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ABSTRACT 

Breast cancer has the highest prevalence of cancers in women in the USA; 

approximately 1 in 8 women will receive a diagnosis in their lifetime. Invasive ductal 

carcinoma (IDC) is the most commonly diagnosed breast cancer and presents a serious 

problem if it metastasizes, decreasing 5-year patient survival from ~98% to ~29%. Tumor 

cells grow in an environment that is known as the tumor microenvironment (TME). Due 

to inflammation, the TME of IDC is often saturated with neutrophil- and macrophage-

derived proinflammatory cytokines including oncostatin M (OSM) and interleukin-1beta 

(IL-1β), both of which promote favorable conditions for metastasis. Modifications in the 

organization, density, and alignment of collagen I fibers present in extracellular matrix 

(ECM) of the TME directly impact IDC cell motility and invasiveness, both factors in 

metastasis. Lysyl oxidase like-2 (LOXL2) is an enzymatic protein secreted by fibroblast 

and IDC cells that catalyzes the crosslinking of collagen I fibers in the ECM. Increased 

collagen crosslinking alters the characteristics mentioned above, worsening patient 

prognosis and promoting metastasis. Proposed is a novel mechanism for proinflammatory 

cytokine-promoted ECM remodeling and subsequent metastasis in IDC. OSM signaling 

induces enzymatically active LOXL2 expression and extracellular secretion, leading to 

significant remodeling of ECM collagen I fibers that promotes significantly increased 

invasion, tumor growth, and metastasis. LOXL2-mediated ECM remodeling is also 

critical for OSM promoted IDC tumor growth and metastatic progression. Combined, 

these results demonstrate that OSM-induced LOXL2 has serious implications for IDC 
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tumor progression and metastasis. Further studies and understanding of the mechanisms 

at play in this association will hopefully lead to better therapeutic discoveries to prevent 

metastases. 
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CHAPTER ONE: INTRODUCTION 

The emphasis of this dissertation research is on mechanisms that promote tumor 

progression and metastasis in the most common type of breast cancer affecting women. 

Under Dr. Cheryl Jorcyk’s mentorship, my research was primarily focused on how: i) 

ductal carcinoma cells alter extracellular matrix (ECM) in the breast tumor 

microenvironment (TME); ii) proinflammatory cytokine signaling, initiated primarily by 

oncostatin M (OSM) but also by interleukin-1beta (IL-1β), affect collagen and stromal 

ECM tissue remodeling; and iii) the subsequent alterations to the ECM promote breast 

cancer tumorgenicity, progression, and metastasis. Understanding the mechanism of 

OSM signal transduction involved in lysyl oxidase-like 2 (LOXL2) induction, and the 

synergistic relationship between OSM and IL-1β signaling pathways, which combine to 

significantly increase of LOXL2 expression, is valuable for breast cancer research. This 

introductory chapter serves as an overview of relevant topics, knowledge of which will be 

useful for understanding the research presented and discussed later in the dissertation. 

The following sections of the introduction contain pertinent background information 

regarding the subject matter highlighted in the section headings. Ideally, with this 

overview, readers of all backgrounds will be able to comprehend the significance of the 

data presented and how it fits into the bigger picture.  

Cancer 

Cancer is not new to humanity; in fact, it was Hippocrates (460-375 BC), the 

Father of Medicine himself, that coined the term cancer while studying the disease, and 
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named it after the Greek word for ‘crab’. [1] Cancer is an umbrella term used to classify a 

collection of cellular diseases that can be characterized by their uncontrolled cell 

proliferation, abnormal cell shape or morphology, irregular functionality, and most 

importantly the ability to spread both locally and distally to other tissues. Prior to 

bypassing the constraints maintaining localized growth, aberrant cells clinically regarded 

as neoplastic cells, are said to be pre-cancerous. If left undiagnosed or untreated, pre-

cancerous neoplastic cells will eventually bypass the limiting constraints and spread out 

locally, invading neighboring tissues. This action renders the cells to be defined as 

malignant, which are officially considered cancerous. True malignant cancer involves, 

but is not limited to, the degradation of the encapsulating basement membrane (BME) by 

matrix metalloproteinases (MMPs), undergoing epithelial-to-mesenchymal transition 

(EMT) to promote cell detachment and motility, and stimulating the growth of nearby 

vasculature by secreting proangiogenic factors such as VEGF. Once the malignant 

neoplasm has spread to distant tissues through the circulatory and/or lymphatic systems, 

it receives the metastatic cancer label. The spread, formation, and subsequent growth of 

these metastases greatly reduces the odds of survival.  

Cancers originate from normal cells that for various reasons progressively evolve 

into neoplasms, which will continue to acquire the hallmark capabilities that lead to 

neoplasm malignancy and ultimately metastasis. Some of these hallmarks are mentioned 

above, and they can also be found highlighted in (Figure 1.1). [2] Overall there are a 

variety of biological factors that promote cancer progression; of noted importance are 

mutations to DNA, epigenetic destabilization, alterations to the tumor microenvironment 

(TME), and the activation of inflammatory response. [3, 4] The majority of cancers arise 
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from the epithelial cells that form glands, ducts, and the epithelium of organs; these are 

called carcinomas. In comparatively rare cases, there are instances of cancers forming 

from vascular endothelial cells, bone-forming cells, immune cells, as well as other cell 

types.  

Due to the complexity of the disease, cancer remains one of the leading causes of 

death in the United States (US) and the world. As of 2020, cancer is the second leading 

cause of death, just behind heart disease, but the gap between these two has been steadily 

shrinking. [5, 6] In fact, as of 2023, the lifetime probability of receiving a cancer 

diagnosis is approximately 2 in 5 (~40.9%) for males and 1 in 3 (~39.1%) for women, 

with people over the age of 70 contributing the most. [7] Males receive more new cases 

and have higher incidence and mortality rates of cancer than women. This can largely be 

attributed to males’ propensity for riskier jobs, worse health consciousness, and higher 

chances for exposure to dangerous environmental conditions. [7, 8] With the probability 

of getting cancer being so high, many cases occur annually. For 2023, in the US, it is 

estimated that 1,958,310 new patients will be diagnosed with some form of cancer, and 

609,820 cancer-related deaths are projected. [7] The most commonly diagnosed forms of 

cancer in the USA by incidence rate per 100,000 individuals are breast, lung, prostate, 

and colorectal cancers, with other forms of cancer having less than 100,000 new cases a 

year. [7] These four cancers are also the most diagnoses worldwide. [9] As would be 

expected, these cancers also lead to the largest number of total deaths and incidence of 

death annually but in a slightly different order, with lung cancer being first, followed by 

breast, prostate, colorectal, and pancreatic cancer. Though these cancers have the highest 

number of deaths associated with them, the forms of cancer that have the lowest odds of 
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survival (over a 5-year period) in order are pancreatic, liver, esophageal, lung, stomach, 

brain, and ovarian; all of which are below 50% 5-year survival. Pancreatic cancer, 

unfortunately, is the deadliest with a 12% chance to live 5 years post diagnosis. [7] The 

healthcare costs for patients who are afflicted with cancer are large, with a national 

expenditure of over $125 billion each year since 2010. This increased to $183 billion for 

2015, making it the fourth most costly chronic disease according to the CDC; behind 

heart disease, diabetes, and dementia. [10, 11] Estimates are that by the year 2030, the 

burden of healthcare expenses for all cancers will become 30% greater, with an expected 

annual cost of $246 billion to the US alone. The field of cancer research is by far the 

broadest field amongst diseases researched today, due in large part to the many different 

types of cancers that can arise and the heterogeneity of the associated cells. Therefore, 

treatments that work for some may not work for others, leaving plenty of possibilities for 

future cancer biologists to make an impact on the lives of those affected. Specifically, 

breast cancer is of utmost importance due to its prevalence in women in the US and 

around the world. Though the advancements in the field of breast cancer research have 

led to great strides in early detection and treatment options, there is still much work to be 

done especially when it comes to preventing, and treating, metastatic breast cancer. 

Breast Cancer 

Breast cancer is by far the most commonly diagnosed cancer in women in the US. 

The number of new cases for 2022 is approximately 287,850 for invasive breast cancer 

(IBC) and 51,400 for ductal carcinoma in situ (DCIS), which is a precancerous neoplastic 

growth that can lead to IBC if unattended. [12, 13] These cases, along with cases 

diagnosed in previous years, amount to the most devastating statistic for women; the 
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death of 43,250 grandmothers, mothers, wives, and sisters, all breast cancer victims 

claimed in 2022. [14] Men are fortunate to make up a very small proportion, at little more 

than 1%, of the total breast cancer cases each year. The estimated number of males that 

were diagnosed with some form of breast cancer in 2022 was around 2,710, and 530 

deaths were estimated to have taken place. [14] Keeping in mind the fact that breast 

cancer predominantly affects women, it is truly depressing that for over a decade breast 

cancer has had the highest incidence rate, had the most overall diagnoses, and the 2nd 

leading cause of cancer-related deaths in the US annually. Sadly, this trend is expected to 

continue in 2023. [14] 

Breast cancer research is currently booming, and there have been a lot of 

advancements in the last 20 years that have led to significant improvements in treatment 

options and the overall health of patients battling with IBC diagnoses. IBC use to 

predominantly be treated with radiation therapy and mastectomies, where doctors would 

surgically remove all or part of the breast tissue in order to remove the cancerous tissue. 

[13, 15-17] Thankfully, new developments have led to better therapeutic options, such as 

hormonal inhibitors and targeted therapies, that in addition to being effective against 

cancer, are far less invasive and traumatizing to patients as previous surgical techniques. 

[13, 18-20] Though surgery is still usually required, these other options have helped with 

not only improving patient outcomes but also improve quality of life once in remission. 

These new ways of treating IBC have led to a significant increase in positive prognoses 

for patients and have greatly improved the odds of survival (from 75% to 90% over a 5-

year period). [7, 14] There are limits; however, and far too many breast cancer patients 

ultimately succumb to and die from this disease. Contributing to this is the fact that IBCs 
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develop immunity to drugs over time, and the tumor stage, or extent of tumor spread of 

IBC when it is first detected. IBC is classified into 4 stages with each stage correlating 

stepwise to increased neoplasticity, irregularity, and aggressiveness of the IBC cells. At 

stage III the tumor, or amalgamate of cancerous tissue, has spread to other areas of breast 

tissue (Figure 1.2). [21] However, the overall survivability of IBC can still very high at 

this stage. It is when IBC becomes metastatic, or stage IV, that odds of survival plummet. 

In fact, if caught before reaching the metastatic stage of IBC progression, patient five-

year survival is greater than 98%. If left undetected or untreated; however, IBC will 

eventually metastasis and when this occurs the chances of surviving drops precipitously 

to less than 29%. [8, 14, 22] Contributing to the metastatic phenotype, IBC exists in an 

inflammatory microenvironment, saturated by growth factors and proinflammatory 

cytokines released from tumor-infiltrating macrophages and neutrophils present in the 

stromal extracellular matrix (ECM). [23-25] Additionally, this leads to alterations in 

signal transduction and gene expression in the cancer cells that ultimately promotes 

immunity to the various cancer medications currently in use, contributing to aggressively 

invasive and untreatable forms of IBC. Due to the negative impact metastatic lesions 

have on patient survival, it is critical to understand the different types of IBC and the 

mechanisms they utilize to combat therapeutics and promote metastasis.  

Types of Breast Cancer and Hormone Receptor Status 

Breast cancer can arise from a few different breast cell types, leading to distinct 

types of breast cancer. The tissues that are most likely to become cancerous are the milk 

transporting ductal tissues that start at the base of the milk producing lobular glands and 

terminate at the nipple, and the lobules of the glands themselves (Figure 1.3). [26, 27] 
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The milk is produced in response to hormonal stimuli, which play a major role in IBC 

progression. [28, 29] Prior to becoming cancerous, the tissue must first go through the 

process of neoplasia (new growth) until it forms precancerous tissues, classified as a pre-

invasive neoplasm called ductal carcinoma in situ (DCIS) or lobular carcinoma in situ 

(LCIS), these then become invasive ductal carcinomas (IDC) and invasive lobular 

carcinomas (ILC) respectively (Figure 1.4). [12, 21, 30, 31] When discussing breast 

cancer, it is the ductal tissue that is commonly thought of, because it is most likely to 

become cancerous and ultimately invasive, with IDC making up about 80% to 85% of all 

diagnosed breast cancers. [13] Lobular carcinomas make up the second most diagnosed 

form of breast cancers, with about 10% to 15% of the total diagnosed cases. [32, 33] In 

addition to these, some rare forms of breast cancer make up the remaining 5% of 

diagnosed cases. Included amongst these is inflammatory breast cancer, constituting 1% 

to 3% of cases. It results from ductal or lobular cancer cell blockage of lymphatic vessels 

causing excessive inflammation. It is very aggressive and results in up to 10% of annual 

breast cancer deaths. [34] There is also Paget’s disease, a cancer involving anogenital 

tissue of the nipple, and phyllodes tumors that form from stromal tissue, but these are 

usually benign. [35, 36] As described, breast cancer is not just one type of tissue 

becoming cancerous or one route of pathology; therefore, research must be done on each 

separately to help address the nuances of each situation. Due to the much higher burden 

that ductal and lobular carcinomas have on overall breast cancer diagnoses, they are often 

the most studied form of IBC. To further complicate diagnoses, in addition to breast 

cancer types, genomic expression analysis of patient derived tumor biopsies across the 4 

stages of disease progression revealed four biomarkers whose expression determines the 
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breast cancer subtype. [37] This, in addition to recurrence with observed resistance to 

initial treatments, provides evidence that breast cancer tumors are highly variable and are 

mostly heterogenic in makeup. [38]  

Genomic expression studies performed on IBC cells have led to the identification 

of four major breast cancer subtypes in both IDC and ILC, that are distinguished by and 

correlate to the expression profile of four biomarkers: three receptors and a proliferation 

marker. IDC and ILC are organized into four subgroups based on the expression of two 

hormone receptors (HR), estrogen receptor (ER) and progesterone receptor (PR), an 

epidermal growth factor receptor called ErbB2 receptor (HER2), and the proliferation 

marker Ki67; all of which are important for determining cancers pathology. [13, 21, 39] 

The three receptors are critical for breast cancer cells to transduce signaling stimuli 

necessary to thrive and acquire hallmark characteristics for cancer progression. Entire 

classes of therapeutic treatments have been developed to block these receptors and 

prevent ligands from binding to them, thus inhibiting signal transduction and subsequent 

gene regulation that promotes breast cancer progression. [13, 14, 21, 26] However, as 

IBC progresses in patients, the breast cancer cells undergo mutations and new signaling 

pathways become activated to gain or enhance tumorigenic properties, eventually 

bypassing the need for these receptors to function and thrive. Consequently, the names 

and receptor profiles for the 4 major subtypes of IBC arranged in the order of least 

invasive to most invasive are listed here. 1) Luminal A breast cancer is hormone receptor 

positive (HR+), meaning it is positive for both ER and PR, and it is negative for HER2 

expression (HER2-). Therefore, luminal A breast cancer is ER+ PR+ HER2-.  2) Luminal 

B breast cancer is ER+ PR+ HER2+/- Ki67+.  3) HER2-enriched breast cancer is ER- 
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PR- HER2+, with high levels of HER2 receptor expression. 4) Triple negative breast 

cancer (TNBC) lacks the expression of all 3 receptors and is labeled ER- PR- HER2-. 

[13, 26] TNBC can be further divided into basal-like A or B, mesenchymal, and 

mesenchymal stem-like subtypes. [18] Breakdown of IBC diagnoses approximate for 

luminal A, luminal B, HER-enriched and TNBC are 40%, 20%, 10-15% and 15-20% 

respectively (Figure 1.5). [13, 18, 19, 26, 40, 41] Starting with luminal A IDC and 

progressively going through the IDC subtypes will there are several notable patterns 

observed. There is a shift from an epithelial to a mesenchymal phenotype, cells are less 

differentiated and more stem-like, increased chance of recurrence, and overall patient 

survival decreases. Identifying which of the 4 subtype characteristics the IDC tumor in 

patients have, or determining the subtype for IDC cell lines studied in vitro, is critical in 

advancing breast cancer research. This is due to the differences both phenotypically and 

genotypically associated with each subtype; therefore, each responds in a unique manner 

to chemokine, cytokine, and hormone stimulation. There has been some overlap observed 

between the subtypes, this is usually found in the subtypes that are adjacent to each other 

on the list.  

Due to these differences, most of the time each subtype of breast cancer will 

require different treatment strategies and therapeutic drugs to combat the IDC for each of 

the subtypes, especially since a large class of breast cancer drugs do not work on TNBC 

since they inhibit hormone and HER2 receptor inhibitors for luminal A, luminal B and 

HER2-positive IDC. [17, 19, 20, 42] Many breast cancers tend to start out as luminal A 

and progress in a stepwise manner down to mesenchymal-like TNBC. [13, 18, 26, 38] 

This can also be the situation when IDC patients have a relapse and cancer comes back 
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after remission. Unfortunately, this generally results in more aggressive IDC cancer that 

has gained the hallmark characteristics of a more mesenchymal subtype. This 

development, known as IDC tumor cell progression, can ultimately lead to the metastatic 

lesions discovered in distant organs. Understanding how IDC progression works is of the 

highest priority in cancer research since this is the mechanism that leads to the formation 

of metastatic IDC. In the next section we will focus on IDC  

Invasive Ductal Carcinoma Progression to Metastasis 

As highlighted in the previous chapter, invasive ductal carcinoma or IDC is the 

most common form of breast cancer in women, accounting for over 80% of all breast 

cancer diagnoses. Due to the prevalence of IDC in the total patient population, my 

research and; therefore, the remainder of this dissertation will be focused specifically on 

the IDC form of breast cancer. Starting at the base of the lobular tissue, these ductal 

tissues extend from the nodes to the nipple of the breast facilitating the transfer of breast 

milk. [26-29] How normal ductal cells progress to IDC is described below. [43] 1) From 

healthy and fully differentiated epithelial ductal cells, an event, either spontaneous 

mutation or carcinogen exposure leads to the formation of neoplastic epithelial cells. 2) 

When that happens, the ductal epithelium begins a process of hyperplasia or increased 

proliferation, which progresses to apical hyperplasia as proliferation gets more 

pronounced. 3) Progressing further, the cells become less differentiated and display more 

abnormal morphology as cells spread inside the duct, forming a pre-invasive, basement 

membrane (BME) confined neoplasm known as DCIS. [30, 40] 4) As each cell divides 

mutations will build up until oncogenes gain function capable of basement membrane 

degradation allowing tissue infiltration, progressing to cancerous IDC (Figure 1.4). [13, 
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31] 5) Cells continue to proliferate attaining gain of function oncogene and loss of 

function tumor suppressor gene mutations until becoming malignant and metastasizing. 

[12, 44] When IDC metastasizes, it does so by directly spreading to nearby tissues or 

infiltrating lymphatic tissue and vasculature, utilizing these circulatory systems to 

circulate throughout the body forming distant metastases (Figure 1.6). [13] 

Dysregulation of the proinflammatory pathways, loss of reliance on hormone receptors, 

and mesenchymal phenotype transitions are are just some of the important oncogenic 

functions involved in IDC becoming malignant.  

The following sections will cover various mechanisms involved in promoting 

metastasis that studies in Dr. Jorcyk’s lab are predicated on. This includes 

proinflammatory cytokine promoted changes in IDC morphology by mediating epithelial-

to-mesenchymal transition (EMT) in cancer cells, degradation of the BME and 

remodeling of stromal extracellular matrix (ECM) in the TME, losing cell-to-cell 

junctions and contact inhibition, and activation of proangiogenic factor secretion. These 

are facilitated by important biological processes and cellular interactions manipulated to 

assist tumor progression and ultimately metastasis. 

Tumor Microenvironment 

The tumor cells themselves are not alone in the propagation and progression of 

the cancer. One of the largest contributors to the overall maturation of the tumor cell 

tissues is the tumor microenvironment (TME). Conditions of the local environment in 

which a cell resides can vary widely depending on several factors such as: i) extracellular 

matrix (ECM) composition of the stroma and basement membrane (BME), [45-48] ii) 

cells that are involved in nearby signaling which can be hijacked by the tumor cells, [25, 
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49-54] and iii) inflammatory response and proinflammatory cytokine signaling, just to 

name a few. [25, 54-56] In recent years, the TME has been recognized for its 

involvement and significant impact on IDC tumor cell progression and activation of 

signaling pathways that affect phenotype, genotype, and morphology. [57-61] The 

composition, characteristics, and the cellular backdrop of the ECM forming the TME 

affect interactions with membrane bound proteins on tumor cells. For example, β-

integrins and cluster of differentiation-44 (CD44) proteins membrane proteins actively 

promote inflammatory cytokine secretion and oncogene expression that impact tumor 

progression. [48, 62-67] Molecules found within the TME can promote changes in 

normal tissue leading to neoplasia, this includes hydrogen peroxide and other reactive 

oxidative species (ROS) formed in redox reactions. In high concentrations the unstable 

free radicals trigger oxidative reactions altering protein function and damaging DNA. 

[68, 69] The TME also contains fibroblasts and immune cells such as macrophages and 

neutrophils that normally respond to wound healing and inflammation stimuli. They 

response to stimuli from IDC tumor cells in a similar manner promoting recruitment to 

the TME. The IDC tumor cells will secrete chemokines and cytokines that reprogram/ 

polarize the cells forming cancer associated fibroblasts (CAFs), tumor associated 

macrophages (TAMs), and tumor associated neutrophils (TANs). In this state they will 

secrete enzymes, growth factors, cytokines, and chemokines that promote tumor 

progression and increase tumorigenicity (Figure 1.7). [25, 67, 69-74] The TME is 

dynamically involved in breast cancer progression, with rapid and dramatic responses to 

stimuli that take advantage of cellular responses to inflammatory factors and promote 

epithelial-to mesenchymal transitions (EMT). [75-78] The inflammation and ECM 
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composing the TME that are important for my research and that impact IDC growth, 

progression, invasion, and metastasis are highlighted in greater detail below. 

Inflammation and Inflammatory Cytokines 

Inflammation is critical to IDC tumor cell progression because of the impact it has 

on various critical functions associated with worsening prognosis. [76, 79-81] Formation 

of ROS is one important factor in the proinflammatory response in cells, which then 

combine to promote cytokine expression, DNA damage and increases rate of mutation. 

[68, 69, 79] IDC inflammation occurs due to many factors that are both extrinsic and 

intrinsic, and is often associated with immune cells such as macrophages, monocytes, and 

neutrophils. [24, 25, 82, 83] Inflammatory cytokines such as interleukin-6 (IL-6) and 

other cytokines in the gp130 family, such as OSM, are known for their role in both acute 

and chronic inflammation and in promoting cancer progression. [84-86] In addition to IL-

6-family of proinflammatory cytokines, the interleukin-1 (IL-1)-family which includes 

interleukin-1beta (IL-1β) also have a similar duality in their roles in inflammatory 

response and tumor progression. [87]  The current paradigm in inflammation and 

cytokine-induced ductal tumor development is IL-6 signaling promotes progression and 

metastasis. [88-91] However, research shows that IL-6’s sister cytokine OSM also 

promotes invasion and metastasis in a manner independent of IL-6. [23, 54, 92, 93] The 

roles that both OSM and IL-1β play in association with the tumorigenesis and the 

promotion of metastatic IDC are discussed in the following sections. These are not the 

only families of cytokines but they are central to the research our lab performs involving 

IDC progression and metastasis. 
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Oncostatin M 

OSM is a pleiotropic IL-6-related cytokine that is essential for the inflammatory 

response and is produced by activated T-cells, macrophages, monocytes, and neutrophils. 

[54, 94, 95] OSM is secreted and can bind to type I collagen and other ECM fibers, 

remaining active for extended periods of time which promotes signaling in invasive cells. 

[96] Signaling is prompted when OSM binds to the gp130 receptor subunit, which leads 

to the recruitment and dimerization with the OSM receptor β (OSMRβ) subunit forming 

the receptor complex (OSMR). [97, 98] OSM signaling can also occur when OSM bound 

gp130 subunit dimerizes with the leukemia inhibitory factor beta (LIFRβ) subunit 

forming the receptor complex (LIFR); [99] however, OSM has an affinity for OSMR that 

is orders of magnitude greater. [100] This action then leads to the phosphorylation and 

activation of the JAK/STAT, PI3K/AKT, and MAPK/ERK signaling pathways. [101] 

Once activated, these pathways alter gene expression so that breast cancer cells 

progressively become more motile, invasive, and metastatic.  

