µM zoledronic acid. Following 
48 hours of treatment, cells were washed and replenished with fresh media. Cells were then 
imaged at specified times. All cells were imaged at 10x magnification. 
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Discussion 

Zoledronic acid has shown promise as a breast cancer therapeutic, as evidenced 

by its effects on increased disease free survival (72-74, 148), decreased metastatic disease 

(148) clinically, as well as its inhibition of cell viability (82-87), metastasis (90, 101), 

invasion, and migration (93, 94) preclinically. However, the mechanisms responsible for 

decreased migration, invasion, and metastatic disease were not well established prior to 

these studies. The novel findings of this aim indicate that ZA can reverse the epithelial 

mesenchymal transition (EMT) and decrease self renewal capacity of triple negative, 

mesenchymal breast cancer cell lines. Results of this aim are the first to show loss of 

interaction between nuclear factor kappa B (NFκB) active subunit RelA and the Twist 

promoter, providing evidence which correlates the loss of RelA activation to modulation 

of EMT. Additionally, this aim is the first to show that treatment with ZA inhibits Twist 

binding to the BMI-1 promoter, providing evidence which correlates modulation of EMT 

to decreased self renewal. Finally, this aim shows that treatment with ZA inhibits the 

tumor initiating cell population of TNBC, as evidenced by decreased mammosphere 

formation and modulation of the cell surface expression signature attributed to the tumor 

initiating cell population.  

  The first subaim of Specific Aim 2 was to investigate the effects of ZA on EMT. 

Treatment with ZA led to a decrease in mesenchymal characteristics, including loss of N-

cadherin, Twist, and Snail mRNA and protein expression, as well as a loss of 

mesenchymal cell morphology. These results are consistent with those of other groups 

that have reported ZA’s differential effects on expression and activation of matrix 

metalloproteinases (95, 96), which are required for the escape of cells from a primary 
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tumor site. Also supporting the results from this study are data which support the effect of 

ZA on inactivation and downregulation of both αVβ3 and αVβ5 integrins (97, 98), which 

are involved in cell interaction with extracellular matrices. Also observed was an increase 

in epithelial characteristics, including increases in cell-cell contact, E-cadherin mRNA 

and protein expression, and CD24 cell surface expression. These findings are novel and 

are reported for the first time in the current studies.  

The second subaim of Specific Aim 2 was to understand the mechanism whereby 

ZA modulated EMT. The NFκB pathway has been implicated in the regulation of EMT 

transcription factors, including Twist (110, 111) and as such was analyzed. Results from 

this study suggest silencing of RelA using RNAi strategies decreases expression of EMT 

markers to a similar level achieved following treatment with ZA. Furthermore, treatment 

with ZA decreased the interaction between RelA and the Twist promoter. These results 

provide evidence supporting that loss of RelA transcriptional activity inhibits expression 

of EMT transcription factor Twist, which is necessary for EMT. These results are 

supported by previous reports which show that silencing of Twist using RNAi strategies 

can reverse EMT and decrease metastasis (109).  

The third subaim of Specific Aim 2 was to investigate the effects of ZA on the 

tumor initiating cell population of TNBC. To begin this task, it was important to establish 

whether TNBC had a tumor initiating cell population. Both TNBC have the capacity to 

form mammospheres, which is a hallmark of self renewal. In addition, both cell lines 

have approximately 100% CD44hi/CD24lo expression on their cell surface. It is highly 

unlikely that every cell within the population is a tumor initiating cell. Therefore, it is 

difficult to determine whether ZA has a specific effect on the tumor initiating cell 

population, or if it is effective against any tumorigenic cell. This dilemma is commented 
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on by Foulkes (19), who concludes that while these cell lines are enriched in tumorigenic 

potential, it is difficult to accurately distinguish the TIC population from the rest of the 

cells; too many similarities are shared between cells undergoing EMT and those which 

comprise the tumor initiating cell population. This correlates with recent findings of Liu, 

Wicha and colleagues, who suggest that two types of tumor initiating cells exist; those 

which are MET-like (more epithelial) and those which are EMT-like (149). These EMT-

like tumor initiating cells have a mesenchymal morphology, express the CD24lo/CD44hi 

cell surface signature, and are highly invasive (149), all three of which are characteristics 

of TNBC. 