Currently, it is thought that OSM promotes invasion and metastasis by stimulating 

an epithelial-to-mesenchymal transition (EMT) in breast ductal carcinoma cells through 

the up- or down-regulation of specific genes that disturb cell polarity, reduce 

differentiation, and promote motility (Figure 1.8). [102-105] EMT is stimulated through 

destabilized localization of E-cadherin or its downregulation, as well as an increase in 

Vimentin, Snail-1, and N-cadherin gene expression. [106, 107] Our lab, as well as others, 

have demonstrated that OSM induces the upregulation of: i) vascular endothelial growth 

factor (VEGF) that leads to angiogenesis, [108] ii) circulating tumor cell (CTC) numbers, 

[55] and iii) lung and bone metastases in vivo. [23] Previous research highlights the 
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important and role that OSM signaling plays in IDC progression and metastasis. 

However, though OSM can activate CAFs, the impact OSM signaling has on ECM 

remodeling of the IDC cell tumor microenvironment (TME), has yet to be explored. [60] 

Interleukin-1Beta 

Another important proinflammatory cytokine family for IDC progression in 

patients is called the interleukin-1 (IL-1) family. One of the members in this family, 

interleukin-1beta (IL-1β), is of interest to research preformed in our lab. As a 

proinflammatory cytokine in the IL-1 family, it binds to a receptor complex composed of 

IL-1 receptor type I (IL-1RI) and IL-1 receptor accessory protein (IL-1RAcP). [109] IL-

1β induces the NFκB signaling pathway and similar to OSM and other IL-6-family 

proinflammatory cytokines the MAPK signaling pathway. [110] NFκB pathway 

activation has been shown to increase breast cancer cell proliferation and invasion by 

increasing CD44 expression, which promotes cell migration, survival, and increased stem 

cell-like characteristics. [111] Additionally, IL-1β stimulates the secretion of proteases 

such as MMPs that degrade the ECM basement membrane allowing tumor cells to spread 

and metastasize. [112-114] NFκB signaling has also been shown to be associated with the 

development of breast cancer stem  cells, which can repopulate regions of metastasis after 

the tissue is thought to have been eliminated therapeutically. [87] Similar to attempts at 

creating therapeutics that inhibit IL-6-family cytokines, drugs against IL-1β have been 

developed, and some are currently on the market, however, none are FDA approved for 

breast cancer or any other cancer patients due to no appreciable improvement in 

prognosis compared to current therapies. 
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The Extracellular Matrix 

The ECM is broken down between stromal connective tissue, cellular basement 

membranes, and the various ligament and cartilages in humans. The extracellular matrix 

(ECM) plays an integral role in tumor progression, as remodeling the ECM of the tumor 

microenvironment is critical for ductal carcinoma invasion and metastasis. [47, 48, 61, 

70, 115, 116] For invasive ductal carcinomas and other cancers originating in the 

epithelium to progress towards malignancy they must first degrade and bypass the 

basement membrane (BME), a specialized layer of ECM primarily composed of collagen 

IV that forms a barrier between the epithelial layer and the stromal tissue separating the 

organs. [117, 118] After the BME is degraded, IDC cells are capable of invading nearby 

tissues and intravasating vasculature by migrating through the stromal ECM. [46, 47, 59, 

119-122] To promote the spread into the stroma and beyond, IDC cells and associated 

CAFs modify collagen and elastin fibers, and other structural proteins in the stromal 

ECM. This involves secreting peptomers of structural proteins and/or protein enzymes 

such as lysyl oxidases to enzymatically catalyze remodeling that affects orientation, 

density, and stiffness promoting invasion and metastasis. [116, 119, 123-125] Alignment 

of stromal collagen I fibers facilitate directed tumor cell motility, and increases their 

velocity, to reach nearby vasculature and/or tissue, as opposed to haphazard motility that 

occurs when randomly oriented. [126-128] These changes in ECM characteristics are 

analyzed to get a better picture of the mechanisms and enzymes involved and lead to the 

remodeling and subsequent improvement in metastatic potential. 
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ECM Proteins and Enzymes 

The ECM collectively refers to the milieu of structural proteins that comprise the 

connective tissues that separate and also envelope cellular tissues, such as the epithelial 

and endothelial cell layers of organs and vasculature (Figure 1.9). [45, 47, 61, 116] There 

are several structural proteins that compose the ECM including collagens, elastin, 

proteoglycans, and glycoproteins. [61, 123] Of these, collagens are the most diverse and 

found abundantly throughout the ECM. Fibrillar collagens like collagen type I and III are 

most commonly found in the stromal ECM, with collagen I making up ~80% of the total 

collagen in the stromal tissue of the breasts. [65, 129, 130] This is a significant fraction of 

the total ECM as collagens make up ~30% of a human’s total protein mass. [131] The 

BME has a different makeup and is predominantly composed of non-fibrillar collagen IV, 

making up ~50% of any given basement membrane. [45, 117] The BME is located in 

between epithelial cell layers and the stroma, forming a barrier between these the stroma 

and epithelium. The stromal ECM houses a variety of glands, nerves, blood vessels, 

fibroblasts, and immune cells. Fibroblasts maintain the ECM structure and change 

density by secreting structural protein peptomers composing collagens, elastin, and 

glycoproteins. [51, 52] Fibroblasts and IDC cells can also modify the ECM stiffness, 

density, and orientation through the secretion of enzymes such as MMPs, lysyl oxidases, 

cathepsins, and plasmin. [72, 132] Lysyl oxidases, specifically LOXL2, is the enzyme my 

research is predicated on, produced by IDC cells. 

Lysyl Oxidase Family 

Amine oxidases make up a large contingent of enzymatic proteins that function to 

catalyze oxidative deamination of differing primary amines. These can be separated into 
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poly-, di-, and mono-amine oxidases; correlating to the number of amine groups present 

in the reaction substrate. [133] One such family of monoamine oxidases are known as 

lysyl oxidases, this family includes lysyl oxidase (LOX) and lysyl oxidase like-1/2/3/4 

(LOXL1-4). [134, 135] These are copper dependent enzymes containing a copper binding 

domain and lysyl tyrosylquinone (LTQ) cofactor site in the catalytic domain, which make 

up the highly conserved C-terminal. The N-terminal on the other hand varies between 

family members, with LOXL2/3/4 all containing 4 scavenger receptor cystine-rich 

domains (SRCR) domains not present in LOX and LOXL1. [136] The catalytic domain 

promotes the enzymatic activity, initiating the oxidative deamination of peptidyl lysine 

and hydroxylysine present in collagens and elastin to form allysine and hydroxyallysine. 

[137] The resulting aldehydes spontaneously react to form a covalent bond between 

themselves, with hydrogen peroxide (H2O2) as a byproduct. [135] This reaction is 

essential for the biogenesis of collagen fibrillation and is known as crosslinking, the lysyl 

oxidase family of enzymes is the only known proteins to initiate this reaction, LOXL2 in 

particular for my research (Figure 1.10). [138, 139]  

The crosslinking reaction leads to the formation of immature crosslinked collagen 

I abundantly found in the stroma, as well as other fibrous collagens such as collagens III 

and IV. As they become dimerized at fibrillar polymeric peptides terminal ends due to the 

spontaneous covalent bonding of the aldehyde formed on the peptidyl lysine and 

hydroxylysine and bind together in a side-by-side formation like you would lay bricks. 

[140] This nomenclature has left some earlier scientists confused when regarding 

crosslinking, as the name implies that the fibers are binding in a cross-like manner and 

this is not the case, as will be discussed in the next section. Eventually, without the 
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further need for lysyl oxidases to initiate it, the mature crosslinked form of collagen will 

result from the immature dimers, these are trimeric crosslinks that promote the 

maturation of the extracellular matrix. This process needs the initial dimerization 

catalyzed by LOXL2 to allow for the trimer to form and ECM to mature.  

Lysyl oxidases are essential for the continued maintenance of collagen fibers in 

the stroma, basement membrane, and other fibrous tissues such as skins dermis and sub-

dermis, as well as tendons and ligaments in and around our joints. The crosslinking 

causes collagens basic building blocks, known as fibrils, to associate with one another to 

form fibers, which can continue being crosslinked in this mechanism which can 

ultimately lead to the formation of ligaments and the healing of damaged fibrotic tissue. 

This family of enzymes has not been studied in as much detail as many of the other 

proteins in the ECM, and new advances are always coming out showing new way these 

unique proteins are involved in human biological processes. Unfortunately, due to the 

nature of their ECM remodeling, LOXs have become a critically important factor in 

cancer research, and specifically breast cancer research. This is in large part due to 

observations that have shown that denser more fibrotic breast ECM tissues in IDC 

patients irrefutably leads to a worse prognosis. [141-144] The lysyl oxidase that I have 

been studying, and the one my research in IDC is predicated upon, is the collagen I and to 

a lesser extent collagen IV targeting lysyl oxidase-like 2 (LOXL2). In the following 

section, I will briefly discuss the impact that it has on cancer progression, and why it 

plays an important role in breast IDC metastatic potential. 
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Lysyl Oxidase Like-2 

LOXL2 is normally highly expressed by fibroblasts or myofibroblasts and 

epithelial cells express much less of the protein, however, IDC cells activate LOXL2 

expression giving them the ability to modify the TME. [119, 125, 145, 146] Lysyl 

oxidase like-2 (LOXL2) expression has been linked to a worse prognosis in IDC patients, 

and increased invasion and metastasis of breast tumor cells. [147-149] LOXL2 is also 

involved in premetastatic niche formation in ECM of distant organs. [150, 151] LOXL2 

expression is upregulated in IDC cells and the LOXL2 mRNA is translated into the 

protein’s native conformation. In this state LOXL2 is found in the cytoplasm, measuring 

~87 kDa and is inactive with no known cellular function. From its native conformation 

two different post translational modifications ensue activating LOXL2, which determines 

LOXL2’s ultimate destination and function. It can undergo proteolytical processing and 

cleavage of the C-term domain resulting in a ~75 kDa LOXL2 protein that is transported 

into the nucleus. [135, 136] When localized to the nucleus, LOXL2 was observed 

stimulating invasive and stem-like properties in IDC cells. [152-154] Additionally, 

LOXL2 promoted EMT through the stabilization and/or upregulation of the transcription 

factor (TF) Snail-1. [78, 155-157] The native LOXL2 can instead undergo N-linked 

glycosylation at two asparagine amino acids, located at N593 and N627. [78] This 

increases the size of LOXL2, appearing as a ~105 kDa protein, which constitutes the 

enzymatically active form of the protein that is secreted extracellularly and initiates the 

formation of collagen crosslinks. [78, 134, 135] By catalyzing collagen I crosslinking, 

LOXL2 secreted by IDC cells can modify the nearby ECM and promotes increased fiber 

alignment, density, thickness, and stiffness. [119, 158] These effects that LOXL2 has on 
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stromal ECM collagen promotes dense fibrotic breast tissues, which leads to worse IDC 

patient prognosis. [141, 142, 159] Modifications to the ECM reduce IDC cell energy 

consumption during motility and increases velocity, promoting cancer malignancy. [158, 

160] In my dissertation research, I was able to show that OSM signaling led to the 

induction of LOXL2 expression in IDC cells. [146] This significantly impacted collagen I 

fiber crosslinking and alignment which ultimately resulted in increased invasion and 

tumor cell metastasis. [146] 

Synergistic Interactions 

A synergistic interaction occurs when two or more factors combine to increase the 

expression of a protein of interest beyond what each factor would be capable of 

individually. [161] When the factors are not synergistic the combined effect on 

expression is equal to the sum of each individual factors impact on expression, it is an 

additive interaction. The opposite of a synergistic interaction is known as an antagonistic 

interaction, or a ‘synergetic decrease’ in expression resulting from the combination of 

factors. Several studies have shown evidence that there are overlapping functions 

between the pSTAT3, pAKT, pERK, and NFκB signaling pathways in IDC ells. This 

could promote synergistic effects when multiple pathways are activated by cytokines 

from different families, specifically OSM and IL-1β. In fact, one of our labs previous 

Ph.D. students Dr. Ken Tawara, showed examples of these synergistic interactions in his 

research. [162] Indeed, other studies show the potential for synergistic interactions as 

well. [163] OSM and IL-1β was also observed in my research to synergistically promote 

LOXL2 expression, highlighted in Chapter 3. The promotion of these synergistic 

responses in oncogenes are of great importance when it comes to breast cancer 
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progression and metastasis leading to fold increases several times larger in protein 

expression than either could affect individually. 

Transcription Factor c-Myc 

The transcription factor c-Myc is a tightly regulated immediate early response 

proto-oncogene that plays a significant oncogenic role in IDC and other cancers. [164, 

165] As a well-known proto-oncogene, c-Myc plays a pivotal role in cell growth, 

proliferation, tumorigenesis and cell differentiation. c-Myc also lies at the crossroads of 

signal transduction pathways found downstream of multiple ligand-receptor complexes, 

including JAK/STAT, MAPK/ERK, and PI3K/AKT. [164] Because of this c-Myc is 

often mutated to bypass restrictions that suppress its expression and becoming an 

oncogene as cancer progresses, a very potent oncogene. [114, 165-167] In fact, c-Myc 

mutations lead to epigenetic destabilization and throws off the cell cycle modulators such 

as p21. [168] Binding to the E-Box promoter sequence that is found coded in the DNA, 

specifically in the promoter sequence of many proteins that c-Myc is responsible for 

activating or enhancing. [169]  

Summary 

Our research on IDC suggests that OSM signaling plays a prominent role in cell’s 

ability to remodel the primary constituent of stromal ECM, collagen I. Remodeling 

occurs as OSM induces the expression and secretion of the matrix remodeling enzyme 

lysyl oxidase-like 2 (LOXL2) in IDC cells. Understanding how OSM regulates LOXL2 

production, and more broadly matrix remodeling of the stroma, will shed light on the 

effect inflammation has on the TME of IDC patients. Breast cancer patients with dense 

breasts also have a worse prognosis than those with normal density, suggesting that ECM 
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remodeling promotes cancer progression. This clinical finding correlates with published 

breast cancer patient survival data demonstrating that patient survival is significantly 

diminished when there are elevated levels of LOXL2 expression. This is critical, as our 

research demonstrates that high OSM and LOXL2 co-expression in IDC patients leads to 

a drastic decrease in metastasis-free survival. Hence, our research will lead to a better 

understanding of the dynamic nature of inflammation promoted metastasis.   
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Chapter One Figures  

 
Figure 1.1 Hallmarks of Cancer Progression. 

This illustration highlights the different mechanisms for cancer cell progression to 

become malignant. There are a total of 10 cellular events or ‘hallmarks’ that develop in 

and around a tumor, accumulating as cancerous tumors progress towards malignancy, 

contributing to the formation of distant metastases. The multicolored icons that form a ring 

around the central tumor illustration, with arrows pointing inward, are representative and 

labelled with the 10 hallmarks. Individually, all of these cellular processes are also 

important to progression and increasing tumor invasive potential. (Taken from [Hanahan 

2010] [2]; License granted for Copyright use, no modifications made). 
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Figure 1.2 Illustration of Local and Distal Spread of Cancerous Tissue Related to 

Breast Cancer Staging. 

 There are several methods to classify invasive ductal carcinomas (IDC) 

progression. The most commonly utilized method that people are familiar with is known 

as breast cancer staging, where increases in stage corresponds to an increase in level of 

cancer cell spread. The illustration in this figure depicts the characteristics of each stage of 

the general staging system. [21] Stage 0: this stage designates non-invasive tumors, or 

DCIS, and can be any size. Stage I: refers to early-stage IDC and characterized by small 

tumor less than 2 cm in diameter that has broken free of basement membrane. Stage II: 

involves IDC characterized by tumor that is 2 cm - 5 cm and spread beginning into 

neighboring ducts or lobules with possibility of lymph node infiltration to the nearest node. 

Stage III: is associated with IDC that has spread to tissues nearby breast tissue such as skin, 

chest wall, or ribs; or having infiltrated extensive numbers of lymph nodes. Stage IV: this 

is characterized by IDC that has become malignant with distant metastases present. For a 

more robust analysis of spread there is also a TNM system, where each letter represents 

staging for Tumor, Nodes (lymphatic), and Metastases. (Credit to Cancer Research UK/ 

Wikimedia Commons for original image. Open Access - Creative Commons (CC) 4.0, 

modified in accordance to CC BY-SA 4.0 guidelines). 
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Figure 1.3 Cross-Section Illustration of the Breast Tissue and Close Up of the 

Lobule and Duct Forming Tissues. 

This cross-section of a breast illustrates the lobular and ductal tissues present in the 

in the breast tissue. As shown the lobules start deep into the tissue and are connected to the 

nipple by the ducts. These tissues respond to hormone signaling from oxytocin and 

prolactin during pregnancy and after birth to secrete milk and transport the milk to the 

nipple. These tissues also respond to estrogen and progesterone hormones, through their 

respective receptors abbreviated as ER and PR, which promote cellular growth, 

proliferation, and development of the tissues. These receptors are important in regards to 

breast cancer progression, where the cells grow and proliferate in excess within the lumen 

prior to breaking out of their confines, or basement membrane separating epithelial cells 

from stroma and other tissues. (Public Domain (Copyright expired); Taken from and 

originally published by Cancer Australia in 2003).  
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Figure 1.4 Ductal and Lobular Tissues Where Ductal Carcinoma and Lobular 

Carcinoma Forms. 

 As highlighted in the illustration, IDC begins in the normal ductal tissue of the 

breast, where mutations in one or more epithelial cells (or as some believe, stem cells) 

causes cells to undergo ductal hyperplasia or uncontrolled proliferation of the ductal cells 

that have undergone mutation [31]. This is followed up by atypical ductal hyperplasia 

where morphologic and phenotypic changes occur as the cells continue proliferating, 

receiving characteristics similar to those of IDC cells. During these steps the ductal cells 

are also known as undergoing neoplasia. As proliferation continues, additional mutations 

occur and further alterations in cellular features eventually leads to the formation of DCIS, 

or a not yet invasive tumor confined by the ductal basement membrane (BME). These 

tumors can be small or large, so long as they are unable to enter the stromal tissue, they are 

considered pre-cancerous. However, with the right mutations activation of oncogenes that 

promote the degradation of the BME will eventually occur, making the aberrant 

proliferating ductal cells into invasive ductal carcinomas (IDC) cells officially becoming 

cancerous. The last step in the IDC maturation involves more oncogenes that promote 

cellular infiltration of nearby tissues, vasculature, and lymphatic channels which makes the 

IDC become malignant resulting in metastasis to various organs. (Taken from [Tower 

2019] [31]; Open Access - CC 4.0, modified in accordance to CC 4.0 guidelines). 
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Figure 1.5 Invasive Ductal Carcinoma (IDC) Subtypes, Associated Phenotypes, 

and Distribution Amongst Patient IDC Cases. 

 Invasive ductal carcinoma (IDC) is one of several different types of breast cancer, 

and also the most prevalent in ~80% of patients. However, IDC is not composed of one 

homogeneous mutation of ductal cells gone awry and is instead a heterogeneous mixture 

of cells with various mutations and therefore phenotypes. They are categorized into 4 

subtypes according to Ki67 proliferation marker, hormone and epidermal growth factor 

receptor expression: 1) luminal A is ER+ PR+ and HER2- (Ki67 low), 2) luminal B is ER+ 

PR+ and HER2+/- (Ki67 high), 3) HER2+ is ER- PR- HER2+ (Ki67 high), and 4) triple 

negative (TNBC) is ER- PR- HER2- (Ki67 high). These are found in patients at 40%, 20%, 

10-15%, and 15-20% respectively. From 1 to 4 there is a correlation to higher grading, 

worse prognosis, and change from epithelial-like to basal-like morphology. (Public 

Domain; Publications informing the graphic illustration are referenced in at the lower left 

corner). [26, 40, 41] 
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Figure 1.6 Metastasis of IDC with the Most Common Areas and Methods 

Utilized During Metastasis. 

As IDC cell progression continues more oncogene gain of function and tumor 

suppressor loss of function mutations occur that will ultimately lead to malignancy and 

metastasis to distant organs. To do this IDC tumor cells will either invade the tissues by 

directly spreading through the connective tissue or stromal ECM (red arrows) or by the 

bodies circulatory systems, either thru hematogenous spreading by means of vascular 

intravasation and extravasation (blue arrows) or by infiltration of the lymphatic system 

(green arrows). The resulting organs and prevalence in patients (%) for common points of 

metastasis are labeled in the figure illustration. (Taken from [Harbeck 2019] [13]; License 

granted for Copyright use, no modifications). 
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Figure 1.7 IDC Tumor Cell Signaling Converts Stromal Fibroblasts, 

Macrophages, and Neutrophils into Cancer/Tumor Associated CAF, TAM, and 
TAN Respectively Promoting Tumorigenesis. 

 The TME is primarily composed of stromal ECM tissues that the IDC tumor enters 

once degradation of the BME occurs. Within the stroma there are both fibroblasts and 

immune cells such as neutrophils and macrophages that respond to epithelial cell signaling 

stimuli involving wound healing or in response to inflammation. The IDC tumor cells 

exploit these mechanisms by secreting similar factors promoting fibroblast, macrophage, 

and neutrophil recruitment to the TME. IDC will continue to secrete chemokines and 

cytokines that reprogram the cells forming cancer associated fibroblasts (CAFs), tumor 

associated macrophages (TAMs), and tumor associated neutrophils (TANs). In this state 

they will secrete enzymes, growth factors, cytokines, and chemokines that promote tumor 

progression and increase tumorigenicity through epithelial-to-mesenchymal transition 

(EMT), angiogenesis, and ECM matrix remodeling. IDC tumor cells in a sense corrupt the 

wound healing and inflammatory response pathways to achieve the ultimate goal of 

metastasis. (Taken from [Petrova 2018] [70]; Open Access - CC 4.0, modified in 

accordance to CC 4.0 guidelines).  
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Figure 1.8 A Confocal Image and Illustration Highlighting the Morphological 

Shift in Cell Phenotypes Undergoing EMT. 

 IDC tumor cells are able to increase invasive potential through several mechanisms 

that necessitate the transduction of specific signal pathways like those from inflammatory 

cytokines. Specifically of great importance, the cytokines are able to stimulate tumor cell 

motility and mesenchymal phenotype by promoting an epithelial-to-mesenchymal 

transition (EMT) in the IDC cells. This occurs through the upregulation of Snail-1 

transcription factor. The figure shows EMT occurring in stepwise manner through confocal 

images looking at loss of keratin 14 and increased vimentin (both events are conducive to 

EMT). The illustration highlights the shift from epithelial to mesenchymal morphology, 

and cluster differentiation (CD) markers detectable at various points. (Taken from 

[Pastushenko 2018] [102]; License granted for Copyright use, modified according to 

Copyright License guidelines). 
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Figure 1.9 Epithelial and Endothelial Cell Layers Separated by Stromal ECM 

and Enveloped by Basement Membrane.  

 The ECM depicted in this illustration highlights the stroma and BME that comprise 

the connective tissues that separate and also envelope cells that form the epithelium and 

endothelium. There are several structural proteins that compose the ECM including 

collagens, elastin, proteoglycans, and glycoproteins. Of these, collagens are the most 

critical due to their diversity, making up the majority of ECM proteins. Fibrillar collagens 

are predominant in the stroma making up ~30-40% of the protein in the stroma. Of these, 

collagen I makes up ~80% (the rest is mostly collagen III) of the stromal collagen. The 

BME has a different makeup and is predominantly composed of non-fibrillar collagen IV, 

making up ~50% of any given basement membrane. The BME is located in between 

epithelial cell layers and the stroma, forming a barrier between these the stroma and 

epithelium. In addition to blood vessels and fibroblasts, the stroma also houses a variety of 

glands, nerves, and immune cells. (Public domain; Author of illustration is credited on 

right-hand corner of illustration). 
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Figure 1.10 Mechanism of LOXL2 Collagen Crosslinking by Enzymatic Catalysis 

of Fibrillar Collagen Lysine and Hydroxylysine Amino Acid Residues.  

This flow chart depicts the main source of LOXL2, fibroblasts that have undergone 

transition to myofibroblasts. These produce large quantities of this lysyl oxidase enzyme 

among other secreted proteins. The LOXL2 oxidative enzyme undergoes N-linked 

glycosylation at two asparagine amino acids and is secreted extracellularly. Collagen 

crosslinks when the lysyl tyrosylquinone (LTQ) and copper binding domains interact with 

lysine and hydroxylysine residues present towards the ends of collagen fibrils catalyzing 

the oxidative deamination of the amino acids to form allysine and hydroxyallysine 

aldehydes. These spontaneously react to form the covalent crosslinks producing hydrogen 

peroxide (H2O2). The reaction is represented in the figure which shows LTQ recycling to 

continue crosslinking the next collagen fibers. MMPs are capable of degrading the fibers 

that have been crosslinked by LOXL2. (Taken from [Findlay 2019, 2020] [138, 139]; 

License granted for Copyright use, modified according to Copyright License guidelines). 
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Abstract 

Background 

Invasive ductal carcinoma (IDC) is a serious problem for patients as it 

metastasizes, decreasing 5-year patient survival from >95% to ~27%. The breast tumor 

microenvironment (TME) is often saturated with proinflammatory cytokines, such as 

oncostatin M (OSM), which promote epithelial-to-mesenchymal transitions (EMT) in 

IDC and increased metastasis. The extracellular matrix (ECM) also plays an important 

role in promoting invasive and metastatic potential of IDC. Specifically, the 

reorganization and alignment of collagen fibers in stromal ECM leads to directed tumor 

cell motility, which promotes metastasis. Lysyl oxidase like-2 (LOXL2) catalyzes ECM 

remodeling by crosslinking of collagen I in the ECM. We propose a novel mechanism 

whereby OSM induces LOXL2 expression, mediating stromal ECM remodeling of the 

breast TME. 

Methods 

Bioinformatics was utilized to determine survival and gene correlation in patients. 

IDC cell lines were treated with OSM (also IL-6, LIF, and IL-1β) and analyzed for 

LOXL2 expression by qRT-PCR and immunolabelling techniques. Collagen I contraction 

assays, 3D invasion assays, and confocal microscopy were performed with and without 

LOXL2 inhibition to determine the impact of OSM-induced LOXL2 on the ECM. 

Alignment was analyzed using CurveAlign4.0. 

Results 

Our studies demonstrate that IDC patients with high LOXL2 and OSM co-

expression had worse rates of metastasis-free survival than those with high levels of 
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either, individually, and LOXL2 expression is positively correlated to OSM/ OSM 

receptor (OSMR) expression in IDC patients. Furthermore, human IDC cells treated with 

OSM resulted in a significant increase in LOXL2 mRNA, which led to upregulated 

protein expression of secreted, glycosylated, and enzymatically active LOXL2. The 

expression of LOXL2 in IDC cells did not affect OSM-promoted EMT, and LOXL2 was 

localized to the cytoplasm and/or secreted. OSM-induced LOXL2 promoted an increase 

in ECM collagen I fiber crosslinking, which led to significant fiber alignment between 

cells and increased IDC cell invasion. 

Conclusion 

Aligned collagen fibers in the ECM provide pathways for tumor cells to migrate 

more easily through the stroma to nearby vasculature and tissue. Taken together, these 

results provide a new paradigm through which proinflammatory cytokine OSM promotes 

tumor progression. Understanding the nuances in IDC metastasis will lead to better 

potential therapeutics to combat against the possibility. 

Background 

Ductal carcinoma is the most commonly diagnosed form of breast cancer in 

women. It is classified as either pre-invasive ductal carcinoma in situ (DCIS) or invasive 

ductal carcinoma (IDC). [12] If left undetected or untreated, IDC leads to tumor 

metastasis, which drops patient five-year survival from >95% to ~27%. [8] Due to the 

negative impact metastatic lesions have on patient survival, it is critical to understand the 

mechanisms that promote metastasis. IDC exists in an inflammatory microenvironment, 

saturated by cytokines released from tumor-infiltrating macrophages and neutrophils 

present in the stromal extracellular matrix (ECM). [24, 25, 94] Interleukin-6 (IL-6)-
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related cytokines, such as oncostatin M (OSM), activate signaling pathways that 

stimulate the metastasis of IDC cells. [55, 97, 170, 171] Identifying and exploiting novel 

mechanisms that increase invasive and metastatic potential of IDC is of paramount 

importance in creating therapeutics to disrupt metastasis.  

The current paradigm in inflammation and cytokine-induced ductal tumor 

development is IL-6 signaling promotes progression and metastasis. [88, 89, 91] 

However, research shows that IL-6’s sister cytokine OSM also promotes invasion and 

metastasis in a manner independent of IL-6. [23, 84, 85] Signaling is prompted when 

OSM binds to the gp130 receptor subunit, which leads to the recruitment and 

dimerization of OSM receptor β and the formation of the receptor complex (OSMR). [97, 

170, 171] Currently, it is thought that OSM promotes metastasis by stimulating an 

epithelial-to-mesenchymal transition (EMT) in breast ductal carcinoma cells through the 

up- or down-regulation of specific genes that disturb cell polarity, promoting 

differentiation and motility. [104, 172, 173] EMT is stimulated through destabilized 

localization of E-cadherin or its downregulation, as well as an increase in Vimentin, 

Snail-1, and N-cadherin gene expression. [106, 107] Our lab has also demonstrated that 

OSM induces the upregulation of: i) vascular endothelial growth factor (VEGF) that leads 

to angiogenesis, [108] ii) circulating tumor cell (CTC) numbers, [55]  and iii) lung and 

bone metastases in vivo. [174] Previous research highlights the important and 

multifaceted role that OSM signaling plays in IDC progression and metastasis. However, 

the impact OSM signaling has on ECM remodeling in the tumor microenvironment 

(TME), has yet to be explored.  
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The extracellular matrix (ECM) plays an integral role in tumor progression, as 

remodeling the ECM of the tumor microenvironment is critical for ductal carcinoma 

invasion and metastasis. [46, 57, 58, 175] Invasive ductal carcinoma cells must degrade 

and break through a specialized ECM (basement membrane, composed primarily of 

collagen IV, BME) before migrating through the stroma to promote invasion to nearby 

tissues and vasculature. [44, 118, 120] Proinflammatory cytokines have previously been 

associated with promoting the expression of BME degrading enzymes. [176-178] Once 

the BME is degraded, IDC cells modify the surrounding stromal ECM by secreting 

enzymes that remodel the structural proteins, present in stromal ECM, promoting 

invasion and metastasis. [47, 122, 124, 145] Here our research suggests that OSM 

signaling plays a prominent role in IDC cell’s ability to remodel the primary constituent 

of stromal ECM, collagen I. Remodeling occurs as OSM induces the expression and 

secretion of the matrix remodeling enzyme lysyl oxidase-like 2 (LOXL2) in IDC cells.  

Similar to OSM, LOXL2 expression has been linked to a worse prognosis in IDC 

patients, and increased invasion and metastasis of breast tumor cells. [147, 148, 151, 152, 

179, 180] LOXL2 is part of a family of monoamine oxidases known as lysyl oxidases, 

this family includes lysyl oxidase (LOX) and LOXL1-4. [181, 182] LOXL2 is copper 

dependent enzyme containing a lysyl tyrosylquinone (LTQ) site in the active domain for 

turning peptidyl lysine and hydroxylysine into peptidyl allysine and hydroxyallysine on 

collagen and elastin. [134] These aldehydes spontaneously react to form a covalent bond 

between themselves, with hydrogen peroxide (H2O2) as a byproduct. [135] The covalent 

bonds formed in this reaction are collectively known as “crosslinking”, which leads to 

changes in ECM structure, density, and stiffness. [150, 183] LOXL2 is present in the cell 
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cytoplasm before it is glycosylated at amino acids N593 and N627, and it promotes 

collagen I fiber alignment and crosslinking when secreted. [78, 119]  Alignment of 

stromal collagen I fibers facilitate directed tumor cell motility towards nearby vasculature 

and/or tissue, as opposed to haphazard motility that occurs with random collagen I fiber 

alignment. [127, 158] Research also suggests that LOXL2 also has a cell autonomous 

role. LOXL2 was shown to promote an EMT of breast cancer cells resulting in invasive 

and stem-like properties of the cancer cells. [152, 154, 156, 157] 

There is currently a gap in knowledge regarding the role that proinflammatory 

cytokines play in ECM remodeling of the TME, specifically the surrounding stroma. Our 

studies demonstrate that OSM signaling promotes the expression and secretion of 

enzymatically active LOXL2. We also demonstrate that OSM-induced LOXL2 leads to 

significantly more crosslinking and alignment of ECM collagen I, the main constituent of 

the stroma. Further studies show that OSM-induced LOXL2 leads to increased IDC cell 

invasion in a 3D collagen matrix. Understanding how OSM regulates LOXL2 production, 

and more broadly matrix remodeling of the stroma, will shed light on the effect 

inflammation has on the TME of IDC patients. This is critical, as our research 

demonstrates that high OSM and LOXL2 co-expression in IDC patients leads to a drastic 

decrease in metastasis-free survival. Hence, our research will lead to a better 

understanding of the dynamic nature of inflammation promoted metastasis. 

Materials and Methods 

Cells & Cell Culture 

Human breast cancer cell lines used in experiments were purchased from the 

American Type Culture Collection (ATCC; Manassas, VA). Human luminal A MCF7 
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and T47D [ER+, PR+, HER2-] and triple negative basal B MDA-MB-231 [ER-, PR-, 

HER2-] were cultured in RPMI 1640 (Genesee Scientific; San Diego, CA), while BT474 

[ER+, PR+, HER2+] and triple negative basal A MDA-MB-468 [ER-, PR-, HER2-] cells 

were cultured in DMEM (Genesee Scientific). Sk-Br-3 [ER-, PR-, HER2+] breast cancer 

cells were cultured using McCoy’s 5A media (ATCC). All cell media contained 10% v/v 

Fetal Clone III (Thermo Fisher; Waltham, MA) and 1% v/v penicillin/streptomycin 

(Genesee Scientific). Cells were cultivated in tissue culture treated T-75 flasks (Genesee 

Scientific) kept in a Model 3110 (Forma Scientific; Marietta, OH) incubator at 37°C and 

5% CO2. Cells grown to ~75% confluence before plating for experiments. Cells were 

treated with recombinant human OSM, IL-6, leukemia inhibitory factor (LIF) (25 

ng/mL), and/or IL-1β (10 ng/mL) from Peprotech Inc. (Rocky Hill, NJ) at various time 

intervals depending on the experiment and highlighted in the figures. 

Gene Correlation (RNA-Seq) 

The Cancer Genome Atlas (TCGA) RSEM counts associated with Breast invasive 

carcinoma (BRCA), Glioblastoma Multiforme (GBM), Prostate Adenocarcinoma 

(PRAD) and Ovarian Cancer (OV) were downloaded from the Broad GDAC Firehose 

repository (https://gdac.broadinstitute.org/). Using python, RSEM count data was 

standardized to Z-score for comparison and outlier patients above and below 3 standard 

deviations were removed from the dataset. Genes were then plotted and correlation was 

assessed by Pearson coefficient using the SciPy package. [184] The line of best fit was 

determined by linear regression using the Polyfit function in the SciPy package Specific 

code used for the analysis is available upon request at GitHub.  
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Patient Metastasis-Free Survival 

The data associated with Van de Vijver et. al. [42] was downloaded and coded to 

ensure key results and figures from the data could be generated. Observed events were 

coded to be positive outcomes for metastasis, or identified as a death from cancer without 

metastasis, and a censored event to be any other outcome (by Vijver’s definitions). The 

survival function was censored at 10 years to reduce the influence of the few cases with 

far longer survival times.  Survival plots were created with the Survminer (Kassambara 

et. al, 2019) and Survival (Therneau, 2015) libraries in R.  OSM and LOXL2 cut points 

were based on the Maximally Selected Rank Statistic, [185] which algorithmically 

searches the data for optimal cut points. 

Real-Time Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) 

RNA extraction from treated cell cultures was performed using RNA STAT-60 

(Tel-Test, Inc.; Friendswood, TX) following the standardized protocol on Tel-Test’s 

website. Isolated RNA concentration and quality was analyzed using a Nano-

Dropper2000 (Thermo Scientific; Waltham, MA) and the agarose bleach gel protocol, 

[186] respectively. Synthesis of cDNA was prepared using High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems; Foster City, CA) and 1 µg of sample mRNA. 

Combining SYBR Green Master Mix (Bio-Rad; Hercules, CA) with sample cDNA, each 

sample was run in duplicate, at a minimum, on a 96-well plate. Roche Light Cycler 98 

and accompanying software was used to determine mRNA expression.  
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Table 2.1 Oligonucleotide Pairs for Genes Used in qRT-PCR mRNA Analysis  

 

Immunoblot Assay 

Cells were lysed using RIPA, 1% v/v Protease Inhibitor Cocktail (Sigma Aldrich; 

St. Louis, MO) and 100x Halt™ Phosphatase Inhibitor (Thermo Fisher). 10 μg of total 

protein was loaded per well, as determined by Peirce™ BCA Protein Assay Kit (Thermo 

Fisher). The Chameleon® Duo Protein Ladder (LiCor Biosciences; Lincoln, NE) was 

used as a protein molecular weight marker. Proteins were separated using Tris-Glycine 

SDS-PAGE gels and transferred onto nitrocellulose membranes (Thermo Scientific). 

Subsequently, the membrane was thoroughly dried and rewetted with ddH2O. Five mL of 

REVERT™ Total Protein (LiCor Biosciences) stain was added before the REVERT wash 

solution. The rinsing, and the blot was imaged using Odyssey CLx (LiCor Biosciences). 

The nitrocellulose membrane was blocked using Odyssey PBS Blocking Buffer (LiCor 

Biosciences) and incubated with the following primary antibodies in addition to 0.2% 

Tween20: LOX (1:500, Santa Cruz Biotech; Dallas, TX), LOXL1 (1:200, Santa Cruz 

Biotech), LOXL2 (1:1,000, Genetex; Irvine, CA), LOXL3 (1:200, Santa Cruz Biotech), 

LOXL4 (1:200, Santa Cruz Biotech), E-Cadherin (1:500, Abcam; Cambridge, UK), 

Snail-1 (1:1,000, Cell Signaling Technology; Danvers, MA), and GAPDH (1:500, Santa 

Cruz Biotech). Membranes were further incubated using 800 channel fluorophore 

conjugated donkey secondary antibodies (1:15,000, LiCor Biosciences), or HRP 

conjugated secondary antibodies (1:10,000, Jackson ImmunoResearch Laboratories; 

Oligonucleotide Base Pairs 
LOXL2 Forward (5’)-AGGTATCGATGCCCATTCATGA-(3’) 
LOXL2 Reverse (3’)-GGATCAACTGATAGCTGAATAC-(5’) 
GAPDH Forward (5’)-GTTAGCTAGGAATAGCGATAGA-(3’) 
GAPDH Reverse (3’)-AGCATTAGTACAGTTAGCATGC-(5’) 
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West Grove, PA) prior to addition of ECL substrate (Thermo Fisher). The target proteins 

were then visualized using the Odyssey CLx and quantified using LiCor Image Studio 

software. Proteins were then normalized either against a REVERT total protein stain or 

GAPDH expression, and compared against non-treated controls. 

De-glycosylation Assay 

MCF7 and MDA-MB-468 cells are treated with OSM for 24 hours before samples 

were lysed with RIPA. 1 µg of Rapid PNGase F (Cell Signaling) enzyme was added to 10 

µg of total protein from OSM-treated cell lysates. The assay was performed following the 

accompanying Rapid PNGase F protocol. LOXL2 proteins were visualized using the 

immunoblot techniques described above. 

RNAi Transfections 

Using Qiagen’s protocol, the best LOXL2 knockdown in MCF7 cells came from 

the combination of 5 nM siLOXL2 #2 and 5 nM siLOXL2 #3 (Qiagen; Hilden, GER), 

called siLOXL2 (2/3), with 3 µL Transfection reagent (Qiagen) for 48 hours. To make 

the control siControl, 5 nM of scrambled siRNA (Qiagen) with 3 µL transfection reagent 

was used. The optimal cell density for transfection was 125,000 MCF7 cells in a 6-well 

plate. The MCF7-shLOXL2 and MCF7-shCTRL cells used in this experiment have 

previously been published and characterized. [152] 

Lysyl Oxidase Activity Assay 

MCF7 cells were transfected with siCTRL or siLOXL2 (2/3) for 48 hours then 

treated with OSM in serum and phenol red-free RPMI 1640 for 24 hours. The 

conditioned media (CM) was collected and immediately centrifuged at 8,000 g for 10 

minutes to remove cellular debris. Lysates were collected to confirm LOXL2 
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knockdown. Conditioned media (1.75 mL) from each sample was added to separate 3K 

filter tubes (MilliporeSigma; Burlington, MA), which were centrifuged at 4,000 g in a 

swinging bucket centrifuge for 30 minutes. The rest of the assay was formulated using 

the recipe previously published with volumes adjusted to fit within a 96-well 

fluorescence compatible plate (Thermo Fisher). [187] The plates were read every 30 

seconds using a BioTek Mx plate reader with Ex/Em 490/540 and 10 nm bandwidth. 

LOXL2 ELISA 

The LOXL2 ELISA (R&D Systems; Minneapolis, MN) was performed and 

analyzed according to the protocol provided by the manufacturer. Protein was 

concentrated from CM using acetone precipitation. [188] For each condition, one-part 

CM was mixed with four parts of 100% acetone chilled to -80°C, and placed back into a -

80°C freezer overnight. The CM was centrifuged using 13,000 g for 10 minutes at -10°C. 

The acetone was decanted and the protein precipitates were dried for 20 minutes before 

being reconstituted with 1x Dilution Reagent (R&D Systems) containing 0.2% Tween20 

at 1/3 the original volume. The samples were sonicated prior to addition to ELISA plate 

for a 3-fold increase in concentration. 

Immunofluorescence 

Immunofluorescence staining was carried out as previously described. [152] 

Briefly, cells were cultured in 8 well chamber glass slides, fixed for 5 min with 4% PFA 

containing 5% sucrose and 0.1% Triton X-100, and re-fixed for an additional 25 min with 

4% PFA containing 5% sucrose. The cells were washed 10 min with PBS and an 

additional 10 min with PBS containing 0.05% Tween 20. Fixed cells were blocked with 

IF buffer (130 mM NaCl, 7 mM Na2HPO4, 3.5 mM NaH2PO4, 7.7 mM NaN3, 0.1% 
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BSA, 0.2% Triton X-100, 0.05% Tween 20) supplemented with 10% donkey serum for 1 

hour and incubated overnight at 4°C with Mouse monoclonal [HECD-1] to E 

Cadherin (1:500, Abcam). The cells were washed three times with PBS for 15 minutes 

each, and incubated for 1 hour with donkey anti–mouse conjugated to Alexa Fluor® 647 

(1:200, Molecular Probes; Eugene, OR), washed as above, and mounted with 

VECTASHIELD mounting medium with 4ʹ, 6-diamidino-2-phenylindole (DAPI). For F-

actin staining, cells were incubated overnight with Alexa- Fluor® 488 Phalloidin (1:40) 

(Molecular Probes), washed three times with PBS for 15 minutes each, and mounted with 

VECTASHIELD mounting medium with DAPI. Immunofluorescent images were 

captured by Nikon A1R confocal microscope. 

Nuclear Fraction Assay 

Nuclear/Cytoplasmic fractionation assay was carried out as previously described. 

[189] Cells were washed twice with PBS, scraped and collected on ice into 1.5 mL 

microcentrifuge tubes. Tubes were spun with table-top centrifuge, and supernatant was 

discarded. Fractionation was performed with 0.1% NP40 in PBS. Cell pellets were 

triturated 5x with ice-cold 0.1% NP40 in PBS (900 µl for 10 cm dish) using P1000 

micropipette that was cut at its end. Aliquots of 300 µL of these samples were placed into 

fresh tubes (designated as Total). The remaining samples were centrifuged for 1 min 

16,200 g to pellet nuclei. Aliquots of 300 µL of the supernatant were collected into fresh 

tubes (designated as Cyto). 100 µl of 4x Laemmli sample buffer was added immediately 

to Total and Cyto samples. Nuclei pellets were resuspended with ice-cold 0.1% NP40 in 

PBS (1 mL for 10 cm dish), re-pelleted, and resuspended with 180 µL of 1x Laemmli 
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sample buffer (designated as Nuc). Total and Cyto samples were sonicated using 

microprobes at level 2, twice for 5 seconds. 

Collagen I Contraction Assay 

Rat-tail collagen I (Corning Incorporated; Corning, NY) was used to form a 1.5 

mg/mL collagen I matrix in a 35 mm petri dish with a 14 mm imbedded coverslip. On 

ice, rat-tail collagen I and 10X RPMI 1640 media (Corning) was diluted 1:10 with 1X 

PBS and adjusted with 0.1M NaOH to bring the final pH to 7.4. The MCF7 and MDA-

MB-468 cells were seeded homogeneously in the matrix before adding 400 µL 

containing 100,000 cells to each petri dish imbedded coverslip. The matrix solution was 

incubated 20 minutes at 37C and 5% CO2. Phenol red-free RPMI 1640 media (Thermo 

Fisher – Gibco) was added to each sample along with OSM and either 500 μM pan-LOX 

inhibitor β-aminopropionitrile βAPN (Thermo Fisher) or 200 nM LOXL2/3-specific 

small molecule inhibitor PXS-5120A (Pharmaxis; New South Wales, AUS) for 48 hours. 

Images were processed, the area of the matrix was analyzed using ImageJ area 

measurement tools. [190, 191] 

Live Cell Imaging 

Live cell imaging was performed using the Leica SP8 white light confocal 

microscope system with attached Peltier, which maintains cells at 37°C and 5% CO2. 

100,000 MCF7 cells were seeded into the same rat-tail collagen matrix described above 

for the Collagen I Contraction Assay. The samples were exposed to recombinant human 

OSM and 500 µM βAPN for 36 hours prior to imaging. Collagen I fibers were visualized 

using reflectance mode confocal imaging. [192, 193] Cells were stained with membrane 

intercalating fluorescent dye Cell Tracker™ Red (Life Technologies; Carlsbad, CA) for 
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1-hour pre-imaging at a 1:1,000 dilution in serum/phenol-free RPMI 1640. Each image 

consisted of 15 µm z-stacks split into 44 sections that were taken with four frames 

stitched together in a 2x2 format at 63x magnification using a water immersion objective. 

Collagen I Fiber Analysis 

Live cell images of MCF7 cells in collagen I “pucks” were analyzed using 

CurveAlign4.0 software developed at the University of Wisconsin. [126, 128] Selected 

regions of interest (ROI) were analyzed -- the areas between the seeded cells and 

radiating outward perpendicular to the MCF7 cells as illustrated in Supplemental Figure 

4. ROIs were utilized because accurate whole image analysis of was not possible due to 

the varying directions of collagen I fiber alignment. We used sum[(fiber dispersion 

coefficient) * (# of features (fibers) for each ROI)] / (total sampled features in image) to 

determine the average level of fiber dispersion for collagen I in each treatment group. For 

the fiber dispersion coefficient; 0 equals completely random fibers, 1 means all fibers are 

in alignment. 

3-Dimensional Invasion Assay 

Utilizing the Oris™ 3D Invasion Assay (Platypus Technologies; Madison, WI), 

30,000 MCF7-GFP/Luc breast cancer cells (Genecopoeia; Rockville, MD) were seeded 

into the same 1.5 mg / mL rat-tail collagen I solution as described in the Collagen I 

Contraction Assay methods. The cells were exposed to 50 ng/mL β-Estradiol (estrogen) 

(Sigma-Aldrich; St. Louis, MO) in order to promote invasion. In addition, MCF7-

GFP/Luc cells were treated with OSM and either 500 μM of pan-LOX inhibitor β-

aminopropionitrile (βAPN) or 200 nM of LOXL2/3-specific small molecule inhibitor 

PXS-5120A for five days, or 120 hours. The rest of the experiment was performed 
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according to the specifications of the Oris™ 3D Invasion Assay protocol that the assay 

includes. Images were taken at Day 0, as a control, and Day 5 utilizing an EVOS FL (Life 

Technologies; Carlsbad, CA) fluorescent microscope with a 4x objective and GFP filter 

to detect MCF7 cells expressing GFP. ImageJ was used for image processing and cell 

counting. 

Statistical Analysis 

Statistical analysis performed using Prism 6.0 software. Significant results were 

determined by various statistical methods including Student’s t-test, One-way ANOVA, 

Two-way ANOVA, and Log Rank test. Significance is denoted as: n.d. (not detected), 

n.s. (not significant), p>0.05, * p<0.05, ** p<0.01, *** p<0.001 and **** p<0.0001. 