The conclusion that ZA affects the tumor initiating cell population is strengthened 

by findings which illustrate that treatment with ZA significantly increased cell surface 

expression of CD24. As CD24 is an epithelial marker, increases in its expression further 

confirm that ZA may induce differentiation in the cells following treatment. These results 

are corroborated by the effect of ZA on cell cycle progression, which show arrest in both 

G1 (MDA-M-231) and S (Hs578t) phase of the cell cycle. These effects on cell cycle 

progression corroborate previous results, which illustrate that treatment with ZA inhibits 

cell cycle in S-phase (150-152). Specifically, it has been shown that treatment with ZA 

inhibits the expression of cyclin D1 and p27kip (150), which promotes cell entry into S-

phase. However, ZA treatment increases expression of cyclin A and cyclin B1 (150, 151), 

cell-cycle checkpoints at S-phase in the cycle, which leads to the S-phase arrest. 

Although arrest of cells in G1 has been observed, the mechanism explaining this finding 

remains unclear (153-155).  

This increase in cell differentiation strengthens the conclusion that ZA inhibits 

self renewal. Studies from this aim investigated the effects of ZA on BMI-1, a protein 
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involved in the self renewal process through inhibition of chromatin remodeling (118). It 

was observed that BMI-1 expression is decreased following treatment with ZA. This 

correlates with decreased expression of Twist, which has been shown to regulate BMI-1 

expression (118). The interaction between Twist and the BMI-1 promoter was also 

decreased, providing a link between loss of EMT transcription factor expression and loss 

of self renewal. 

Treatment with ZA was shown to both prevent mammosphere formation, as well 

as to decrease the number of mammospheres already formed. Florescence activated cell 

sorting of the CD24-enriched and CD24-null populations was performed to provide 

clarity on the importance of cellular differentiation induced by ZA treatment. A number 

of conclusions were drawn, based on the findings from these experiments. 

Firstly, growth kinetics of the cells from the CD24-enriched and CD24-null 

populations of both cell lines showed stark differences in their growth rate for one week 

under adherent conditions. These results correlated nicely with the increase in epithelial 

and differentiation phenotypes. This result also correlated with inhibition of cell cycle 

progression observed in the whole cell population. Although the growth kinetics 

remained slowed in the MDA-MB-231 cells, the growth rate of Hs578t cells rapidly 

increased over time. These results correlate with the drug pressure removal experiments, 

as these cells showed a regain of mesenchymal phenotype as time increased in the 

absence of drug treatment.   

Mammospheres from both the CD24-enriched and CD24-null populations of 

TNBC showed differences in their mammosphere formation capacity. The increase in 

CD24 expression reduced mammosphere forming capacity in Hs578t, but had no effect in 

the MDA-MB-231 cells. In addition, no differences in ZA drug sensitivity were observed 
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between the CD24-enriched and CD24-null populations. Dose-response experiments 

performed on a panel of breast cancer cells, both epithelial and mesenchymal, resulted in 

similar IC50’s following treatment with ZA (refer to Figure 1.15; Table 1), suggesting 

that ZA inhibits cell viability independent of cell type (epithelial vs. mesenchymal). The 

results comparing the CD24-enriched and CD24-null populations correlate with this 

observation. 

Studies which examined the plasticity of these drug effects suggest that the 

changes induced by ZA treatment are not permanent. Cells which were enriched in CD24 

expression reverted back to CD24-null following removal of drug pressure. Similar 

results were achieved in adherent culture; over time cells regained their mesenchymal cell 

morphology and proliferative capability. However, CD24-enriched cells were able to re-

express CD24 following treatment with ZA, where the CD24-null population were unable 

to do so. Taken together, these results may reflect an increased plasticity of the cell’s 

ability to reverse the epithelial-mesenchymal transition, where the cells which did not 

increase in CD24 originally may be more resistant to the reversal. 
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Chapter 5: Summary & Conclusions 

Zoledronic acid has been shown to improve disease free survival of 

postmenopausal breast cancer patients when used alone or in combination with endocrine 

therapy. These effects have been examined and elucidated in a number of preclinical 

studies. Furthermore, ZA has been shown to reduce metastatic disease and to prevent 

disease recurrence in patients, which has been reproduced in the preclinical setting. To 

date, no molecular mechanism has been provided to explain the effect of ZA on either 

inhibition of cell viability or metastatic disease. Therefore, the goal of this dissertation 

was to elucidate molecular mechanisms of ZA. Specifically, mechanisms pertaining to 

cell viability, the epithelial-mesenchymal transition and the tumor initiating cell 

population were examined.  