Results 

Elevated OSM and LOXL2 Co-expression is Associated with Faster Onset of Metastasis 

To determine whether high co-expression of LOXL2 and OSM mRNA is 

associated with increased rates of IDC metastasis in patients, we created a distant 

metastasis-free survival plot using microarray data from the de Vijver (2002) patient 

study consisting of 295 IDC patients. [42] This database was utilized because the patient 

population selected for this study and the metadata for metastasis is well characterized. 

We compared low OSM/ low LOXL2 to low OSM/ high LOXL2, high OSM/ low 

LOXL2, and high OSM/ high LOXL2 mRNA expression in patients and found that 

higher levels of OSM and LOXL2 mRNA combined, led to significantly more metastatic 

events in a 10-year span (Fig. 1A). High expression of each individual gene also led to 

faster onset of metastasis, but high OSM and high LOXL2 co-expression had a greater 

significant impact on distant metastasis-free survival. 
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Our lab, and others, have previously analyzed Oncomine™ and other breast 

cancer patient databases demonstrating a correlation between reduced recurrence-free 

survival (RFS) of breast cancer patients with higher expression of LOXL2 [147, 148, 

152] and reduced survival rates with higher expression of OSM/OSMR. [86, 162] Taken 

together, these results confirm that high OSM and LOXL2 co-expression is associated 

with an overall worse prognosis in IDC patients than high expression of either gene on its 

own. 

LOXL2 Expression is Positively Correlated to OSM Signaling Through OSMR in 

Invasive Ductal Carcinoma Patients 

To assess the correlation between OSM signaling and LOXL2 expression in 

cancer patients, we analyzed the expression of LOXL2 mRNA in cancer patients and 

compared it to OSMR mRNA expression. OSM is most often produced by neutrophils 

and macrophages found in the TME; and in turn, IDC cells, while having the capacity to 

secrete OSM, normally secrete none to very low levels. [25, 94] Therefore, comparing 

OSM mRNA expression from tumor samples directly against LOXL2 would not yield a 

highly relevant correlation. To assess OSM signaling, which occurs by OSM binding to 

the OSMR complex present on tumor cells, we investigated the expression of the beta 

subunit of the OSMR complex. Furthermore, this works because increased levels of OSM 

in the TME promotes the overexpression of OSMRβ mRNA and protein in IDC cells. 

[93, 194, 195] To assess the correlation between OSMR and LOXL2, we used RNA-Seq 

data from The Cancer Genome Atlas (TCGA) to assay transcriptional expression of 

biopsied patient samples in several cancer subtypes. Specifically, LOXL2 was compared 

against OSMR expression in glioblastoma, breast cancer, prostate cancer, and ovarian 
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cancer.  We observed a weak, yet significant, positive Pearson correlation of 0.263 (p = 

6.97x10-20) between OSMR expression and LOXL2 expression in breast cancer patients 

(Fig. 1B). There was also a weak to moderate positive, significant correlation between 

OSMR and LOXL2 expression in the other cancers investigated. To determine whether 

the correlation has a potential impact on gene expression we used a least squares linear 

regression to attain the line of best fit. Then we analyzed the slope and 95% confidence 

interval (CI) as illustrated in the table accompanying Figure 1B, where a larger slope 

suggests a greater impact on gene expression. Each cancer analyzed had a positive slope 

above 0.2 and had a correlation between OSMR and LOXL2 mRNA expression. This 

data suggests that increasing OSMR mRNA is correlated with increasing LOXL2 

transcripts in multiple forms of cancer; including breast cancer.  

 Next, we analyzed the breast cancer patient data for correlation between OSMR 

mRNA expression and other lysyl oxidase family members: LOX and LOXL1-4. We 

performed the same correlation analysis as above, but instead focused on OSMR and 

lysyl oxidase mRNA expression in breast cancer patients. We observed a significant, 

moderate to weak positive correlation (0.469 and 0.263) comparing OSMR expression to 

LOX and LOXL2 expression respectively, as determined by Pearson correlation analysis. 

While LOXL1/3/4 had significant Pearson correlation coefficients, the Pearson 

coefficients were considered very weak/negligible because they fall below 0.20. [196] 

LOX and LOXL2 also generated a line of best fit with a positive slope above 0.2, when 

compared to OSMR expression, while the slopes for LOXL1/3/4 were approximately 

zero (Fig. 1C). These results suggest that increasing OSMR gene expression is correlated 

with increasing LOX and LOXL2 gene expression but not with LOXL1/3/4 expression. 
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Further analysis of OSM mRNA expression in relation to lysyl oxidase mRNA 

expression again highlighted a significant correlation between OSM and all lysyl 

oxidases, except for LOXL4 (Supp. Fig. 1). However, the Pearson correlation coefficient 

values for all the lysyl oxidases were below 0.25. The slopes for the lines of best fit for 

LOX and LOXL1-3 were also positive, but had large 95% CI. This data suggests that 

OSM gene expression is slightly correlated to increased LOX and LOXL1-3 expression. 

Taken together, these results confirm the positive correlation between OSM signaling and 

lysyl oxidase mRNA expression in breast cancer patients. 

OSM Induces LOXL2 Expression 

As the human breast cancer patient data demonstrated a correlation between the 

proinflammatory cytokine OSM and the collagen cross-linking enzyme LOXL2, we set 

out to determine whether OSM could promote the expression of LOXL2 at the 

transcriptional level. qRT-PCR was performed on three IDC cell lines with varying 

estrogen receptor (ER), progesterone receptor (PR), and ErbB2 (HER2) status: luminal A 

MCF7 (ER+ PR+ HER2-), basal A MDA-MB-468 (ER- PR- HER2-), and basal B MDA-

MB-231 (ER- PR- HER2-). These cell lines were chosen because they represent 

increasing tumor cell aggressiveness and invasiveness, respectively, [197] and they each 

express receptors for OSM/IL-6 cytokines. [90, 108] The cells were treated with 

recombinant human OSM (25 ng/mL), IL-6 (25 ng/mL), or both for 1, 2, 4, 12, 24, and 

48 hours and compared against untreated controls. Our cells were treated with cytokine 

concentrations designed to saturate the IDC cells, as they would be in an actual TME, 

where cytokines have been shown to be present in high concentrations due to secretion by 

tumor-associated neutrophils, macrophages, and fibroblasts. [49, 162, 198, 199] qRT-
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PCR analysis of MCF7 cells showed that OSM treatment induced an ~3-fold increase in 

LOXL2 mRNA, relative to the non-treated controls, at 12 and 24 hours, whereas IL-6 

treatment produced no significant change in LOXL2 mRNA (Fig. 1D). In MDA-MB-468 

cells, OSM induced LOXL2 mRNA by ~2-fold at 24 hours (Fig. 1E).  In MDA-MB-231 

cells, there was no significant change in expression of LOXL2 mRNA with any treatment 

groups (Fig. 1F). No effect on LOXL2 expression was somewhat expected since ER- 

MDA-MB-231 cells are already highly invasive, which can limit the impact of OSM 

signaling on promoting invasive potential. [55] MDA-MB-231 cells produce high levels 

of LOXL2, as highlighted in the following paragraph, limiting further induction by OSM. 

These results demonstrate that OSM signaling leads to an increase in LOXL2 mRNA 

expression in IDC cells.  

To determine whether OSM-induced LOXL2 mRNA translates to the protein 

level, we performed immunoblot blot assays. Analysis was performed on MCF7, MDA-

MB-231, MDA-MB-468, BT474 (ER+ PR+ HER2+), and Sk-Br-3 (ER- PR- HER2+) 

IDC cell lines treated with OSM, IL-6, LIF (all at 25 ng/mL), and IL-1β (10 ng/mL) for 

24 hours before cell lysates were collected and compared against untreated controls. 

Analysis of proinflammatory cytokines in the IL-6 family, as well as IL-1β, was 

performed to determine whether LOXL2 induction is unique to OSM signaling or has the 

potential to be broadly applicable to proinflammatory cytokines. In MCF7 cells, OSM 

induced a greater than 3.5-fold increase in LOXL2 protein expression, a ~2.5-fold 

increase with IL-1β treatment, but no change with rest of IL-6-family cytokines (Fig. 

2A). MDA-MB-468 cells showed a ~2-fold induction of LOXL2 protein expression with 

OSM treatment, a slight upregulation by IL-1β (not significant), and no change with IL-6 
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or LIF (Fig. 2B). BT474 cells showed the largest increase in LOXL2 expression with a 

~10-fold increase, with LIF also promoting a ~3-fold induction (Fig. 2C). While with the 

Sk-Br-3 cells, OSM induced the expression of LOXL2 ~2-fold and IL-6 promoted a ~3-

fold increase in LOXL2 protein (Fig. 2D). None of the cytokines induced a significant 

change in LOXL2 protein expression in highly invasive MDA-MB-231 cells that 

constitutively express very high levels of LOXL2 (Fig. 2E), T47D (ER+ PR+ HER2-) 

cells did not express any LOXL2 protein before or after treatment (data not shown). The 

bands represent the 105 kDa LOXL2 protein, which we expect correlates to the secreted 

and enzymatically active form of LOXL2 that is glycosylated at the N593 and N627 

amino acids. [78] LOXL2 protein induction was highest after 24 hours, which was 

supported by In-Cell Western analysis (Supp. Fig. 2). These results confirm that OSM 

signaling, and to a lesser extent IL-1β signaling, induce LOXL2 protein expression in 

IDC cells, while other IL-6-family cytokines do not. 

Expression of LOXL2 in breast cancer cells is positively correlated with the 

invasive potential of the breast tumor cells. [145, 147] Therefore, we wanted to determine 

and compare relative LOXL2 expression between the IDC cell lines treated with OSM. 

To compare relative expression, immunoblot analysis was performed on lysates from 

non-treated and OSM-treated cells after 24 hours. We observed a significant step-wise 

increase in constitutive LOXL2 protein expression from the least (MCF7) to most (MDA-

MB-231) aggressive cell line. OSM treatment promoted the expression of LOXL2, 

bridging the gap in LOXL2 expression between the cell lines (Fig. 2F). Our results 

suggest that OSM-induced LOXL2 protein expression may be correlated to the 

development of more aggressive invasive ductal carcinomas due to the incremental 
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increase in LOXL2 with OSM exposure. Taken together these results confirm OSM-

induced LOXL2 at the mRNA level leads to LOXL2 protein expression, which is 

correlated with increasing aggressiveness of IDC cells. 

OSM Induction of Lysyl Oxidases is Unique to LOXL2 

To characterize the effects of OSM signaling on the expression of the different 

family members of lysyl oxidase, we performed immunoblot assays using MCF7 and 

MDA-MB-468 cells that were treated for 24 hours with OSM. LOX expression was 

analyzed with IL-6 and LIF treatments, in addition to OSM. Besides LOXL2, the only 

lysyl oxidase detectable by immunoblot analysis in MCF7 cells was LOXL1. OSM 

treatment; however, did not alter any of the other lysyl oxidase members (Fig. 2G). 

These results suggest that OSM induces only LOXL2 expression in the IDC cell lines. 

Based on these results we chose to further focus on the OSM-LOXL2 axis in IDCs cells 

using MCF-7 cells as our model system. Though, OSM also exclusively induced the 

expression of LOXL2 in MDA-MB-468 cells, these cells constitutively expressed LOX 

protein (Supp. Fig. 3). This high endogenous expression of LOX may represent a 

confounding variable for functional analysis of LOXL2. Taken together, OSM signaling 

does not impact the expression of all lysyl oxidases but seems to be unique to LOXL2. 

OSM-Induced EMT is Independent of LOXL2 Expression 

EMT has been widely implicated in regulating cell invasion and metastasis. [200] 

OSM signaling and LOXL2 nuclear localization have been implicated in promoting 

epithelial to mesenchymal transition in ductal carcinoma cells. [77, 104, 152, 154, 172, 

173] Indeed, MCF7 cells treated with OSM induced cytoplasmic localization of the 

epithelial marker E-cadherin (E-Cad) as depicted by immunofluorescence analysis (Fig. 
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3A). Given that OSM induces LOXL2 expression and the latter has been also implicated 

in promoting EMT, we next explored whether EMT induced by OSM is dependent on 

LOXL2 expression. To this end MCF7 cells stably expressing shRNA targeting LOXL2 

(MCF7-sh-LOXL2) and MCF7 cells stably expressing sh-Non-target (MCF7-sh-Non-

target) were treated with OSM and expression of E-Cadherin and Snail, a transcription 

factor mediating EMT, were determined by immunoblot analysis. Our results 

demonstrate that knockdown of LOXL2 in MCF7 cells did not inhibit OSM-induced 

EMT, given that E-Cadherin expression was slighty downregulated and Snail expression 

was upregulated upon OSM treatment in both MCF7-sh-Non-target and MCF7-sh-

LOXL2 cells (Fig. 3B). Similarly, in MDA-MB-468, our results demonstrate that 

knockdown of LOXL2 in MDA-MB-468 cells did not inhibit OSM-induced EMT, given 

that E-Cadherin expression did not change and Snail expression was upregulated with 

OSM treatment in both siCTRL and siLOXL2-exposed MDA-MB-468 cells (Fig. 3C). 

Notably, we previously demonstrated that nuclear expression of LOXL2 is 

required to promote EMT in MCF7 cells. [152] Therefore, we determined the cellular 

localization of LOXL2 upon OSM induction. We envisioned that OSM induced only 

cytoplasmic expression of LOXL2, thus promoting EMT independent of LOXL2 

expression. To this end we performed nuclear and cytosolic fractionation on MCF7 cells 

treated with OSM, using GAPDH as a cytosolic marker and Snail as a nuclear marker 

(Fig. 3D). Indeed, OSM induced cytoplasmic expression of LOXL2 while the nuclear 

fraction did not contain any nuclear LOXL2. This data confirmed that OSM did not 

induce nuclear LOXL2 expression where it could promote EMT through the stabilization 
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of Snail. Taken together these results demonstrate that OSM promotes EMT 

independently of its induction of LOXL2 protein. 

OSM Induces a Glycosylated LOXL2 That is Secreted and Enzymatically Active 

LOXL2, in addition to its cell autonomous activity, has been well studied for its 

extracellular activity on ECM proteins. [148, 201] Secreted LOXL2 promotes collagen I 

fiber crosslinking and affects matrix remodeling, which has been linked to increased 

metastatic capability in breast cancer. [40-44] Interestingly, immunoblot analysis 

suggested that OSM-induced expression of the N-linked glycosylated form of the LOXL2 

protein (105 kDa) which is secreted into the tumor microenvironment. [78] To confirm 

that OSM-induced the expression of glycosylated and enzymatically active LOXL2, we 

determined the N-linked glycosylation status of expressed LOXL2. MCF7 and MDA-

MB-468 cell lysates treated with OSM were exposed to the N-linked deglycosylase 

enzyme, PNGase F, before immunoblot analysis was performed. OSM induced the 

expression of the 105 kDa LOXL2 protein, which was reduced in size to 87 kDa 

following the addition of PNGase F in both MCF7 (Fig. 4A) and MDA-MB-468 (Fig. 

4B) cells. To confirm and quantify LOXL2 secretion, we performed an ELISA on MCF7 

cells treated with OSM for 36 hours. We observed a significant induction in LOXL2 

protein secretion with OSM treatment averaging 877 pg/mL of LOXL2 in solution. In 

comparison to the non-treated samples that averaged 347.6 pg/mL of LOXL2, we 

observed an ~2.5-fold induction in LOXL2 secretion (Fig. 4C). Together, these results 

confirm that the LOXL2 protein expressed through OSM signaling in IDC cells is N-

linked glycosylated and secreted.  
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In order to confirm that the LOXL2 protein induced by OSM is enzymatically 

active, we performed a lysyl oxidase activity assay on MCF7 cell conditioned media. 

MCF7 cells were transfected with siLOXL2 or siCTRL, and treated with OSM for 24 

hours. In the siLOXL2 group we observed that OSM treated samples had significantly 

reduced lysyl oxidase activity compared to the siCTRL group (Fig. 4D). We saw a 

significant ~2-fold increase in lysyl oxidase activity with OSM treatment when 

comparing against non-treated controls in the siCTRL group. The accompanying 

immunoblot confirms the knockdown of LOXL2 protein in the MCF7 cell line. Further 

immunoblot analysis confirmed that there was no impact on LOXL1 protein expression 

(Supp. Fig. 4). Based on these results, we conclude that OSM-induced LOXL2 is 

enzymatically active and accounts for all of the lysyl oxidase enzymatic activity present 

in MCF7 cell conditioned media. 

OSM-Induced LOXL2 Leads to ECM Remodeling and Increased Collagen I Fiber 

Alignment 

To assess the effect of OSM-induced LOXL2 on crosslinking collagen I, we 

performed a collagen contraction assay. MCF7 and MDA-MB-468 cells were seeded into 

a 1.5 mg/mL rat tail collagen I matrix, and the cells were treated for 48 hours with OSM, 

a combination of OSM and the pan-LOX inhibitor βAPN (500 μM), or a combination of 

OSM and the LOXL2/3-specific inhibitor PXS-5120A (200 nM). βAPN, or β-

aminopropionitrile, is a small molecule inhibitor (SMI) commonly used as a nonspecific 

inhibitor for lysyl oxidase proteins; [190, 201] PXS-5120A (PXS-S1A) is a LOXL2 

specific inhibitor at a range of concentrations in the nanomolar range. [138, 149] OSM 

induced a ~2.5-fold increase in collagen I contraction in MCF7 cells, as compared to the 



58 

 

non-treated control, while OSM-induced contraction was blocked by βAPN and PXS-

5120A treatment (Fig. 5A). In MDA-MB-468 cells, we saw similar ~2-fold increase; 

however, the overall contraction was substantially reduced compared to MCF7 cells (Fig. 

5B). These results demonstrate that OSM-induced LOXL2 increases collagen I 

contraction, and suggests that OSM promotes crosslinking through induced LOXL2, as 

collagen I contraction correlates to collagen crosslinking. [190, 191] 

To visualize collagen alignment, we performed Live-Cell confocal imaging on 

MCF7 cells treated with OSM and/or βAPN for 36 hours in the collagen I matrix 

described above. Prior to imaging, the MCF7 cells were exposed to CellTracker Red 

(depicted in red), and the collagen I fibers were visualized by resonance scanning of the 

matrix (depicted in green). As seen visually, OSM promoted collagen I alignment, and 

inhibition of LOXL2 with βAPN reduced fiber alignment (Fig. 5C).  Images were 

processed by ImageJ in order to highlight fiber density at its greatest intensity (Fig. 5D). 

CurveAlign4.0 software [126, 128] was used to quantify the alignment of collagen I 

fibers in-between, and tangential to, MCF7 cells by analyzing alignment in selected 

regions of interest (ROI) (Supp. Fig. 5). Analysis of the fiber dispersion coefficient in the 

ROIs using CurveAlign4.0 showed a significant ~2-fold increase in fiber alignment with 

OSM treatment, as the closer the coefficient is to 1 the more alignment is present. The 

increase in alignment was significantly reversed with the inhibition of LOXL2, using 

βAPN (Fig. 5E). These results confirm that OSM-induced LOXL2 leads to collagen I 

fiber alignment in the ECM.  
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OSM-Induced LOXL2 Leads to Increased Invasion in 3D Collagen I Matrix 

After determining that OSM-induced LOXL2 promotes a significant increase in 

collagen I fiber alignment, we wanted to examine whether OSM-induced LOXL2 in turn 

impacts invasion. Research suggests that an increase in collagen I fiber alignment leads to 

an increase in invasion of breast cancer cells. [127, 158] To assess the impact of OSM-

induced LOXL2 on IDC cell invasive potential, we performed a 3D invasion assay on 

IDC cells. We utilized MCF7 cells that incorporate green fluorescent protein (GFP) for 

visualization using fluorescent microscopy. MCF7-GFP cells supplemented with β-

estradiol (50 ng/mL) were seeded in a collagen I solution with a concentration of 1.5 

mg/mL. The cell suspension was then added to wells of a 96-well plate containing a 

circular “cell-free zone” for cells to invade towards. Cells were treated with OSM, OSM 

with βAPN (500 uM), or OSM with PXS-5120A (200 nM) and compared against a non-

treated control. Images were taken at Day 0, as a control, and the experiment was run 

until Day 5 (Fig. 6A). We analyzed the fluorescent images using ImageJ to determine the 

number of cells that entered the “cell-free zone” after Day 5. The total number of MCF7-

GFP cells that entered the “cell-free zone” significantly increased with OSM treatment 

(>3-fold) compared to the non-treated control, and cell invasion was in turn significantly 

decreased with LOXL2 inhibition, using both βAPN (~ 3-fold) and PXS-5120A (~ 3-

fold) SMIs (Fig 6B). These results suggest that OSM-induced LOXL2 is critical to OSM-

promoted invasion, and may likely have an impact on metastasis. 

Taken together, these results demonstrate that OSM induces sufficient LOXL2 

protein expression/secretion to promote remodeling and alignment of collagen I fibers in 

the ductal carcinoma tumor microenvironment. Due to the alignment of collagen I fibers, 



60 

 

it is expected that OSM-induced LOXL2 will promote ductal carcinoma cell invasion and 

metastasis as tumor cells migrate along aligned collagen fibers. [47, 127] This was 

supported by our 3D invasion assay results, which showed that OSM induced an ~3-fold 

increase in the number of MCF7-GFP cells that invaded the “cell-free zone”, when 

compared to OSM treatment in conjunction with LOXL2 inhibition.  Therefore, this 

research highlights a novel mechanism in ductal carcinoma tumor progression, 

independent of EMT. Further research is needed to confirm that OSM-induced LOXL2 

extracellular matrix remodeling leads to a significant increase in metastasis.  

Discussion 

The novel findings in our study demonstrate that the proinflammatory cytokine 

OSM promotes the expression of LOXL2 in breast cancer cells, which significantly 

impacts collagen I fiber crosslinking, fiber alignment, and invasion (Fig. 7). Clinically, 

we show that the co-expression of OSM and LOXL2 in patients leads to significantly 

lower rates of distant metastasis-free survival (DMFS). Our results confirm that 

proinflammatory cytokine signaling can lead to key alterations in ECM structure through 

the regulation of LOXL2. These results also suggest that ECM remodeling through OSM-

induced LOXL2 may promote metastatic events due to the alignment of collagen I fibers 

that make up >80% of the stromal collagen. [120] This is further confirmed by our 3D 

invasion data, where OSM-induced LOXL2 was key for IDC cell invasion. The novelty 

of these findings opens the doors for new paradigms related to proinflammatory cytokine-

promoted invasion and metastasis.  

As it is currently understood in the literature, OSM signaling promotes metastasis 

by initiating EMT, inducing VEGF expression and angiogenesis, and the secretion of 
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enzymatic proteins that lead to the degradation of the basement membrane surrounding 

the invasive ductal carcinoma tumor. [104, 106-108, 172, 173] Our research shows that 

OSM signaling also led to the crosslinking of collagen I fibers, the primary constituent of 

the stroma, that promotes ECM remodeling in the form of increased fiber alignment due 

to LOXL2 overexpression. Our research additionally shows that OSM-induced LOXL2 is 

important for cellular invasion in a 3D matrix similar to the stroma. We tested and 

analyzed six different cell types (MCF7, MDA-MB-468, BT474, Sk-Br-3, MDA-MB-

231, and T47D) of which four showed the capability for OSM-induced LOXL2 

expression. Several other cytokines also induced LOXL2 expression but in only one or 

two cell lines. Only in the T47D cell line was LOXL2 neither expressed nor induced. 

This knowledge is important, as our lab has previously shown that secreted OSM can 

bind to type I collagen and other ECM fibers and remain active for extended periods of 

time, [96] thus creating an proinflammatory environment around the breast tumor. This 

proinflammatory TME provides OSM to the tumor cells as they traverse the ECM. OSM 

increases the tumor cell invasive capability by inducing an EMT response and, as we 

have just shown for the first time, upregulating LOXL2 expression.  

As has been demonstrated for OSM signaling, LOXL2, when it localizes to the 

nucleus, has been shown to promote EMT [78, 152] through the stabilization and/or 

upregulation of Snail-1. [78, 157] Using cytoplasmic and nuclear fractions, we were able 

to conclude that OSM-induced cytoplasmic expression of LOXL2, and promoted the 

secretion of LOXL2.  LOXL2 KO experiments confirmed that OSM promotes EMT 

through Snail-1 upregulation and E-cadherin cytoplasmic localization, in a manner 

independent of LOXL2 expression. Therefore, while OSM-induced LOXL2 does not play 
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a role in promoting EMT, it does actively remodel the ECM of the TME by promoting 

collagen I fiber alignment and IDC cell invasion. As previously published, aligned 

collagen fibers facilitate directed tumor cell migration towards nearby vasculature, an 

important early step in metastasis. [47, 127] Thus, OSM-induced LOXL2 has the 

potential to promote higher rates of metastasis, in addition to OSM-promoted EMT. It 

was recently documented that knockdown of LOXL2 expression in specific lung 

adenocarcinoma cell lines decreased collagen fibrillar alignment. [125] The presence of 

LOXL2 in the ECM was also observed to lead to the formation of stiffer matrices. [150, 

183] Stiffer substrates provide metastasizing tumor cells better focal adhesion anchorage 

and “durotaxis”, which leads to easier and faster migration. [62, 202] The ECM 

remodeling draws a parallel with research that highlights patients with stiff, dense breast 

tissue have a worse prognosis than those with normal density. [141, 142, 160]  

Our analysis of patient data confirmed that IDC patients with high co-expression 

of OSM and LOXL2 have worse rates of metastasis than either alone. LOXL2-promoted 

collagen I fiber alignment in addition to OSM-promoted EMT may be responsible for the 

drastic decrease in DMFS in IDC patients. This data is supported by published research 

demonstrating that individually, OSM and LOXL2 overexpression in patients correlates 

with decreased reoccurrence-free survival (RFS) and distant metastasis-free survival 

(DMFS). [86, 147, 148, 162] Our patient data is further supported by our in vitro data. 

LOXL2 expression correlates with IDC cell aggressiveness, as the more aggressive 

MDA-MB-231 and MDA-MB-468 triple negative breast cancer cell lines show higher 

LOXL2 expression than less aggressive ER+/PR+ MCF7 cells. This phenomenon has 

been confirmed independently by other labs. [145, 147, 148, 151, 179] These results 
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suggest that LOXL2 regulation is critical for OSM-signaling promoted invasiveness and 

metastasis in IDC. These results are important, because previous research has shown that 

OSM promotes metastatic events through EMT, angiogenesis, and basement membrane 

degradation. Our research in addition suggests that OSM-induced LOXL2 also promotes 

metastatic events through the alignment of collagen I fibers found abundantly in the 

stroma, allowing mesenchymal-like tumor cells to efficiently migrate into vasculature 

and nearby tissue 

Conclusion 

In summary, we show for the first time that a proinflammatory cytokine (OSM) 

can promote the expression of ECM remodeling lysyl oxidases, specifically LOXL2, in 

IDC cells that leads to significant collagen I fiber crosslinking, alignment, and IDC 

invasion. Because collagen I fiber alignment is associated with increased tumor cell 

motility rate, and we observed an increase in 3D invasion within a collagen I matrix; 

OSM-induced LOXL2 may likely have an impact on metastasis. For our future goals, we 

will perform in vivo studies to determine how OSM-induced LOXL2 affects metastasis 

and in vitro experiments to determine the transcription factor and signaling mechanism 

responsible for the induction of LOXL2 by OSM. There is a major need for novel ways 

to treat and prevent breast cancer metastasis, and the mechanism behind OSM’s induction 

of LOXL2 could prove to be exploitable in the race for more effective cancer therapies. 

In addition, OSM expression and signaling is linked to invasion and metastasis in other 

carcinomas including prostate, cervical, ovarian, kidney, and lung. [105, 203-206] 

Combined with our correlation data between OSMR and LOXL2 mRNA in glioblastoma, 

prostate, and ovarian cancer patients, it is possible that OSM induces LOXL2 in multiple 
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types of cancer and these patients could also benefit from a therapeutic targeting OSM 

induction of LOXL2.  



65 

 

Chapter Two Figures 

 

Figure 2.1 Co-expression of OSM and LOXL2 Leads to Drastically Decreased 
Metastasis-Free Survival. 
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In A. Distant metastasis-free survival (DMFS) plotted from de Vijver et. al. (2002) 

invasive ductal carcinoma patient microarray database comparing low OSM/ low LOXL2 

to low OSM/ high LOXL2, high OSM/ low LOXL2, and high OSM/ high LOXL2 mRNA 

expression (n = 295). We observed a stronger negative impact on DMFS with high OSM 

and LOXL2 co-expression compared to high expression of OSM or LOXL2 separately 

(Log Rank Test). B. LOXL2 mRNA expression Z-score is positively correlated as 

measured by Pearson correlation coefficient to the expression of OSM receptor (OSMR) 

mRNA expression Z-score in cancer patients analyzed from The Cancer Genome Atlas 

(TCGA) RNA-Seq database, specifically: breast cancer (BRCA), glioblastoma (GBM), 

prostate cancer (PRAD), and ovarian cancer (OV). Scatter plot consists of Z-score mRNA 

expression and line of best fit as determined by linear regression; a summary of the data is 

found in the accompanying table. C. The mRNA Z-score of several LOXL2 family 

members exhibit positive Pearson correlation to OSMR mRNA Z-score in the breast 

invasive carcinoma dataset from TCGA. D. qRT-PCR analysis of MCF7 luminal A 

invasive ductal carcinoma cells treated with OSM shows LOXL2 mRNA induction starting 

at 12 hours and peaking at 24 hours; there is no induction with IL-6. E. qRT-PCR analysis 

of MDA-MB-468 basal A invasive ductal carcinoma cells treated with OSM also shows an 

increase in LOXL2 mRNA expression starting at 4 hours. F. qRT-PCR analysis of MDA-

MB-231 basal B breast cancer cells, that constitutively express high levels of LOXL2, 

show no significant induction of LOXL2 mRNA expression by either OSM or IL-6 

signaling. (All qRT-PCR experiments n=3+; n.s. p>0.05, ** p<0.01, *** p<0.001; Two-

way ANOVA). 
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Figure 2.2 OSM Promotes LOXL2 Protein Expression. 
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All experiments and results pertain to immunoblot assays run with 10 - 20 μg total 

protein. A. MCF7 breast cancer cells were treated with OSM, IL-6, LIF, and IL-1β for 24 

hours. Our analysis showed that only OSM and IL-1β promoted a significant upregulation 

of LOXL2 protein expression. B. In analyzing MDA-MB-468 breast cancer cells, the same 

treatments that are described above were utilized. We observed that only cells treated with 

OSM had significantly induced LOXL2 protein expression. C. BT474 breast cancer cells, 

under the same conditions, showed a significant increase in LOXL2 expression with OSM 

and LIF treatments. D. In Sk-Br-3 breast cancer cells, we observed a significant increase 

in LOXL2 expression with OSM and IL-6 treatment. E. We again used the same treatments 

in MDA-MB-231 breast cancer cells. LOXL2 expression was not significantly affected by 

either OSM, IL-6, LIF, or IL-1β treatment after 24 hours. F. Relative LOXL2 protein 

expression was compared among three breast cancer cell lines treated with OSM. From 

least invasive (MCF7) to the most (MDA-MB-231), we observed a stepwise increase in 

LOXL2 protein expression. OSM treatment bridges LOXL2 expression between cells. G. 

MCF7 cells were treated for 24 hours with OSM; OSM, IL-6, and LIF for LOX expression. 

No changes are observed in lysyl oxidase expression; LOXL1 is constitutively expressed.  

(All experiments n=3+; n.s. p>0.05, ** p<0.01, *** p<0.001; One-way ANOVA). 
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Figure 2.3 OSM Signaling Promotes an EMT That is Independent of LOXL2 

Expression. 

In A. Confocal images of MCF7 cells depict a distinct loss of cellular junctions and 

a transition from membrane localization to cytoplasmic localization of E-Cadherin with 

48-hour OSM treatment, both hallmarks of EMT. E-cadherin (Red), and nuclei (DAPI, 

blue). Magnification x40 with digital zooming x2; Scale Bar = 20 µm. B. Immunoblot of 

MCF7-sh-Non-Target and MCF7-sh-LOXL2 cells treated with OSM for 24 and 48 hours. 

Expression of EMT markers, E-Cadherin (E-Cad) and Snail, are compared between these 

cell lines. The absence of LOXL2 expression in MCF-7 cells had no effect on OSM induced 

EMT. C. Immunoblot of MDA-MB-468 breast cancer cells exposed to siCTRL and 

siLOXL2 for 48 hours prior to OSM treatment for 24 and 48 hours. Expression of EMT 

markers, E-Cad and Snail, are compared between siLOXL2 and siCTRL treatments. 

Inhibited LOXL2 expression in MDA-MB-468 cells had no effect on OSM induced EMT. 

D. Immunoblot of MCF7 cells treated with OSM for 24 hours; post treatment cells are 

collected and subjected to nuclear-cytoplasmic protein fractionation. LOXL2 protein 

expression is not present in the nuclear fraction, only in the cytoplasmic fraction. GAPDH 

protein expression is used to confirm purity of cytoplasmic fraction and Snail 
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transcriptional factor expression is used to confirm nuclear fraction purity. (All 

experiments n=3+).  

 

 
Figure 2.4 OSM-Induced LOXL2 is Glycosylated, Enzymatically Active, and 

Secreted from IDC Breast Cancer Cells. 

In A. MCF7 and B. MDA-MB-468 cells were treated with OSM for 24 hours to 

induce the expression of LOXL2. PNGase F, an N-linked glycosylase, is then added to 

cleave N-linked glycosylation sites. The immunoblot results confirm LOXL2 glycosylation 

as the LOXL2 protein band size goes from ~105 kDa to ~87 kDa with PNGase F treatment. 

C. Lysyl oxidase activity assay performed on MCF7 cell conditioned media (CM) is 

analyzed by using an Amplex red based fluorometric assay. Immunoblot analysis is utilized 

to confirm siLOXL2 knockdown of LOXL2 expression. Results show that 24-hour OSM 

treatment led to significantly increased lysyl oxidase activity, this is repressed with 

exposure to siLOXL2. D. ELISA is used to quantify LOXL2 protein secreted into CM from 

MCF7 cells after 36 hours with OSM treatment. The results confirm that OSM signaling 

induces the expression, and promotes the secretion, of LOXL2 protein. (All experiments 

n=3+; * p<0.05, ** p<0.01, *** p<0.001; Student’s t test & One-way ANOVA).  
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Figure 2.5 OSM-Induced LOXL2 Promotes ECM Crosslinking and Alignment of 

Collagen I Fibers. 
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In A. Collagen contraction assay was performed using 1.5 mg/mL collagen I 

matrices or “pucks” seeded with MCF7 cells and treated for 48 hours with OSM or OSM 

with βAPN (500 μM) or PXS-5120A (200 nM) [LOXL2 inhibitors]. After 48 hours, 

dissecting microscope images of the collagen I matrix depict significantly more contraction 

in the OSM-treated samples, which is reversed in the presence of LOXL2 inhibitors. Scale 

bar = 2 mm. Graph quantifying the change in area of the matrix (in mm2) due to contraction. 

Collagen I fiber contraction correlates to fiber crosslinking and is reversed with the 

inhibition of LOXL2. B. The same experiment as above was performed with MDA-MB-

468 cells. Representative images after 48 hours and accompanying graph are depicted using 

the same scale as above. As with MCF7 cells, LOXL2 inhibition prevented contraction due 

to OSM-induced LOXL2, but overall contraction is not as pronounced. Scale bar = 2 mm. 

C. Confocal images of the collagen “pucks” depict the increase in collagen I fiber (green) 

alignment between MCF7 cells (red) in collagen I matrices that are treated with OSM for 

36 hours. Alignment is not observable with the addition of LOXL2 inhibition using βAPN 

(500 μM). Magnification x63; Scale bar = 50 μm. D. Representative images with areas of 

greatest collagen I fiber density emphasized using ImageJ image processing. This clearly 

highlights the increase in fiber density and alignment present with OSM treatment, which 

reversed by LOXL2 inhibition. E. Graph depicting the average fiber dispersion coefficient 

of collagen I fibers perpendicular to and bridging MCF7 cells in collagen I matrices. 

Confirms qualitative data that OSM treatment significantly increases alignment which is 

reversed with LOXL2 inhibition. (All experiments n=3+; ** p<0.01, *** p<0.001; One-

way ANOVA). 
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Figure 2.6 OSM-Induced LOXL2 Promotes Invasion in 3D Extracellular Matrix. 

In A. MCF7-GFP cells were seeded into a 1.5 mg/mL collagen I solution and 

molded into wells of a 96-well plate containing “cell-free zones”. Cells were supplemented 

with β-estradiol (50 ng/mL) and treated with OSM, OSM with βAPN (500 µM), or OSM 

with PXS-5120A (200 nM).  Fluorescent images were taken at Day 0, and at the conclusion 

of the experiment on Day 5. We observed an increase in 3D invasion of MCF7 cells treated 

with OSM that was limited by the inhibition of LOXL2 enzymatic function using βAPN 

or PXS-5120A. Scale bar = 1,000 μm. B. Graph represents the total number of MCF7-GFP 

cells that invaded into the cell-free space by Day 5, with the various treatments discussed 

above. OSM treatment significantly increases 3D invasion in MCF7 cells and that is 

significantly reversed by LOXL2 inhibition. (Experiment n=3; *** p<0.001; One-way 

ANOVA). 
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Figure 2.7 Mechanism by Which OSM-Induces LOXL2 and Promotes ECM 
Remodeling. 
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OSM binds to gp130, which recruits OSMRβ to form a heterodimer and allow the 

phosphorylation and activation of downstream signaling pathways, including STAT3, 

MAPK, and PI3K. OSM signaling promotes EMT in invasive ductal carcinomas and as the 

data shows LOXL2 expression in its ~105 kDa glycosylated form. The 105 kDa LOXL2 

is enzymatically active and secreted into the ECM of the breast tumor microenvironment. 

In the ECM, LOXL2 promotes crosslinking of the main constituent of the stroma, collagen 

I, which leads to collagen I fiber alignment. The alignment of collagen I fibers in the stroma 

provides pathways for cancer cells that have undergone EMT to invade nearby tissue and 

vasculature. Therefore, these changes to the ECM of the tumor microenvironment likely 

play a functional role in invasive ductal carcinoma metastasis. 
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CHAPTER THREE: OSM-INDUCED LOXL2 ECM REMODELING PROMOTES 

BREAST CANCER METASTASIS; OSM IS SYNERGISTIC WITH IL-1Β, AND 

REQUIRES C-MYC EXPRESSION 

Background 

In the previous chapter, we presented results that highlighted a novel mechanism 

involving proinflammatory cytokine promoted IDC cell invasion that had yet to be 

observed prior to our research. However, proinflammatory cytokines from the 

interleukin-6 (IL-6)-family and interleukin-1 (IL-1)-family of ligands, such as oncostatin 

m (OSM) and interleukin-1beta (IL-1β) respectively, have been increasingly studied for 

their role in IDC progression and ultimately metastasis. The STAT3, MAPK, PI3K, and 

NF-κB signaling pathways that are activated by these proinflammatory cytokines are 

known to promote irregular gene expression, especially through oncogene upregulation 

and tumor suppressor downregulation. Exemplifying this mechanism OSM binds to 

gp130 receptor subunit, the ligand-receptor pair recruit and dimerize with the OSM 

receptor beta (OSMRβ) subunit to form an OSMR complex, the interaction results in 

downstream signaling by activating Janus kinase-1 and 2 (JAK1/2) phosphorylation 

cascade [170]. The inflammatory response resulting from OSM signaling causes 

abnormalities in IDC cells that are hallmarks of cancer progression by stimulating cell 

survival, epithelial-to-mesenchymal transitions (EMT) for motility, oncogenic 

transcription factors (TF) such as c-Myc, and secretion of angiogenic growth factor 

VEGF and basement membrane degrading matrix metalloproteases (MMPs). These 
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effects make up what is currently known about the role of OSM in IDC, forming the 

paradigm for OSM-promoted tumor progression and metastasis. However, our research 

will likely persuade further studies involving inflammatory cytokine promoted ECM 

remodeling which we hope will lead to novel mechanisms that will add to our 

understanding of IDC progression and metastasis. We observed that OSM, and to a lesser 

extent IL-1β and IL-6, mediated indirect remodeling of extracellular matrix (ECM) 

collagen I matrices, which makes up 60 - 80% of the stromal ECM proteins in IDC tumor 

microenvironments (TME). [146] The remodeling is caused by the overexpression of 

lysyl oxidase like-2 (LOXL2) induced in response to cytokine signal transduction. 

LOXL2 enzymatic glycoprotein catalyzes an amine to aldehyde oxidation in the peptidyl 

lysine residues located towards the end of collagen fibrils and fibers, predominantly in 

collagen I. This is known as collagen crosslinking which promotes the maturation of the 

ECM tissues, consequently it also promotes fiber alignment between cancer cells in and 

detached from the primary tumor throughout the TME. OSM, IL-1β, and other 

proinflammatory cytokines are secreted by neutrophils and macrophages found in the 

TME altered by IDC tumors to become tumor associated neutrophils and macrophages. 

As TANs and TAMs, they aggressively respond to inflammation by producing excessive 

amounts of growth factors, chemokines, and inflammatory cytokines; including OSM and 

IL-1β. These then induce LOXL2 expression and cause significant crosslinking, fiber 

alignment, and IDC invasion through collagen I matrices as observed in vitro. [119, 125, 

146, 190, 207]  

As stated above, OSM-induced LOXL2 promoted significant ECM remodeling 

and studies have confirmed that collagen I fiber alignment is associated with increased 
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tumor cell velocity when motile. [126-128, 158] Bearing that in mind, OSM-induced 

LOXL2 could have an important role to play in OSM-mediated tumor progression and 

more specifically have an impact on metastasis. To test our hypothesis, a novel mouse 

model featuring luminal A ER+ MCF7-Luc IDC cells that constitutively express 

luciferase and full length OSM (MCF7-Luc-flOSM) or only luciferase in empty vector 

control cells (MCF7-Luc-EVctrl) injected into the 4th mammary fat pad of 

immunocompromised nude athymic mice was developed. These mice were treated with 

either PXS-5382, a LOXL2/3 specific small molecule inhibitor (SMI), or vehicle control 

formulated into chow for consumption. The results from the in vivo study and the ex vivo 

bioluminescent images of resected organs subsequently taken at the study’s conclusion 

indicated the presence of metastatic lesions and further analysis confirmed the 

importance of LOXL2 enzymatic activity on ECM collagens significantly affected OSM 

mediated metastasis. This confirmed our hypothesis that LOXL2 mediated ECM 

remodeling indeed plays an important role in IDC metastasis and tumorigenesis in IDC 

cells. In addition to our in vivo study, an analysis of OSM’s canonical signaling pathways 

was performed in vitro to determine the method of OSM signal transduction involved in 

LOXL2 induction. Inhibition of OSM’s canonical signaling pathways and the affects 

observed in LOXL2 expression suggested the presence of the transcription factor c-Myc 

was necessary as a mediator for OSM signaling. Further in vitro research highlighted the 

synergistic expression of LOXL2 in IDC cells treated with OSM and IL-1β. The impact 

of these results may lead to a shift in ideology involving cytokine research, where ECM 

modifications promoted by proinflammatory cytokine-induced LOXL2 or potentially 

other lysyl oxidases becomes a critical component in IDC tumor progression and 
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metastasis studies and drug development, similar to the way OSM and IL-6 promoted 

EMT and angiogenesis are considered.  

Materials and Methods 

Cells and Cell Culture 

Non-transformed human IDC cell lines MCF7 (HTB-22), MDA-MB-468 (HTB-

132), and BT474 (HTB-20) utilized were purchased from the American Type Culture 

Collection (ATCC; Manassas, VA). The firefly luciferase bioluminescent enzyme 

expressing (-Luc) transformed IDC cell line MCF7-Luc (Bioware MCF-7-Luc-F5) was 

obtained from PerkinElmer Inc. (Waltham, MA); however, this specific cell line is no 

longer available, a new cell line is sold instead, Bioware: IVISBrite MCF-7 Red F-Luc. 

Luminal A MCF7 and MCF7-Luc [ER+, PR+, HER2-] cell lines were cultured in RPMI 

1640 with L-glutamine (Genesee Scientific; San Diego, CA), while luminal B BT474 

[ER+, PR+, HER2+] and triple negative breast cancer (TNBC) basal-like A MDA-MB-

468 [ER-, PR-, HER2-] cell lines were cultured in DMEM with L-glutamine and high 

glucose (Genesee Scientific). All cell media contained 10% v/v Fetal Clone III (Cytiva 

Biotechnology-HyClone; Marlborough, MA) and 1% v/v of 100x penicillin/streptomycin 

(Genesee Scientific). Cells were cultivated in tissue culture (TC) treated T25 and T75 

flasks and 6-, 12-, 24-, 96-well plates (Genesee Scientific) kept in a Model 3110 (Forma 

Scientific; Marietta, OH) incubator at 37°C and 5% CO2. Cells grown to ~75% 

confluence before plating for experiments. At various time intervals, IDC cells were 

treated with either 25 ng/mL of 209 aa recombinant human OSM (rhOSM) and/or 10 

ng/mL of rhIL-1β (Peprotech Inc.; Rocky Hill, NJ) stored at -20°C in 1x PBS (Genesee 
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Scientific) with 0.2% bovine serum albumin (BSA) as a carrier protein for cytokine 

stability (Thermo Fisher; Waltham, MA).  

Reagents and Small Molecule Inhibitors 

There are five different small molecule inhibitors (SMIs) that were used during 

experimental procedures, all of which, except the LOXL2 SMI, were dissolved in sterile 

cell culture grade 100% DMSO (VWR International; Radnor, PA) and then aliquoted and 

stored at -80°C. These were all from same company: 1) MEK1/MEK2 SMI, preventing 

pERK phosphorylation, named PD0325901 at 5 mM stock dilution; 2) PI3Kα/δ SMI, 

preventing pAKT phosphorylation, named GDC-0941 also at 5 mM stock dilution; 3) 

STAT3 SH2 domain SMI, preventing pSTAT3 phosphorylation, named Stattic at 100 

mM stock dilution; and 4) c-MYC/Max protein association and dimerization SMI, 

prevents c-MYC transcriptional activity, named 10058-F4 at 100 mM stock dilution 

(Sigma Aldrich; St. Louis, MO). Prior to 15-minute and 24-hour treatment with rhOSM, 

IDC cell lines were incubated with of these signal pathway SMIs or vehicle control for 

DMSO for 2 hours. The LOXL2/3 specific SMI that prevents catalysis of collagen I 

crosslinking by binding to and blocking the active binding site for peptidyl lysine and 

hydroxylysine amine groups in LOXL2/3 called PXS-5382 (Pharmaxis Ltd.; New South 

Wales, AUS). This SMI was integrated into a specialized chow formulated for in vivo 

studies, due to its great oral bioavailability, allowing for continuous exposure to LOXL2 

inhibition in mice (Research Diets Inc.; New Brunswick, NJ).  

One gram of 17β-estradiol (estrogen or E2) (Sigma-Aldrich) was dissolved in 200 

proof ethanol to a concentration of 20 mg/mL and sterile filtered with a hydrophobic 

polyvinylidene fluoride (PVDF) 0.22 μm luer locking syringe filter attachment cased in 
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PVC plastic that resists degradation from pure ethanol (Millipore Sigma; Burlington, 

MA). E2 was aliquoted and stored at -20°C until it is needed and then added to bottled 

drinking water for the mice to achieve 4 mg/L of E2 with the ethanol diluted to very low 

percentage of 0.02% and won’t interfere with mouse health or activity.  

For bioluminescent visualization of the MCF7-Luc IDC cell line and derived cell 

line colonies that were i, IVISBrite D-luciferin potassium salt (Xenolight, PerkinElmer) 

was dissolved to 100x (15 mg/mL) in sterile 1x PBS (Genesee Scientific) and sterile 

filtered using a polyether sulfone (PES) 0.22 μm luer lock syringe filter attachment 

(Millipore Sigma) was used. This solution was diluted 1:100 in culture media to make it 

1x (15 μg/mL) for in vitro or added directly at a volume of 200 μL for in vivo 

bioluminescent imaging.  

Sterile antibiotics, blasticidin and geneticin (G418) (Thermo Fisher), were diluted 

into sterile 1x PBS at 5 mg/mL and 50 mg/mL respectively. Blasticidin was used for 

selection during cell transduction at 5 μg/mL and to maintain isolated colonies at 2.5 

μg/mL, G418 was used to maintain luciferase expressing cells at 250 μg/mL. 