Experiments reported in Chapter 3 demonstrated that the combination of ZA and 

letrozole inhibited AC-1 cell viability and aromatase activation in an additive manner.  

During these experiments it was discovered that treatment with ZA reduced aromatase 

activity, but only on a cellular level. Experiments investigating the mechanism whereby 

ZA reduced aromatase activity illustrated that treatment with ZA decreased serine 

phosphorylation of the aromatase enzyme in AC-1 cells. Rescue experiments performed 

with estradiol and ZA demonstrated that, following 72 hours of treatment, estradiol could 

significantly rescue the effects of ZA on cell viability. However, these effects were lost 

following a longer treatment period. Based on these findings, it is concluded that 

treatment with ZA inhibits aromatase activation through decreased serine 

phosphorylation, and that this inhibition of the aromatase enzyme contributes to the anti-

tumor mechanism of ZA in ER+ breast cancer cells.  
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The three main clinical trials which have investigated the efficacy of ZA as an 

adjuvant treatment for breast cancer have demonstrated that the anti-tumor efficacy of ZA 

is observed only in postmenopausal patients (70-72). This suggests that the anti-tumor 

mechanism of ZA may be hormone linked, which the findings of this dissertation 

support. After menopause, estrogen production by the ovary is markedly reduced and 

occurs only in non-ovarian tissues, such as adipose tissue. Due to the feedback 

mechanism of estrogen on the pituitary gland, aromatase inhibitors are not used for 

premenopausal patients except when patients have been treated with luteinizing hormone 

releasing hormone. Based on the mechanism proposed in this dissertation, ZA would 

further ablate estrogen production when used in combination with aromatase inhibitors in 

postmenopausal women. 

The results from this dissertation provide credence to the hypothesis that other 

compounds which could inhibit aromatase phosphorylation in a manner similar to that of 

ZA may be efficacious in the treatment of ER+ breast cancer. For example, earlier results 

from the Brodie laboratory demonstrated that treatment with the selective estrogen 

receptor downregulator fulvestrant decreased aromatase activity (49). At the time, the 

mechanism of these effects was unclear, as fulvestrant is an estrogen receptor antagonist 

and not an aromatase inhibitor. The results from that publication showed that fulvestrant 

could inhibit the expression and activity of aromatase in JEG-3 human choriocarcinoma 

cells, but that fulvestrant had no effect on the enzyme itself in microsomal aromatase 

assays. Additionally, fulvestrant has been shown to inhibit the phosphorylation of Akt 

(156). Based on the results of this dissertation, it is postulated that fulvestrant inhibits 

aromatase activity via a mechanism similar to that of ZA. 
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In addition to mechanisms pertaining to aromatase, other mechanisms of ZA drug 

action on cell viability were investigated. Studies using the HER2+ cell line SkBR3 as a 

model system confirmed that ZA inhibits the expression and activation of endogenous 

aromatase. Treatment with ZA also inhibited the expression and activation of 

cyclooxygenase-2 (COX-2) in SkBR3 cells, confirming earlier reports (94). Although 

inhibition of COX-2 was not the mechanism of cell viability inhibition, it may contribute 

to the anti-tumor effects of ZA through its known actions on regulation of aromatase, 

increased angiogenesis (157-159), and immune suppression (160-162). Zoledronic acid 

has been shown to reduce angiogenesis (99, 100) as well as modulate cells involved in 

immune surveillance (163-165). Therefore, it is concluded that the inhibitory effects of 

ZA on COX-2, though not the anti-tumor mechanism, may indirectly provide additional 

benefit to its use as a breast cancer therapeutic. 