Cell Transduction 

For full-length human OSM (flOSM) vector transduction, the luminal A IDC cell 

line MCF7-Luc was used, which was purchased from PerkinElmer already transformed to 

express the bioluminescent, enzymatic firefly luciferase protein by the incorporation of a 

firefly luciferase expression vector with G418 antibiotic resistance. Antibiotic resistance 

was critical when determining the plasmid for flOSM cDNA integration, so that the 

resistances were different and did not overlap and prevent colony selection from taking 

place. The MCF7-Luc cells were transformed to constitutively overexpressing flOSM 
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(MCF7-Luc-flOSM) or empty vector control (MCF7-Luc-EVctrl) using CMV promoter 

containing pLenti6.3/TO/V5-DEST plasmid found in the ViraPower™ HiPerform™ T-

Rex™ Gateway™ Vector Kit (Thermo Fisher) according to the accompanying protocol. 

The plasmids contained either the full-length human OSM (flOSM) cDNA sequence, 

inserted according to protocol in the manual, or were left empty (Evctrl) to control for the 

effects of transduction in MCF7-Luc cells by lentiviral particles.  

A series of volumes (20 μL to 100 μL) for each lentiviral plasmid construct, 

flOSM and EVctrl, was added to the wells of a TC treated 96-well plate (Genesee 

Scientific) plated with 15,000 or 30,000 cells in triplicate for each vector and volume 

combination for a total volume of 200 μL in combination with RPMI 1640 complete 

media; therefore, MCF7-Luc cells were exposed to lentiviral particles at ratios of 1:10 up 

to 1:2 for 24 or 48 hours. Cells were washed with 1x PBS and 200 μL of complete RPMI 

1640 media was added containing 5 μg/mL of blasticidin, to select for MCF7-Luc cells 

that expressed flOSM or EVctrl media. Selection media was replaced every 3 to 4 days 

until there were stable colonies to isolate and subclone. These were maintained by 

intermittently adding 2.5 μg/mL blasticidin to media. For luciferase expression 

maintenance in parental MCF7-Luc and MCF7-Luc-flOSM and MCF7-Luc-EVctrl 

colonies, 250 μg/mL of G418 was added intermittently to media. Selected colonies were 

established, followed by characterizing the morphology and protein expression of each 

colony to find suitable cells for in vivo studies. RPMI 1640 media was slowly replaced 

with DMEM media due to excessive detachment observed in the MCF7-Luc-flOSM 

colonies using RPMI 1640 media at confluency that DMEM prevented. 
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Lentiviral Particles 

The flOSM and EVctrl pLenti6.3/TO/ V5-DEST plasmids were transfected into 

HEK293FT cells (Thermo Fisher) with the use of ViraPower™ Packaging Mix (Thermo 

Fisher) and Lipofectamine 2000 (Thermo Fisher) following the protocols provided in 

ViraPower™ HiPerform™ Lentiviral Expression Systems (Thermo Fisher). All biosafety 

level 2 (BSL-2) guidelines and protocols were adhered to, including the use of a Class 2 

tissue culture hood. After 24-hour incubation, the above transfection media was removed 

and replaced with fresh media after 1x PBS rinse. Conditioned media (CM) with plasmid 

containing lentiviral particles that were formed and released by cells was collected 72 

hours later. The resulting lentiviral media solution was carefully handled prior to cellular 

debris being eliminated by CM centrifuged at 300 g for 5 minutes and sterile filtered 

using a PVDF 0.45 μm luer lock syringe filter (Millipore Sigma). Following CM clean-

up the lentiviral solution was titrated following ViraPower™ manufacturer protocol. 

Once the solution was titrated, the lentiviral CM was safely and sterilely aliquoted into 

cryovials with screw on caps that had O-rings for an air tight seal (Genesee Scientific) 

and stored at -80°C. 

Mouse Model 

This in vivo model, and the subsequent procedures implemented throughout and at 

experimental endpoint, were determined to be humane and necessary receiving approval 

from the authorized IUCAC board at Boise State University. For this mouse model 40 

Foxn1nu homozygous female nude athymic mice were purchased at 7-8 weeks of age 

(The Jackson Laboratory; Bar Harbour, ME). After a mandatory day of quarantine, the 

mice were divided into 2 groups of 20 mice and given drinking water supplemented with 
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estrogen (4 mg/L of 17β-estradiol) for 5 days prior to tumor cell injections and 

throughout the entire length of the experiment (Sigma-Aldrich; St. Louis, MO). After 5-

day pretreatment with E2, mice from each group received a 50 μL injection in the 4th 

mammary fat pad using a sterile 27G 0.5CC syringe (Becton, Dickinson, and Company 

or BD; Franklin Lakes, NJ) containing 50% Matrigel (9.1 mg/mL) basement membrane 

matrix (Corning; Corning, NY) mixed with 50% or 25 μLs of either 2.0x106 cells of the 

human flOSM constitutively overexpressing MCF7-Luc-flOSM cell line or 2.0x106 cells 

of the lentiviral transduction control MCF7-Luc-EVctrl cell line, described in the Cell 

Transduction section. These mice were placed in their assigned cages, where 5 mice 

occupied each cage for a total of 8 cages placed on racks, which were connected to an 

individually ventilated caging system (IVC). After palpable tumors 1 - 2 mm in diameter 

were detected in mice from both groups 10 days since being injected with the two MCF7-

Luc derived cell lines, they received IP injections of 200 μL of 100x luciferin before 

imaging with IVIS. The mice were further separated, distributed according to tumor 

bioluminescence to be evenly grouped, from 2 groups of 20 mice into 4 total groups of 10 

mice each. A group of 10 mice from both the MCF7-Luc-flOSM and MCF7-Luc-EVctrl 

injected mice received LOXL2 inhibition through specially formulated chow infused with 

a PXS-5382 LOXL2 SMI, while the other 10 mice received control chow. The 4 groups 

were: MCF7-Luc-flOSM (Vehicle), MCF7-Luc-flOSM (PXS), MCF7-Luc-EVctrl 

(Vehicle), and MCF7-Luc-EVctrl (PXS). Estrogen supplemented water and chow with 

treatments were restocked as necessary and checked on daily by Vivarium technicians. 

Cages, bedding and nesting materials, rodent enrichment devices, and chew sticks were 

replaced weekly or as was required for the health of the mice, especially with the 
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compromised immunity of nude athymic mice. Upon the conclusion of the experiment, 

due to waning health of the mice, experimental endpoint procedures were implemented 

with great care. The resulting measurements and collected tissues were carefully 

gathered, labelled, analyzed, and stored for future use. 

Weight, Tumor Size, Score, and Bioluminescent Imaging 

According to our protocols, mice must be weighed, scored for pain, and their 

tumors measured by millimeter (mm) scaled caliper 3 times a week on Monday, 

Wednesday, and Friday. The mice were removed from their IVC racks, one cage at a 

time, and weighed on an animal transfer station (Nuaire; Plymouth, MN) using a gram 

scale sensitive enough that could measure changes in weight as low as 0.1g. In addition 

to the weight measurement, mice were also scored from a score of 0 to 2 based on the 

number and severity of the signs that are proven to correlate to pain experienced by mice. 

The score provided for the mice is in accordance to The National Centre for the 

Replacement, Refinement and Reduction of Animals in Research’s (NC3R’s) Mouse 

Grimace Scale where symptoms such as nose bulge, eyelid tightening or closing, and 

several other are signs of pain or distress. [208] A Digital caliper was then used to 

measure the diameter of the resulting tumors, where length and width diameters were 

measured in cases where the tumor was not approximately spherical. On Wednesday’s, 

when tumor growth and progression was further assessed, mice would receive 200 μL of 

100x (15 mg/mL) of luciferin administered by IP injection using 27G 1CC sterile 

syringes. The luciferin interacts with the luciferase enzyme constitutively expressed by 

the transduced MCF7-Luc-flOSM and -EVctrl to produce bioluminescent signature that 
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is detectable by IVIS Spectrum imager (PerkinElmer). This, and the procedures specified 

above, were carried out weekly until the conclusion of the experiment. 

Endpoint Procedures 

At the conclusion of the in vivo experiment, endpoint procedures were performed 

that included final live mouse measurements, anesthesia, blood collection and serum 

isolation, euthanasia, organ and tumor tissue resections, and ex vivo bioluminescent 

imaging. Prior to sacrifice, final measurements were taken for weight, pain score, and 

caliper in all of the mice before they received luciferin IP injections to perform final 

bioluminescent tumor assessment. After imaging, the mice were sacrificed one mouse at 

a time, starting with the first cage that was imaged. Luciferin was administered for a 

second time before anesthetization in a gas chamber using 3% of the gaseous anesthetic 

isoflurane mixed with 24% medical grade oxygen at a flow rate of 0.7 L/min. 

Anesthetization was continued as mice were moved to a nose cone where terminal 

intracardiac puncture procedures were performed using 27G 1CC sterile syringes for 

blood collection. For each mouse, the skin layer was removed around the belly and rib-

cage, exposing peritoneum. A syringe was inserted, bevel up, into the base of sternum at 

a 20° angle under or slightly left of the xyphoid process. The syringe was aspirated 

slowly and 0.6 mL to 1.0 mL of blood was collected from each mouse, of which half was 

saved for serum isolation and rest was kept uncoagulated in EDTA tubes (BD 

Biosciences). Immediately afterwards, each mouse was euthanized by cervical 

dislocation, followed by dissection and the resection of primary the tumor and all relevant 

organs, using a different pair of tweezers and surgical scissors for each so organs were 

not contaminated with primary tumor tissue. 
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Ex vivo Imaging and Tissue Preservation 

The organ tissues that were resected were placed on clear 60 mm petri dishes and 

used for ex vivo bioluminescent imaging analysis using the IVIS Spectrum imager 

(PerkinElmer). These tissues included the primary tumor, ovaries, lungs, liver, brain, 

spleen, kidneys, GI tract, spine, and femur bone opposite of the tumor site. First, the 

organs including the primary tumor was imaged with short, 1 second exposure times, to 

confirm that bioluminescent signal was present in the mice, after which the tumor was 

removed from the petri dish. Without the primary tumor to mask potential 

bioluminescence the organs were imaged again, exposed for 1 minute, followed up by 3 

minutes to determine the presence of metastatic lesions through their relatively weak 

bioluminescent signal. The tumor during this time was split and half of the tissue was 

snap frozen in liquid nitrogen and placed in -80°C freezer for immunoblot analysis and 

other proteomics. The rest was fixed in 10% formalin (Thermo Fisher) for future 

immunohistochemistry analysis. After imaging, the rest of the organs were fixed in 10% 

formalin as well, added to the same 50 mL conical tube as the tumor section. 

Analysis of Tumor Growth and Metastasis 

Tumor size and growth over time was determined using the caliper measurements 

taken 3 times weekly, throughout the course of the in vivo study and at the study’s 

conclusion. The primary tumor size was calculated in terms of volume (mm^3) using the 

accepted formula (length x width^2)/ 2 for all the tumors measured. [209] In instances 

where mice had two distinct lobes for the primary tumor, each lobe was measured 

separately as where the calculated volumes and then added together. The metastatic 

burden on each group of mice was calculated by creating ROIs around organs with 
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bioluminescent signal and comparing the bioluminescence of the groups. Metastasis was 

also determined by the fraction of mice where metastatic lesions were present and the 

fractions of organs in which they were observed. 

Immunoblot Assay 

Immunoblot processing and imaging followed the same method previously 

described in CHAPTER TWO and in previous publication. [146] Details for primary 

antibodies used for this chapter and relevant differences in methodology from previous 

work follow. 10 μg of total protein for OSM signaling pathway protein phosphorylation 

analysis and 20 ug for all other proteins analyzed including proteins from primary tumor 

derived cells were loaded per lane, as determined by Peirce™ BCA Protein Assay Kit 

(Thermo Fisher). Primary antibodies used to determine protein expression were all 

targeted for human epitopes associated with LOXL2 (Genetex Inc.; Irvine, CA), OSM 

(Santa Cruz Biotechnology, Dallas, TX), firefly Luciferase (Sigma Aldrich); ERα, E-

Cadherin, Snail-1, c-Myc, p-c-Myc [Ser62], p-c-Myc [Thr58], pERK, pAKT, and 

pSTAT3 (Cell Signaling Technology; Danvers, MA). All blots are incubated with 

primary antibodies at [1:1000] dilution, except for OSM [1:500] and pAKT [1:2000]. 

Quantitative ELISA 

Conditioned media (CM) or lived-in cell culture media that contains extracellular 

proteins and biomolecules secreted by cells over time, was collected from IDC cells and 

analyzed by ELISA to determine and compare the concentrations of secreted hLOXL2, 

hOSM, and hVEGF proteins at various times and treatments. These assays were 

performed and analyzed according to the protocols provided with the DuoSet ELISA Kits 

(R&D Systems; Minneapolis, MN) specific for each protein. These are all quantitative 
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ELISAs because the exact weight / volume concentration can be determined from the 

results, using a standard curve. Lyophilized recombinant hOSM, hLOXL2, and hVEGF 

came with each kit so that standard curves, ranging from 2000 pg/mL to 31.25 pg/mL for 

hOSM and hVEGF, and 24 ng/mL to 0.375 ng/mL for LOXL2, could be calculated. Each 

sample was analyzed in triplicate, duplicate when there were too many samples, and the 

resulting 450 nm absorbance values were compared against the standard curves created 

from fitting a 2nd degree polynomial or 4PL sigmoidal curve to get the concentration of 

each protein. 

Cytokine Synergy Analysis 

Synergistic interactions are defined as deviations from the additive linear response 

of the measured outcome, either by up- or down-regulation, between two different 

treatment vectors. To determine synergistic interactions between OSM and IL-1β, the 

deviation from additive linear response was calculated as the measured outcome in the 

presence of both treatments #1 + #2 combined, divided by the sum of the outcomes of 

treatment #1 only and treatment #2 only. [210] To put this relationship into an equation: 

(Outcome from Treat #1 + Treat #2 in same reaction) / (Outcome from Treat #1 + 

Outcome from Treat #2) = When answer is greater than 1 (>1) there is a deviation in the 

linear response and there is a synergistic interaction; for value that is exactly 1 or close to 

1 there is no deviation and is an additive interaction; less than 1 (<1) and it is opposite of 

synergistic and is an antagonistic interaction. To determine if the deviation from additive 

response is significant, the mean of log2(Treat #1) + log2(Treat #2) is compared against 

mean of log2(Treat #1 + #2). 
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Statistical Analysis 

Statistical analysis was performed using Prism 8.0 software. Significant results 

were determined by various statistical methods including Student’s t-test, One-way 

ANOVA, Repeated Measures (RM) Two-way ANOVA, and Pearson Correlation test. 

Significance is denoted as: n.s. (not significant), p>0.05, * p<0.05, ** p<0.01, *** 

p<0.001 and **** p<0.0001. 

Results 

IDC Cells Transformed with Either OSM Overexpression or Control Plasmids are 

Similar to Parental 

To determine the in vivo effect of OSM-induced LOXL2 ECM remodeling 

observed in my last publication, we designed an in vivo mouse model for IDC tumor 

growth and metastasis. We started with the poorly metastatic luminal A ER+PR+HER2- 

human IDC cell line MCF7 containing the luciferase bioluminescence enzyme (MCF7-

Luc). To transduce OSM-overexpression in MCF7-Luc cells, we developed lentiviral 

particles containing the full-length OSM (flOSM) or empty vector control (EVctrl) 

plasmids with a CMV promoter and blasticidin resistance. Stably propagating colonies 

expressing flOSM or EVctrl vectors resulted from lentiviral transductions followed by 

antibiotic selection. The morphology of the colonies was initially assessed and compared 

against the parental MCF7-Luc cell line. The colonies showing altered morphology were 

removed from consideration, while those that retained morphologies similar to parental 

cells were assessed further (data not shown). 

Based on both morphology and appropriate OSM secretion, as determined by 

OSM ELISA of conditioned media (CM) from MCF7-Luc-flOSM colonies after 24 
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hours, the two most promising colonies were selected (C1 and C2) (Supp. Figure B.1 

and B.2). Using a human OSM ELISA kit with rhOSM for the standard curve, a 

quantitative assessment of these colonies showed that MCF7-Luc-flOSM C1 secreted 

~70 ng/mL OSM, while C2 secreted ~60 ng/mL OSM. As expected, OSM could not be 

detected in parental cell CM or media control (Figure 3.1 A). This level of OSM 

secretion is ~2-3-fold higher than the level of rhOSM we would normally treat cells with 

(25 ng/mL) in vitro. 

OSM-induced LOXL2 secretion was evaluated next. CM from C1 and C2 were 

collected at 72 hours and tested using a human LOXL2 ELISA. C2 secreted ~3X more 

LOXL2 (7.25 ng/mL) than C1 (2.75 ng/mL). Colonies C1 and C2 were also compared 

against parental and EVctrl cells. As expected, the parental and EVctrl controls secreted 

low levels of LOXL2 that increased in response to OSM treatment (25 ng/mL), from 1.5 

to 8 ng/mL and 1.25 to 9.75 ng/mL respectively. Comparing control LOXL2 expression 

in C1 and C2, only C2 secreted significantly ~7X more LOXL2 than non-treated EVctrl 

(Figure 3.1 B). Due to these results C1 was selected as the best colony moving forward. 

To determine whether OSMR signaling was saturated by the natural overexpression and 

secretion of OSM by C1 and C2, additional rhOSM (25 ng/mL) was added to the cells for 

72 hours. CM was tested by LOXL2 ELISA, and the additional OSM did not increase 

LOXL2 expression suggesting that the OSMR was saturated by the overexpressed OSM 

(Supp. Figure B.3).  

OSM-induced VEGF secretion was also evaluated in parental, EV control, and C2 

cells +/- additional rhOSM (25 ng/mL) by VEGF ELISA (Figure 3.1 C). OSM 

overexpression by C2 cells resulted in a greater than 2-fold higher induction of VEGF 
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secretion compared to parental and EV control cells. Treatment with additional OSM 

resulted in the expected increase in secreted VEGF in parental (3-fold) and EV control 

(2.5-fold) cells. Immunoblot analysis was performed for OSM (25 ng/mL) treatments at 

24 hours for LOXL2 and Snail and 72 hours for E-cadherin and ERα. The response 

observed in C2 and OSM treated parental and EVctrl cells was expected for each protein 

analyzed. Both E-cadherin and ERα decreased at 72 hours while Snail and LOXL2 were 

upregulated at 24 hours. Key to note is that ERα was substantially downregulated by 

OSM expression in MCF7-Luc-flOSM C2, as well as in OSM treatment after 72 hours in 

parental and EV control cells. This has been shown before in MCF7 human breast cancer 

cells. [108] We were concerned that constitutive OSM expression would reduce ERα in 

MCF7-Luc-flOSM cells to a point where they would no longer express ER and would 

become ER-. To our excitement, MCF7-Luc-flOSM cells still express ER, though at a 

somewhat reduced level. 

ER+ Mouse Model to Test LOXL2 Effect on OSM-mediated IDC Tumor Progression 

As high levels of tumor-associated OSM expression have been associated with 

worse survival in ER+ breast cancer patients compared to ER- patients, it is clear that 

OSM has a more important role in ER+ breast cancer. [86, 108, 173] Therefore, we 

wanted to continue our studies in an ER+ mouse model of metastatic breast cancer.  The 

successful establishment and characterization of MCF7-Luc-flOSM cells that overexpress 

OSM, along with the EVctrl vector control cells, gave us confidence to utilize them as 

our novel ER+ metastatic breast cancer mouse model. To inhibit LOXL2 in our mouse 

model, the pharmaceutical company Pharmaxis supplied one of the LOXL2/3-specific 

small molecule inhibitors (SMIs) that they had developed, named PXS-5283, which had 
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recently passed Phase I clinical trials. This SMI was used for our in vivo LOXL2 

inhibition because of its better pharmacologic profile compared to PXS-5120, which had 

been used previously in vitro. Ideally, the SMI would have remained the same for in vivo 

studies; however, PXS-5120A’s short half-life, poor target acquisition, and terrible oral 

bioavailability were enough reasons to make the switch (data not available). The 

structural formulas for PXS-5382 and PXS-5120A are similar and are represented by 

their skeletal structures (Figure 3.2 A), with the differences between the SMIs circled in 

red and numbered. There are 3 areas that differ between PXS-5382 and PXS-5120A: i) 

the dimethylamine group (-N(CH3)2) from the dimethyl sulfonamide (-SO2N(CH3)2) 

bound to the phenyl ring is replaced with a methyl group (-CH3), ii) the 5-indole bound 

carboxyl group (-COOH) is replaced by a methyl group, and iii) a carbon atom from the 

indole located at 4-indole is replaced with a nitrogen. According to manufacturer, these 

differences do not appreciably impact on the inhibitory capability of PXS-5382, while 

greatly improving solubility, stability, and oral bioavailability in vivo. This allowed us to 

reduce the dosing frequency and gave us the option to use an oral method of SMI 

delivery versus IP injection. We also wanted confirmation that PXS-5382 retained the 

same or similar inhibition efficacy and selectivity for LOXL2. Research at Pharmaxis 

was performed using fluorometric activity assays, where purified proteins of the 5 lysyl 

oxidase were exposed to an 11-point serial dilution for each SMI and incubated for 30-

minutes prior to analysis. The results were plotted and subsequent half-maximal 

inhibitory concentration (IC50) calculations were performed for PXS-5382, PXS-5120A, 

and βAPN (a well-known but non-selective pan-LOX SMI) and displayed as pIC50 

values, which are negative log of IC50 values, where larger values correlate to stronger 
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inhibition (Figure 3.2 B). The pIC50 values for PXS-5382 and PXS-5120A SMIs 

inhibition were nearly identical, with variation from 0.1 to 0.2 units. The LOXL2 pIC50 

value remained ~2 units higher for PXS-5382, correlating to an ~100-fold higher IC50 

concentration compared to all but LOXL3. These results confirmed the similarity 

between the SMI inhibitory profiles, giving no reason for concern moving forward with 

PXS-5382. Due to its great oral bioavailability a specialized chow was developed 

containing PXS-5382, formulated by Research Diets, Inc. This diet seemed like a great 

method to utilize for PXS-5382 treatment in vivo. To test the chow, a pilot study was 

conducted by Pharmaxis with mice that were fed the SMI infused chow diet for 14 days. 

On the last day, serum samples were collected 1-hour and 8-hours after the mice last ate 

(Figure 3.2 C). The results showed that after 8 hours, there was ~50% less PXS-5382 

compared to 1-hour, but the concentrations were all still above the 7.9 nM IC50 for 

LOXL2. The lowest (~121.1 nM) and highest (~500 nM) concentration were respectively 

~15-fold and ~63-fold greater than the IC50. These results demonstrated PXS-5382 

stability in vivo as well as oral bioavailability of the compound. The chow diet would 

maintain SMI concentration above LOXL2/3 IC50s but below the IC50s of other lysyl 

oxidases. Therefore, the chow diet would be used in our mouse model going forward, 

eliminating the need for daily IP injections of an anti-LOXL2 SMI that would have been 

required to maintain LOXL2 inhibition. For any concerns regarding the formulation of 

the PXS-5382 chow along with the control chow, a table is provided highlighting the 

entire contents of the mouse diet available from Research Diets, Inc. (Table 3.1). Further 

confidence in using PXS-5382 inhibitor is gained from the rigorous testing it underwent 

during Phase 1 clinical trials, which it passed, with Phase 2 trials set to start. PXS-5382 
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was rigorously tested for cytotoxicity as a result of the Phase I clinical trial, and patients 

showed no adverse side effects (data not available). Inhibition efficacy was analyzed in 

human subjects dosed orally with 100 mg PXS-5382 every 24-hours and measured by % 

inhibition by probing for SMI bound LOXL2 versus the total LOXL2 (Figure 3.2 D). 

The results further confirmed the stability of PXS-5382 in vivo with a steady >85% 

LOXL2 enzymatic inhibition between doses after the 7-day mark. With PXS-5120A 

having minimal oral bioavailability, it would no doubt cause significant distress in the 

mice over the course of the experiment due to the daily IP injections, reducing the quality 

of life, and possibly resulting in early termination. The overall results made it clear that 

the switch from PXS-5120A should be made to PXS-5382, a LOXL2 SMI that has all the 

inhibitory qualities of the previous SMI with a pharmacokinetic profile that is ideal for in 

vivo research.  

Utilizing an ER+ mouse model of breast cancer requires estrogen to be 

continuously present in the mice receiving the MCF7-Luc tumor cell injections in order 

for a tumor to develop properly in vivo. The absence of estrogen not only prevents the 

tumor from growing effectively, but it can completely hinder tumor development. To 

address this, we supplemented the drinking water for the mice with 4 mg/L of 17β-

estradiol (E2), the most potent form of estrogen. This method has been proven to be 

effective in our lab and by others. [211, 212] Importantly, we ran a pilot study utilizing 6 

mice that were injected with 2 x 106 MCF7-Luc-flOSM cells (a combination of 50% C1 

and 50% C2 cells), which was compared against the parental MCF7-Luc cells because we 

did not have an established MCF7-Luc-EVctrl control cell line at the time. As the pilot 

was to determine whether the MCF7-Luc-flOSM colonies could promote metastasis, it 
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was not really necessary to have the vector control for comparison. After ~40 days post-

injection, the health of the mice began to wane and their distress scores were all at the 

highest level and so the study was terminated. Analyzing the data, we were able to 

confirm that the mixed C1 and C2 MCF7-Luc-flOSM cell lines were more than capable 

of metastasizing. Of the 6 mice, 3 were injected with the MCF7-Luc-flOSM mixed tumor 

cells and 3 with a combination of 50% mixed tumor cells/ 50% Matrigel BME matrix. 

The MCF7-Luc-flOSM cells co-injected with 50% Matrigel BME matrix had larger 

tumors and faster tumor growth rates, with metastases present in the lungs in of all 3 mice 

(100%) (data not shown). The results from the group that did not receive Matrigel 

compared to the group that did, suggested that Matrigel promoted better tumor growth 

and was utilized in all tumor cell injections going forward. Given the results we gathered 

from our pilot study, we were confident that we had an ER+ metastatic breast cancer 

mouse model with which to move forward to test whether OSM-induced LOXL2 

expression and subsequent ECM remodeling in MCF7-Luc cells significantly affects IDC 

progression and metastasis. 

OSM-induced LOXL2 Promotes IDC Tumor Growth and Metastasis 

Based on in vitro analysis of MCF7-Luc-flOSM C1, C2, and MCF7-Luc-EVctrl 

cells as well as pilot study results, the details of our mouse model were finalized. In total, 

forty 9-week-old immunocompromised nude athymic<nu/nu> female mice received tumor 

cells injected into the 4th mammary fat pad. The injections contained 2.0 x 106 of either 

MCF7-Luc-flOSM C2 or EVctrl cells (20 mice injected with each), composed of a 50% 

Matrigel BME matrix solution. MCF7-Luc-flOSM C2 was utilized instead of a 1:1 

combination of C1 and C2. This was due to results obtained after the pilot experiment 
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was performed that showed a >2-fold higher LOXL2 expression in C2 when compared to 

C1. In addition, C2 expressed less OSM, reducing the potential risk of cytokine storm 

formation in the mice as the study progressed. [213] At day 10 post-tumor cell injection, 

palpable tumors were felt. Bioluminescent images were taken of the mice injected with 

MCF7-Luc-flOSM or EVctrl. The mice were sorted based on individual bioluminescent 

signal intensities (BLI) and placed into 4 total groups with comparable overall BLI of the 

10 mice in each group. The groups were then treated with PXS-5382 LOXL2 SMI chow 

[PXS-5382] or control chow [vehicle]. Therefore, the final groups were: 1) MCF7-Luc-

EVctrl [vehicle], 2) MCF7-Luc-EVctrl [PXS-5382], 3) MCF7-Luc-flOSM [vehicle], and 

4) MCF7-Luc-flOSM [PXS-5382]. A diagram of the full mouse model, from start to 

finish, with names of each group and weekly procedures performed is found in (Figure 

3.3). After doing weekly measurements for the duration of the experiment, on day 46 the 

health of mice from the MCF7-Luc-flOSM + [vehicle] drastically waned, and therefore, 

endpoint procedures were initiated. Essential tissues and fluids were collected and stored, 

ex vivo imaging was performed for each mouse, and the pertinent data gathered 

throughout the course of the experiment was consolidated. 

To make sure the mice were not suffering excessively, measures of mouse vitality 

were taken and recorded throughout the course of the study. This was done in part to 

confirm that mice in the study maintained good health, but also to show any trends or 

anomalies seen in individual mice, cages, or treatment groups that could skew the results. 

The vitality of mice is primarily determined by the weight measurements and fluctuations 

in mice over the course of the study, as measured 3x weekly, with any mouse < 20% start 

weight triggering euthanasia. Unfortunately, throughout the course of the study, two mice 
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died before they could be euthanized, but weight did not dip below 20% on last checkup. 

Mice are weighed using a gram scale that is sensitive enough to detect differences in 

weigh equal to or greater than 0.1 g, measured under the protection of an animal transfer 

tables airflow barrier. The mice appeared to enjoy the chow supplement, both PXS-5382 

and control, as the average weight of the mice from each group increased as the 

experiment progressed from day 0 until the midpoint of the study, declining thereafter 

(Figure 3.4 A, B). Overall, the weight fluctuations over time were expected minus the 

early deaths, and no significant changes were measured. The distress and/or pain the mice 

were experiencing was also measured and recorded 3x weekly and scored according to 

published mouse grimace scale guidelines. [208] The mice received scores of 0, 1, and 2 

depending on the severity of the grimacing features such as nose and cheek bulge, ear 

positioning, and orbital tightness. One week of consecutive scores of 2 triggered the 

protocol for euthanizing mice. Until the final week of the study, only a few mice 

experienced issues at various points during experimentation, receiving scores of 1 and 

1.5, but they would recover and score 0 within a week. The two mice that perished early 

both had MCF7-Luc-flOSM cell injections, one with vehicle and one with PXS-5382, 

and had scores of 1.5-2 prior, but neither were consistently at 2 for that long. Other than 

weight and pain score, these mice were removed from the rest of the study. In the final 

week, the number of mice that began grimacing increased and mice were no longer 

recovering, while all the mice in the untreated MCF7-Luc-flOSM [vehicle] group were 

scoring from 1 to 2 (data not shown). These results are normal for tumor metastasis 

studies, with the grimace scores at times correlating with the presence of metastatic 

lesions, and the MCF7-Luc-flOSM [vehicle] group was expected to show the earliest 
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signs requiring experiment termination. These results suggest that overall, the mice were 

not distressed beyond what was expected, given the circumstances, and the study was 

able to successfully conclude 46 days after tumor cell injections. 

Of the goals we set out to accomplish through the mouse model study, one was to 

elucidate the impact that OSM-induced LOXL2 had on tumor growth. We determined the 

size of the tumors and their growth over the course of the study by using a digital caliper 

to get precise lengthwise and widthwise diameter measurements from each tumor, 

measurements taken 3x weekly. The tumor volumes in this in vivo study were calculated 

according to the accepted methodology for tumor volume calculation: volume = (width2 

x length)/2. [209] There were two instances in the mice, where two distinct lobes 

developed for the primary tumor; each lobe was measured separately and volumes were 

added. From each treatment group, the tumor volumes calculated for the mice on each 

day were averaged together resulting in 4 lines graphed to represent the average tumor 

volume (mm3) over time from day 0 to day 46 (Figure 3.4 C). By analyzing the tumor 

volume data, it was observed that ER+ MCF7-Luc-flOSM [vehicle] tumors grew 

significantly larger in volume compared to the MCF7-Luc-EVctrls, with tumors 

averaging ~175 mm3 in volume at day 46 compared to ~15 mm3 in MCF7-Luc-EVctrls 

either with or without PXS-5382. This means that the tumors were ~12-fold larger in 

mice with tumor cells expressing OSM at experimental end compared to mice with EV 

control cells. The growth of MCF7-Luc-flOSM tumors was significantly hampered by 

inhibition of LOXL2 enzymatic activity. PXS-5382 treatment reduced experimental end 

tumor volume from ~135 mm3 to ~40 mm3, a > 4-fold decrease in mice where OSM-
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induced LOXL2 enzyme activity is inhibited compared to mice where OSM-induced 

LOXL2 is enzymatically active. These results suggest that LOXL2 plays a significant 

role in OSM-promoted tumor growth. The absence of OSM expression correlated with a 

reduced overall tumor growth potential regardless of LOXL2, as without OSM to induce 

LOXL2 expression, LOXL2 constitutively expressed by MCF7-Luc-EVctrl [vehicle] 

cells did not promote tumor growth. Overall, these results confirm that OSM-induced 

LOXL2 enzymatic activity is critical for OSM-promoted tumor growth, and that LOXL2 

either needs to reach a certain concentration to promote tumor growth, or something 

related to OSM signaling potentiates the effectiveness of LOXL2 activity.  

The most important outcome regarding our in vivo research was the impact that 

OSM-induced LOXL2 expression had on metastasis. This was of key importance because 

metastatic IDC severely reduces patient 5-year survival rates, and discovering novel 

mechanisms by which IDC cells metastasize is crucial. To determine the presence of 

metastatic lesions, the mice received luciferin by IP injection prior to being euthanized. 

The mice were dissected and their organs resected prior to ex vivo imaging, which 

constituted probing for traces of bioluminescent signal. Ex vivo bioluminescent images by 

treatment group are shown in Appendix B (Supp. Figure B.4). For our analysis, the data 

from the ex vivo images were represented in two different ways. First, the number of 

mice in each group that had metastasis (both by total number and by organ location) was 

observed and listed in (Figure 3.5 A). It is important to note that seven out of eight (7/8) 

MCF7-Luc-flOSM [vehicle] mice had metastasis, while when OSM-induced LOXL2 was 

blocked, only 1/8 MCF7-Luc-flOSM [PXS-5382] mice had metastasis. Second, the 

fraction of mice that had metastatic lesions in each group against the total number of 
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uncensored mice in each group was graphed (Figure 3.5 B). The result from the data 

plotted by % Incidence of Metastasis in each treatment group clearly showed that: 1) 

OSM was a strong potentiator of metastatic IDC since the MCF7-Luc-EVctrl [vehicle] 

group only had metastases present in 1 out of 9 mice (11.11%), while the MCF7-Luc-

flOSM [vehicle] group had them in 7 out of 8 mice (87%); and 2) LOXL2 enzymatic 

activity was critical in its involvement and had a significant impact on OSM-promoted 

metastasis, as observed in the MCF7-Luc-flOSM [PXS-5382] group where only 1 out of 

8 mice (12.5%) of the mice had metastases compared to 87% for the untreated MCF7-

Luc-flOSM [vehicle] group. These results confirm that OSM-induced LOXL2 and its 

enzymatic activity are significantly involved in promoting metastasis. Our previously 

published 3D invasion in vitro study had suggested that LOXL2 expression induced by 

OSM signaling and subsequent collagen I fiber crosslinking and alignment may be strong 

enough to play a significant role in OSM mediated metastasis. [146] 

The results of our mouse study, corroborated with our previously published 

research on OSM-induced LOXL2 production and secretion, conclusively demonstrated 

that LOXL2 enzymatic activity catalyzed stromal ECM collagen I crosslinking and fiber 

alignment in the TME; and is therefore, a critical component in OSM-promoted 

metastasis of ER+ IDC cells. To confirm that our MCF7-Luc-flOSM mouse model 

retained its ER+ status for 46 days of in vivo tumor growth saturated with OSM, western 

blot analysis was performed on tumor tissue that was collected and lysed (Figure 3.5 C).  

To make sure that the analysis was not skewed due to interference from mouse ECM 

tissues, a luciferase primary antibody was used to confirm that the majority of each 

sample came from tumor tissue and that the amount from sample to sample did not vary 
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too much. This was used as a control in addition to our total protein stain, commonly 

utilized to normalize proteins during immunoblotting. The immunoblot results showed 

that MCF7-Luc-flOSM tumor samples still expressed ERα, though there was an 

appreciable reduction in ERα protein when compared to EV controls. There was also, as 

expected, high levels of OSM expression and significantly more LOXL2 protein present 

in MCF7-Luc-flOSM tumor tissue. Together, this data demonstrates that OSM-induced 

LOXL2 expression remained strong in tumor cells and that the tumor maintained its ER+ 

status, though slightly reduced, after 46 days of in vivo tumor formation and OSM 

exposure. Together, these results will allow us to write another manuscript on a novel 

new ER+ mouse model (MCF7-Luc-flOSM) that grows tumors quickly and metastasizes 

within 46 days.   

OSM-OSMR Signaling Pathways Promote LOXL2 Upregulation 

After confirming the role OSM-induced LOXL2 played in tumor progression and 

metastasis, we next investigated the mechanism behind LOXL2 induction. Canonical 

OSM-OSMR signaling pathways were analyzed utilizing SMIs to inhibit the 

phosphorylation of ERK1/2, AKT, and STAT3; and therefore, turn off the downstream 

signaling effects of the MAPK, PI3K/AKT, and JAK/STAT3 pathways. For these 

experiments, we utilized MCF7 and MDA-MB-468 IDC cells that were exposed to a 

series of SMI concentrations, with a DMSO added to -OSM/ +OSM treatment to control 

for DMSO from SMI, for 2 hours prior incubation and then kept throughout the 24-hour 

treatment with rhOSM (25 ng/mL). The SMIs and their concentrations respectively in 

MCF7 cells were: PD0325901 [100, 150, 200 nM] for pERK1/pERK 2, GDC-00941 

[100, 200, 300 nM] for pPI3K, and Stattic [1, 2, 3 μM] for pSTAT3. Slightly different 
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SMI concentrations were used with MDA-MB-468 cells; GDC-0941 [200, 300, 400 nM] 

and Stattic [2, 3, 4 μM]. MCF7 and MDA-MB-468 cells collected after 15-minute OSM 

treatment were lysed, and an immunoblot analysis was performed to determine pERK, 

pAKT, and pSTAT3 phospho-protein expression normalized against REVERT Total 

Protein stain. The results from this assay showed that OSM signaling activated all the 

pathways to varying degrees in each pathway, while each SMI inhibited their respective 

pathway as expected without any interference with the other pathways (Supp. Figure 

3.4). Next, OSM treatment was analyzed using the same immunoblot protocol as above 

but looking at LOXL2 protein expression after 24 hours. We observed increased LOXL2 

protein expression in both cell lines treated with OSM, as expected, and as has been 

shown in our previous publication. [146] However, what was observed in the SMI 

treatments is that not just one of the pERK, pAKT, or pSTAT3 inhibited pathways 

prevented LOXL2 induction by OSM but they all did in MCF7 cells, according to 

reversal in OSM-induced LOXL2 protein expression for each pathway inhibited (Figure 

3.6 A-C). For the MDA-MB-468 cell line, the only pathway that prevented LOXL2 

expression due to inhibition was the pSTAT3 pathway (Figure 3.7 A-C). We also 

observed IDC cell viability and did not notice any of the SMIs significantly affecting cell 

detachment or viability (data not shown). These results suggested that OSM-induced 

LOXL2 expression in MDA-MB-468 IDC cells was upregulated by the pSTAT3 signal 

pathway. However, for the MCF7 IDC cell line there is a more complicated signaling 

interaction that is taking place. This is because inhibition of any one of the three 

pathways reduced LOXL2 expression down to baseline expression. The unexpected 

result led to brainstorming sessions comparing potential signal transducers or 
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transcription factors (TF) that could be activated by or even just marginally associated 

with all three pathways and activate LOXL2 expression. 

Presence of c-Myc Transcription Factor Required for LOXL2 Induction 

Our research above demonstrates that all three of the canonical OSM signaling 

pathways contribute to LOXL2 expression in MCF7 cells, while only pSTAT3 impacts 

LOXL2 expression in MDA-MB-468 cells. Due to the unexpected results gathered when 

the MCF7 cell line was analyzed, published research was scoured to determine if there 

was anything that could explain the inhibition of 3 different signaling pathways and 

completely prevent OSM-induced LOXL2 expression. The results suggested to us that 

there was a possible mediator protein or TF, which was shown to interact with each 

pathway resulting in the TF being upregulated, activated, or stabilized. A prospective 

target that emerged and had the potential to be responsible was identified as c-Myc, a 

well-known oncogenic factor. [114, 164, 165, 167, 169, 214] The mechanism proposed 

(Figure 3.8) involves pSTAT3 transcriptionally upregulating c-Myc expression. At the 

same time, pERK promotes the phosphorylation of c-Myc on its Serine 62 amino acid 

(referred to as p-c-Myc [Ser62]), thus extending Myc’s half-life, while pAKT signaling 

prevents GSK-3 proteins from phosphorylating Myc at its Threonine 58 amino acid (p-c-

Myc [Thr58]), thus preventing Myc degradation. To test our hypothesis, we analyzed the 

same MCF7 lysates gathered for the experiments above after 24-hour OSM treatment in 

order to determine the expression or c-Myc and the p-c-Myc variant associated with each 

pathway, in addition to LOXL2.  The result of these assays showed that pERK and 

pSTAT3 pathway inhibition prevented the induction of c-Myc expression in addition 

LOXL2; however, pAKT pathway inhibition had no effect on c-Myc phosphorylation of 
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expression (Figure 3.9 A-C). In MDA-MB-468 cells, we analyzed the pSTAT3-inhibited 

samples and found that c-Myc was also downregulated, as was LOXL2, though not as 

much c-Myc was induced by OSM (Figure 3.9 D). This data, though not what was 

expected, demonstrated that c-Myc expression seemed to play at least some role in 

LOXL2 induction.  

To take the c-Myc analysis one step further, a c-Myc SMI known as 10058-F4 

that prevents transcriptional activity by blocking the dimerization of c-MYC/MAX was 

used at a series of concentrations [50, 60, 70, 80 μM]. In this experiment, MCF7 and 

MDA-MB-468 cells were incubated with 10058-F4 for 2 hours prior and throughout the 

24-hour OSM treatment (Figure 3.10 A, B). OSM-induced LOXL2 expression was 

inhibited in both of these cell lines when c-Myc activity was inhibited, and these results 

further suggest that the presence of c-Myc is important for LOXL2 expression, Taken 

together, our results demonstrate that c-Myc as a transcriptional factor likely plays a role 

in the induction of LOXL2 by OSM signaling, but it is likely one player in a complicated 

signaling mechanism in the ER+ MCF7 cell line. More research will be needed to 

determine what other factors could be at play. 

Synergetic Impact of IL-1β Signaling on OSM-Induced LOXL2 

In our attempt to further understand the interactions at play between 

proinflammatory cytokines and LOXL2, we observed that IL-1β treatment was the 

second most common inducer of LOXL2 expression amongst the four cytokines and six 

cell lines analyzed in Chapter 2. IL-1β and OSM are derived from two different families, 

IL-1 and IL-6, which have been shown to interact in a synergistic fashion by other labs as 

well as by a previous PhD student in our lab. [162, 163] Three cell lines in which OSM-
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induced LOXL2 expression (MCF7, MDA-MB-468, and BT474) were further analyzed. 

Cells were treated with OSM (25 ng/mL), IL-1β (10 ng/mL), or a combination of both for 

24 hours, and LOX2 expression was assessed by western blot analysis. Two of the three 

cell lines had strong synergistic reactions when OSM and IL-1β were treated in 

combination versus either one alone (Figure 3.11 A-C). The only cell line in which the 

synergetic reaction was not significant was the MCF7 cell line. BT474 cells showed a 

drastic (>100-fold) synergistic increase in LOXL2 expression, compared to a ~10-fold 

increase with OSM alone and ~2-fold increase with IL-1β. These results confirm that 

there is a synergistic interaction between OSM and IL-1β in the expression of LOXL2, 

and there are likely more reactions like this to be discovered. Furthermore, the synergistic 

interaction between OSM and IL-1β in LOXL2 expression suggests that patients with 

high levels of both of these cytokines are at an even greater risk of metastasis due to 

LOXL2 overexpression. 

Discussion 

The novel research highlighted throughout this dissertation clearly reveals that in 

IDC cells, OSM-induced LOXL2 secreted into the TME significantly alters stromal ECM 

by crosslinking collagen I fibrils and promoting fiber density and alignment. In turn, the 

LOXL2-remodeled ECM promotes increased cellular 3D invasion in invasive ductal 

carcinoma. Importantly, using an in vivo ER+ mouse model, OSM-induced LOXL2 was 

observed to significantly impact IDC tumor growth, progression, and metastasis. 

While previous research has shown that overexpression of LOXL2 promotes 

ECM remodeling and metastasis, these studies have relied on LOXL2-transformed cells 

that do not accurately reflect true LOXL2 regulation. Our research clearly showed in vivo 
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that LOXL2 enzyme activity significantly impacts OSM-promoted volumetric tumor 

growth compared to the LOXL2 transduction alone, where growth was not affected. [148, 

149] Using our in vivo mouse model with flOSM and EVctrl transformed versions of the 

ER+ luminal A IDC cell line MCF7-Luc, we were able to assess the impact of OSM and 

LOXL2 expression on early IDC tumor progression, as well as metastasis. Our results 

show that LOXL2 has a significant impact on both, likely due to its ability to crosslink 

and align collagen I fibers, which underscores the importance of ECM structure in tumor 

progression. These results will guide future breast cancer research on inflammatory 

cytokines, since ECM remodeling by LOX family expression promoted by cytokine 

signaling was unknown prior to this research. Opening new avenues for advances in 

research due to collagen I fiber crosslinking and alignment strengthens the importance of 

ECM structure in tumor progression.  

As we have previously shown (Chapter 2), [146] LOXL2 can enzymatically 

catalyze and initiate collagen I crosslinking and promote collagen fiber alignment and 

increased fiber density. The resulting orientation of the collagen fibers between cells 

radiating outward perpendicular to tumor surface into the TME becomes uniform and 

aligned directionally. This is, in part, due to fibers binding end-to-end like laid bricks and 

also in part due to physical forces exerted by motile cells and the tumor itself. This 

consolidation and alignment of fibers does not affect tumor cell speed but it importantly 

increases their velocity and conserves energy with aligned fibers forming paths 

efficiently connecting nearby tissue and/or vasculature, as opposed to directionless 

movement in a disorganized TME. Without LOXL2 enzymatic activity, the impact of 

OSM-promoted EMT is significantly reduced. This is likely due to the fact that even with 
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the acquisition of motility and a mesenchymal morphology, the stromal TME of the IDC 

does not have the proper ECM substrate characteristics needed for efficient tumor cell 

migration to other organs or nearby vasculature to promote metastatic events. This 

research taken together, highlights the important roles that LOXL2 activity, stromal 

collagen structure, and OSM signaling all play in IDC tumor progression and metastatic 

potentiation.  

In our novel metastatic ER+ mouse model of breast cancer, the OSM secreting 

MCF7-Luc-flOSM cells yielded metastatic lesions in a relatively short period of time, 

with 7 of the 8 mice having at least one lesion detectable by BLI on day 46. The lesions 

were observed in the lung, bone, and in one mouse the stomach. This makes our model 

desirable compared to other orthotopic xenograft mouse models that utilize MCF7 or 

other slow growing, non-aggressive ER+ IDC cells that can take several months to show 

metastases or not metastasize at all. [215, 216] In fact, in many cases, researchers have 

resorted to using specialized NOD SCID gamma (NSG) mice that have a severely 

compromised immune response phenotype, and on average cost 3-times as much as nude 

athymic mice normally used for human xenograft in vivo studies. [33, 217] Therefore, our 

mouse model would be a beneficial and practical option for labs needing a metastatic 

ER+ mouse model that metastasizes on a short timescale and is less expensive than a 

NSG model, as long as OSM expression does not alter study dynamics or other 

interactions being studied. 

The gene regulating TF c-Myc is a well-known proto-oncogene that has a central 

role in cell growth, proliferation, tumorigenesis and cell differentiation. [165, 167-169, 

214] Additionally, c-Myc lies at the crossroads of multiple signal transduction pathways 
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including JAK/STAT, MAPK/ERK, and PI3K/AKT. These signaling pathways are 

regulated by numerous factors, but also canonically activated by OSM-OSMR signal 

transduction. With this in mind, the results shown in this chapter suggest that at minimum 

c-Myc expression is related to LOXL2 expression, and that c-Myc is necessary for OSM-

induced LOXL2. Since we did not conclude that c-Myc was responsible in MDA-MB-

468 cells, another novel player must be directly linked to LOXL2 induction if c-Myc is 

not. Further studies will be necessary to pin down the entire signaling mechanism at work 

that leads to OSM-induced LOXL2. Further signal transduction characterization of 

LOXL2 upregulation will allow breast cancer researchers to find better therapeutic 

targets to prevent IDC progression and metastasis. 

Currently little research has been conducted on the potential for OSM and IL-1β 

signal transduction to promote synergistic gene expression, especially in breast cancer. 