In the current studies, zoledronic acid was also shown to inhibit the transcriptional 

activity of nuclear factor kappa B (NFκB) in SkBR3, MDA-MB-231, and Hs578t cells. 

Silencing of NFκB active subunit RelA had no effect on the viability of SkBR3 cells, but 

was able to partially inhibit viability of both Hs578t and MDA-MB-231. These results 

suggest that inactivation of NFB transcriptional control may also contribute to the anti-

tumor mechanism of ZA.  

Experiments described in Chapter 4 examined the effects of ZA on the epithelial-

mesenchymal transition (EMT) and the tumor initiating cell population. Results from this 

aim conclude that ZA modulates EMT, as evidenced by decreased mesenchymal cellular 

morphology, and decreased mesenchymal mRNA and protein expression. Increases in 

epithelial cell morphology, E-cadherin protein and mRNA expression, and increased 

CD24 cell surface expression were also observed. These changes in expression correlated 
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with loss of NFκB transcriptional activation. Specifically, RelA knockdown resulted in 

decreased Twist and Snail mRNA expression similar to that achieved following treatment 

with ZA. Additionally, chromatin immunoprecipitation experiments examining the 

transcriptional control of RelA on the Twist promoter showed that treatment with ZA 

reduced the interaction between RelA and the Twist promoter. Based on these findings, it 

is concluded that treatment with ZA modulates EMT through inactivation of NFκB gene 

transcription.  

The effects of ZA on the tumor initiating cell population were also investigated, 

with emphasis on the role of ZA in cellular differentiation and self renewability.  ZA 

increased cellular differentiation in triple negative breast cancer cells (TNBC), as 

evidenced by decreased proliferative capacity and cell cycle progression, as well as 

increased E-cadherin expression. Treatment with ZA also decreased the expression of self 

renewal proteins Oct-4 and BMI-1. This loss in self renewal protein expression was 

associated with reversal of EMT, as the interaction between EMT transcription factor 

Twist and the BMI-1 promoter decreased following treatment with ZA. In addition, ZA 

treatment could both prevent the formation of mammospheres as well as reduce the 

number of existing mammospheres, which correlated with decreased self renewal protein 

expression.  

Studies on the tumor initiating cell surface expression signature revealed that 

treatment with ZA could increase the expression of CD24 on the cell surface. These 

results confirmed that treatment with ZA increases cellular differentiation, but also 

suggest that treatment with ZA modulates the tumor initiating cell population in TNBC. 

Fluorescence assisted cell sorting (FACS) experiments were used to study the implication 

of increased CD24 cell surface expression on TNBC proliferation, self renewal, and 
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sensitivity to ZA treatment. It was observed that increased CD24 cell surface expression 

correlated with both decreased proliferative capacity and decreased mammosphere 

forming capability of CD24-enriched cells (though this was only observed in the Hs578t 

cell line). Based on these results, it is concluded that treatment with ZA inhibits the tumor 

initiating cell population through increased cellular differentiation and decreased self 

renewal.  

The results from Chapter 4 have implications with respect to the metastatic 

cascade. These findings suggest that treatment with ZA can convert a mesenchymal cell 

to an epithelial cell, and prevent the cell from gaining motility. In addition, these results 

suggest that ZA can suppress the self renewal capability of a cell which has metastasized. 

Overall, these findings propose that treatment with ZA can inhibit metastasis and 

generation of a tumor at a secondary site.  

The experiments from Chapter 4 also investigated the plasticity of ZA’s drug 

effects on TNBC. Results from both FACS and adherent cell culture experiments 

illustrate that in the absence of drug treatment, TNBC regain their accelerated 

proliferative capacity and revert back to their mesenchymal morphology and phenotype. 

Based on these findings, it is concluded that the drug effects of ZA are transient.  

The overall conclusion of this dissertation is that ZA affects breast cancer cells in 

a myriad of ways. Treatment with ZA inhibits aromatase activity, COX-2 expression and 

activity, and NFκB gene transcription. It also modulates EMT, increases cellular 

differentiation, and reduces self renewal capability. Understanding this multiplicity of 

pharmacological effects may help determine its value in the clinical setting.   
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