Dr. Ken Tawara from our lab was able to confirm that IL-6 and VEGF expression were 

synergistically induced by OSM and IL-1β signaling activation. [162] Through my 

dissertation research on OSM-induced LOXL2 and subsequent effects, it was shown that 

LOXL2 expression is synergistic induced by OSM and IL-1β treatment. In fact, each of 

the three IDC cell lines tested had a synergistic interaction; however, in MCF7 cells the 

synergistic interaction was not large enough for the induction of LOXL2 expression to be 

statistically significant (p = 0.32) rather than additive. This is unlike in BT474 and MDA-

MB-468 cells, where the synergy between OSM and IL-1 β was significantly more 

prominent. In BT474, the synergistic induction of LOXL2 by the combination of OSM 

and IL-1β was >100-fold that of no treatment, while OSM and IL-1β alone induced 

LOXL2 by ~15-fold and ~2-fold respectively. These results highlight the overwhelming 
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impact that synergistic OSM and IL-1β signaling can have on oncogene expression in 

IDC patients. It would be possible to use high levels of both of these cytokines as a new 

clinical biomarker combination that could alert doctors to these patients having a much 

greater risk of metastasis. With the poor efficacy of anti-inflammatory cytokine therapies 

previously tested in breast cancer patients, studies on cytokine signaling synergy, 

especially between OSM and IL-1β signaling, could lead to modified cytokine-inhibiting 

breast cancer therapeutics targeting synergistic pairs. 

Conclusion 

In summary, this dissertation research shows for the first time that the 

proinflammatory cytokine OSM is able to promote the expression of the ECM 

remodeling lysyl oxidase enzyme LOXL2. This occurred in the majority of IDC cells that 

have been tested, which leads us to believe this is a highly prevalent occurrence in breast 

cancer. OSM-induced LOXL2 is expressed at a high enough concentration to 

significantly promote collagen I fiber crosslinking, alignment, and IDC invasion. These 

modifications remodel the ECM in a manner that condenses stromal collagen I fibrils into 

thicker and thicker fibers that increases fiber density, which we showed qualitatively. 

OSM-induced LOXL2 increased IDC tumor growth and, most importantly, percent of 

mice with metastasis. In fact, tumor size was reduced ~4-fold and metastasis % dropped 

from 87.5% to 12.5%. These results seem to suggest that though EMT and VEGF 

secretion significantly factor into OSM-mediated metastasis, without proper ECM 

alterations in the stromal TME, the effects will not be fully realized. This provides us 

with valuable insight into the mechanisms involved in IDC metastasis, and what 

underlying processes are most critical to sever the link to tumor cell metastasis. This is 
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where focusing more on therapeutics that prevent ECM remodeling or can counter the 

alterations tumors make to the ECM is critical. If we can prevent these easy pathways for 

IDC cells, and also most all cancer cells, making it more difficult and energy consuming 

for the cancer cells in new metastatic research. With our examination of OSM signaling 

and c-Myc in LOXL2 highlighting the intricate nature of LOXL2 expression, methods for 

therapeutic LOXL2 inhibition could be developed with less unintended effects on other 

mechanisms. The synergistic impact of OSM in association with IL-1β on LOXL2 

expression confirms previous research and proves that dual-targeted therapies against 

synergistic cytokines will be the most effective way to reduce oncogene expression. 

These fascinating mechanisms revealed affecting OSM-induced LOXL2 provide insight 

for multiple means of targeted drug inhibition against a protein interaction that has highly 

potent oncogenic effects in IDC that are significant in developing malignancy.  

Future Directions 

This research has led to quite a novel discovery. Until now, no one had 

demonstrated that OSM, IL-1β, or any other inflammatory cytokine could regulate the 

expression of LOXL2, or any lysyl oxidase, in breast cancer, or any other cancer. 

Additionally, OSM-induced LOXL2 exhibited an undeniable impact on IDC metastasis. 

This is likely achieved because OSM promotes EMT, leading to cellular detachment and 

motility, that when coordinated with OSM-induced LOXL2 enzymatic activity and 

subsequent collagen I crosslinking and fiber alignment, creates tracts for cells to travel on 

promoting directionality and efficiency to mobility provided by EMT. Further, OSM 

promotes VEGF secretion, which increases the presence of tumor vasculature and the 

possibility that IDC cells can reach and enter the circulatory system.  



112 

 

For future research the interaction between all three (EMT, collagen alignment, 

and angiogenesis) of these OSM-mediated methods of action that promote metastasis will 

be studied. Are these different mechanisms able to promote a significant number of 

metastatic formations on their own? Or are all of these pathways working in unison to 

bring about increased metastasis, and the loss of even one mechanism can significantly 

impact the overall metastatic potential of IDC cells. These questions will be answered in 

the future, in addition to what other types of cancers and isolated cell lines show similar 

OSM and IL-1β induction of LOXL2 and if so, does the interaction impact metastasis in 

the same way. 

Another future direction involves determining the methods that lead to 

constitutive expression of LOXL2 in some IDC cells at excessive levels, high enough to 

need no further induction by outside signaling. This has been our hypothesis involving 

the TNBC and basal-like B cell line MDA-MB-231. These cells make 25-fold more 

LOXL2 than MCF7 cells without OSM treatment, and OSM and IL-1β together did not 

increase expression. With such high expression occurring naturally, there is enough 

LOXL2 to suggest that significant ECM remodeling takes place in the MDA-MB-231 

TME, which is likely to play a crucial role in this cell line’s aggressive phenotype and 

proclivity to metastasize. 

The ultimate future goal would be to make a successful therapeutic to prevent 

OSM-induced LOXL2 or the effects of LOXL2 on ECM remodeling. This would be a 

goal that I would definitely like to take part in working on.  
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Chapter Three Figures 

 
Figure 3.1 Transfected MCF7-Luc-flOSM and EVctrl Have Similar Protein 

Expression to Parental MCF7-Luc Cells. 

All OSM treatments consisted of +/− rhOSM (25 ng/mL). In A, a quantitative OSM 

ELISA on the cellular CM from MCF7-Luc-flOSM C1 and C2 after 24-hour growth in 

fresh media demonstrates approximately 70 and 60 ng/mL of OSM secreted by C1 and C2 

respectively, making both colonies viable for in vivo study. Parental cells and media control 

show undetectable levels of OSM. B. A quantitative LOXL2 ELISA shows MCF7-Luc-

flOSM C1 and C2 OSM-induced LOXL2 compared to secreted LOXL2 from OSM treated 

parental and empty vector controls (EVctrl) after 72 hours. The data shows significant 

OSM induction of LOXL2 in the EVctrl as compared to parental MCF7-Luc cells, while 

MCF7-Luc-flOSM C2 produced more than 2.5-fold the LOXL2 that C1 did (7.19 ng/mL 

vs. 2.68 ng/mL). C2 also produced LOXL2 similar to EVctrl +OSM at 9.90 ng/mL, and 

also significantly more than −OSM expression. C2 was pushed forward with my research 

due to much higher LOXL2 expression and less overall OSM secreted compared to C1. C. 

Secreted VEGF expression was characterized by ELISA. MCF7-Luc-flOSM C2 CM after 

72 hours was compared to parental and EVctrl, the induction patterns were similar to those 

for LOXL2 secretion. This means that C2 expressed significantly more VEGF than −OSM 
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treated EVctrl, but it was slightly less than +OSM treated EVctrl expression of VEGF. D. 

Immunoblot assay depicting LOXL2 and Snail expression after 24-hour +OSM treatment 

and E-cadherin and estrogen receptor (ERα) after 72-hour treatment. REVERT total protein 

stain is the loading control. Qualitative analysis of these proteins shows that parental 

MCF7-Luc +/−OSM expression is comparable to MCF7-Luc-EVctrl +/−OSM. Untreated 

MCF7-Luc-flOSM cells have elevated levels of OSM-induced protein expression for 

LOXL2 and Snail proteins at 24-hours, but a reduction in ERα and E-cadherin expression 

at 72-hours. The protein regulation both up and down was slightly less impactful compared 

to +OSM treated parental and EV control cells. (All experiments (n=3), except for parental 

(n=1-2) since it is used for references; not significant (n.s.) p > 0.05, * p < 0.05, ** p < 

0.01 One-way ANOVA). 
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Figure 3.2 Mouse Model LOXL2 SMI is Well Characterized and Promotes 

Confidence in LOXL2 Enzymatic Inhibition. 

A. Chemical structures for PXS-5382 and PXS-5120A (used in Chapter 2) are 

shown. Small composition differences between the two are circled in red for ease of 

reference. B. The pIC50, or the negative log of IC50, values for PXS-5382, PXS-5120A, 

and BAPN SMI are shown for each lysyl oxidase clarifying that PXS-5382 and PXS-

5120A have similar enzymatic inhibition profiles against all the lysyl oxidases with the 

difference never more than 0.3. For LOXL2 pIC50 specifically, the difference was 0.2 with 

8.1 for PXS-5382 and 8.3 for PXS-5120A, the difference being within the confidence 

intervals means that there is no statistical difference. The IC50 is equivalent to the molar 
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concentration of inhibitor needed for 50% inhibition in lysyl oxidase catalytic activity 

detected C. The table contains PXS-5382 concentrations in the form of molarity, in nano-

moles (nM), and mass over volume, in nanograms per milliliter (ng/mL), determined by 

serum analysis from 4 mice. The data is from a pilot study where mice were fed only chow 

containing PXS-5382 for a week. At the end of the week the chow was replaced with 

regular feed and the mice were tested after 1 and 8 hours without PXS-5382 SMI. The 

serum SMI concentration was assessed in each mouse, and the concentrations are listed. 

The results show that in 8 hours approximately 50% of the PXS-5382 is eliminated; 

however, concentrations are well above the IC50 for LOXL2 inhibition with the lowest 

still 20x more than IC50. This confirms PXS-5382 in vivo stability and oral bioavailability; 

consequently, the PXS-5382 in the chow has been reduced by 50% to minimize LOXL3 

interaction. D. The graph shows % of LOXL2 inhibition over time and in between PXS-

5382 doses from Phase 1 clinical trial testing. In addition, PXS-5382 has been well 

characterized in in this trial and found nothing concerning cytotoxicity. Recently this SMI 

passed Phase 1 clinical trials, and the results have alleviated concerns regarding the 

efficacy and safety of this LOXL2 SMI in vivo. We confidently moved forward with this 

SMI in our ER+ mouse model for LOXL2 inhibition. (A. B. D. Taken from [Findlay 

2019][138] & [Findlay 2020][139]; License granted for Copyright use, modified according 

to Copyright License guidelines). 
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Table 3.1 Formulation of the PXS-5382 SMI Chow (Formula 1) and Control 
Chow (D20011301) Peanut Flavored Rodent Diet. *Formulated According to 
Pharmaxis Recommendations*. 

 



118 

 

 
Figure 3.3 ER+ IDC Mouse Model for in vivo Tumor Progression and 

Metastasis. 
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This flow chart figure of our mouse model depicts the ‘flow’ of research from the 5 

days prior to the start of tumor cell injections, where estrogen (E2) supplementation would 

provide a good initial concentration in the mice, to the day of where the 4th mammary fat 

pad will receive 2 million cells of either EV control or flOSM overexpressing MCF7-Luc 

cells  to the final day of the study where terminal procedures must be performed, which 

includes: i) taking final weight and caliper measurements, ii) taking final live-mouse 

bioluminescent  IVIS images, iii) anaesthetizing the mice with isoflurane gas, iv) drawing 

blood terminally by intracardiac puncture, v) euthanizing mice, vi) dissecting mice, and 

vii) resecting organs including tumor. After these procedures for each mouse, we 

concluded with ex vivo IVIS imaging, due to 200μL 100x luciferin IP injections given just 

before anaesthetization, we were able to image for metastasis by measuring bioluminescent 

signal in the resected organs. 
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Figure 3.4 Mouse Weight Over Time and Tumor Size in Volume Over Time for 

MCF7-Luc Groups. 
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In A. The weekly weight measurements tallied with the graph depicting weight 

fluctuations for each mouse; the 40 mice are plotted separately with a line bisecting the 

datapoints. The black center line with error bars represents the average weight fluctuation 

of all the mice in the study. Two mice, B14 and B15, died before the conclusion of the 

study and so the corresponding lines end upon death. The data lines plotted for the mice 

were separated by color into 4 groups according to the treatment the 10 mice in that group 

received; with green hues stand for MCF7-Luc-EVctrl [Vehicle], blue hues stand for 

MCF7-Luc-EVctrl [PXS-5382], yellow-orange hues stand for MCF7-Luc-flOSM [PXS-

5382], and violet hues stand for MCF7-Luc-flOSM [Vehicle]. The mice slightly gained 

weight in the first half of the study, peaking at the midpoint of the study, followed by a 

slow but steady decline. No mice needed to be sacrificed for falling below 80% original 

weight. B. This graph depicts the average weight of the mice in each group over time, until 

the study was terminated. The results show that there was not much of a difference between 

the average weight of mice, as well as small variations between weights, from each group. 

This suggests that the groups were eating properly and weight flux was not a concern C. 

The graph is a scatter plot with lines connecting consecutive days, error bars represent 

SEM, of the average tumor growth by way of volume, in millimeters cubed (mm3), over 

time in days.  Tumor growth curves represent the 4 groups of mice measurements were 

taken from the in vivo study, collected by caliper diameter measurements and calculated 

for tumor volume using the equation found in the M&M section under Analysis of Tumor 

Growth and Metastasis. MCF7-Luc-flOSM [Vehicle] tumors grew the largest and fastest, 

there is a significant increase in the size of the tumor compared to all 3 other groups from 

day 32 onwards, and LOXL2 expression is significantly involved in promoting larger 

tumors since LOXL2 inhibited mice had less than 1/3 the tumor volume. There is a notable 

size difference between the flOSM and EVctrl tumors overall, regardless of SMI exposure. 

This data shows that flOSM promotes increased tumor growth in ER+ MCF7 and the data 

suggests that tumor cells must have a greater doubling rate compared to EVctrl cells. (Each 

group (n=8+); * p < 0.05 RM Two-way ANOVA). 

  



122 

 

 
Figure 3.5 Number of Mice with Metastatic Lesions, and Organs With Them 

Present. 
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A. The table depicts each of the 4 groups of mice, with the fraction of mice positive for 

metastasis from the mouse study as well as the fraction that had the metastases located in 

specific organs. From the table the MCF7-Luc-flOSM [Vehicle] group had the most mice 

with metastases with 7 out of 8 or 87.5%, the majority of which had mets in both the lung 

and bone tissues. The MCF7-Luc-flOSM [PXS-5382] and MCF7-Luc-EVctrl [Vehicle] 

groups were similar in that only 1 mouse had metastases from each group, or 12.5% and 

11.1% respectively, and both were found in the lungs. The MCF7-Luc-EVctrl [PXS-5382] 

group had 4 mice with metastases or 44.4% and again all were in the lungs. B. The data 

from the table is plotted to make a bar graph that is easily understood. The y-axis represents 

the fraction of mice with metastases from 0 to 1, multiply by 100% to get the percentage 

of mice with metastases per group. The data was analyzed by our professional statistician 

Laura Bond, the conclusion from the analysis is that there is a significant increase in 

metastasis between the flOSM [Vehicle] group and both the flOSM [PXS-5382] and the 

EVctrl [Vehicle] group while there is no significance compared to the EVctrl [PXS-5382] 

group. The EVctrl [PXS-5382] was also not significantly more metastatic than flOSM 

[PXS-5382] and EVctrl [Vehicle] groups. C. Tumor tissues collected and lysed from 4 

mice receiving MCF7-Luc-flOSM IDC cell injections and 4 mice receiving MCF7-Luc-

EVctrl IDC cells. They were analyzed by immunoblot assay for human LOXL2, OSM, 

ERα, and luciferase expression. We used a REVERT total protein stain as a loading control 

but due to the nature of the isolated tissues luciferase expression was also used as a loading 

control. This is because of the small tumors in the EV control group. Qualitative analysis 

confirms that we had 3 of our 4 flOSM samples composed mostly tumor tissue; however, 

only 1 of our 4 EV control samples were also mostly tumor tissue. Comparing the 3 flOSM 

tumor cells vs the EVctrl sample we noticed flOSM tumors produced high levels of LOXL2 

while hOSM expression was present, which was not the case for the EV control. 

Furthermore, ERα expression was still present in the hOSM overexpressing MCF7-Luc 

cells, though reduced compared to the EVctrl. (Experimental groups are (flOSM n=8, 

EVctrl n=9); not significant (n.s.) p > 0.05, ** p < 0.01; Chi Squared test). 
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Figure 3.6 MCF7 Cells Show for OSM-Induced LOXL2 All Canonical Pathways 

are Critical for LOXL2 Induction. 
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A. MCF7 cells are incubated for 2-hours with a series of pERK SMI (PD0325901) 

concentrations 100 nM, 150 nM, and 200 nM before adding 25 ng/mL rhOSM treatment 

for 24-hours. B. MCF7 cells are incubated for 2-hours with a series of pAKT SMI (GDC-

0941) concentrations 100 nM, 200 nM, and 300 nM before adding 25 ng/mL rhOSM 

treatment for 24-hours. C. MCF7 cells are incubated for 2-hours with a series of pSTAT3 

SMI (Stattic) concentrations 1 μM, 2 μM, and 3 μM before adding 25 ng/mL rhOSM 

treatment for 24-hours. LOXL2 expression was analyzed by immunoblot assay and 

normalized to REVERT total protein stain loading control and compared against non OSM 

treated controls. We found that LOXL2 expression was significantly inhibited in every 

single canonical signaling pathway between OSM and OSMR, with pERK and pSTAT3 

inhibition having strongest effect. To compare the results from each SMI tested we plotted 

the data on bar graph measuring fold change compared to non-treated controls. (All 

experiments (n=3); * p < 0.05, ** p < 0.01, **** p < 0.0001; One-way ANOVA). 
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Figure 3.7 MDA-MB-468 Cells Show for OSM-Induced LOXL2 Only pSTAT3 is 

Critical for LOXL2 Induction. 

A. MDA-MB-468 cells are incubated for 2-hours with a series of pERK SMI 

(PD0325901) concentrations 100 nM, 200 nM, and 300 nM before adding 25 ng/mL 

rhOSM treatment for 24-hours. B. MDA-MB-468 cells are incubated for 2-hours with a 

series of pAKT SMI (GDC-0941) concentrations 200 nM, 300 nM, and 400nM before 

adding 25 ng/mL rhOSM treatment for 24-hours. C. MDA-MB-468 cells are incubated for 

2-hours with a series of pSTAT3 SMI (Stattic) concentrations 2 μM, 3 μM, and 4 μM 

before adding 25 ng/mL rhOSM treatment for 24-hours. LOXL2 expression was analyzed 

by immunoblot assay and normalized to REVERT total protein stain loading control and 

compared against non OSM treated controls. We observed that LOXL2 expression was 

only significantly inhibited by the pSTAT3 SMI. There was no observable change in 

LOXL2 expression due to pERK and pAKT inhibition so no graph was necessary; 

however, the relative expression from pSTAT3 SMI and OSM treated samples was graphed 

for comparison. (All experiments (n=3); * p < 0.05, *** p < 0.001, **** p < 0.0001; One-

way ANOVA). 
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Figure 3.8 Proposed Mechanism for c-Myc Regulation by OSM Signal Pathway 

Activation. 

The protein interactions diagramed illustrates the proposed transcription factor (TF) 

that the canonical OSM signal transduction pathways JAK-STAT3, PI3K-AKT, and 

MAPK-ERK1/2 converge on, which is the proto-oncogene c-Myc. Each of the pathways 

have a role in promoting increased c-Myc expression, suggesting this could be the 

downstream mediator for LOXL2 upregulation. In this interaction MAPK-ERK1/2 signal 

transduction leads to pERK promoting the phosphorylation of c-Myc at its Serine 62 amino 

acid or p-c-Myc [Ser62], which promotes an increase in c-Myc’s half-life. The PI3K-AKT 

signal transduction pathway will lead to pAKT inhibition of the GSK-3 protein, not 

allowing GSK-3 to phosphorylate c-Myc at its Threonine 58 amino acid (p-c-Myc [Thr58]) 

which would cause c-Myc to be tagged for proteasomal degradation. The JAK-STAT3 

signaling pathway leads to the pSTAT3 homodimer binding to the c-Myc promoter region, 

activating c-Myc gene transcription which ultimately leads to more c-Myc TF protein. 

(Taken from [Bachireddy 2005] [164]; License granted for Copyright use, modified 

according to Copyright License guidelines). 
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Figure 3.9 MCF7 Cells Seem to Rely on c-MYC for OSM-Induced LOXL2 in 

pERK and pSTAT3 pathway. 
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A. MCF7 cells are incubated for 2-hours with a series of pERK SMI (PD0325901) 

concentrations 100 nM, 150 nM, and 200 nM before adding 25 ng/mL rhOSM treatment 

for 24-hours. B. MCF7 cells are incubated for 2-hours with a series of pAKT SMI (GDC-

0941) concentrations 100 nM, 200 nM, and 300 nM before adding 25 ng/mL rhOSM 

treatment for 24-hours. C. MCF7 cells are incubated for 2-hours with a series of pSTAT3 

SMI (Stattic) concentrations 1 μM, 2 μM, and 3 μM before adding 25 ng/mL rhOSM 

treatment for 24-hours. D. MDA-MB-468 are incubated for 2-hours with a series of 

pSTAT3 SMI (Stattic) concentrations 2 μM, 3 μM, and 4 μM before adding 25 ng/mL 

rhOSM treatment for 24-hours. Afterwards lysates were collected and analyzed by 

immunoblot. The REVERT total protein stain was used as our loading control, and relative 

expression of LOXL2, c-Myc, and p-c-Myc Ser62 and Thr58 were compared against non-

treated controls. The following results were graphed on the associated bar graph. We saw 

LOXL2 significantly upregulated by OSM treatment alone in all 4 experiemts. After that 

assessment we compared the OSM and signal pathway SMI treated cells against the OSM 

treatment and found that for LOXL2, c-Myc, p-c-Myc Ser62 for MCF7 cells with pERK 

SMI treatment, and p-c-Myc Thr58 for MCF7 cells with pAKT SMI treatment at the very 

least the highest concentration significantly reduced the expression of LOXL2, c-Myc, and 

for both p-c-Myc proteins. This data suggests that there is some sort of association between 

LOXL2 and c-Myc expression involved in the MCF7 cell lines. (All experiments (n=3); 

not significant (n.s.) p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001 **** p < 0.0001; One-

way ANOVA). 
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Figure 3.10 IDC Cells Depend on Presence of c-MYC for OSM-Induced LOXL2. 

A. Immunoblot assays of MCF7 and MDA-MB-468 IDC cells treated with 25 

ng/mL rhOSM and rhOSM with c-MYC SMI (10058-F4) at a series of concentrations 50 

μM, 60 μM, 70 μM, 80 μM looking at LOXL2 expression. The REVERT total protein stain 

was used as a loading control, and relative expression was compared to no OSM treatment 

controls. B. The graphs represent the relative LOXL2 expression in Log2. This is done 

because the data was transformed to reduce the variance so that assumptions for ANOVA 

statistical analysis is met. There is a significant increase in LOXL2 expression with OSM 

treatment, but more importantly the c-Myc SMI caused a significant decrease in LOXL2 

expression compared to OSM treatment. These results show that for both MCF7 and MDA-

MB-468 cells, c-Myc transcriptional activity is required to either directly or indirectly. (All 

experiments (n=3); * p < 0.05, ** p < 0.01; One-way ANOVA). 
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Figure 3.11 Synergistic Effect Between OSM-Induced LOXL2 and IL-1β-Induced 

LOXL2 Expression. 
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A. Immunoblot assays of BT474 IDC cells treated with 25 ng/mL rhOSM and/or 

10 ng/mL rhIL-1β treated for 24-hours. The REVERT total protein stain was used as a 

loading control and the relative LOXL2 expression between various treatments was 

compared against the non-treated control. The expression of LOL2 is graphed in Log2 

format to reduce variance to meet assumptions for ANOVA testing. The relative expression 

of OSM and IL-1β treatment combined is compared against inductions of OSM and IL-1β 

added together from individual treatments to determine synergistic interactions. The results 

show that OSM (~15-fold increase) and OSM/IL-1β (~100-fold increase) induced LOXL2 

expression is significantly higher than no treatment and OSM/IL-1β significantly higher 

than OSM and though not depicted IL-1β treatment. The synergy plot also shows a large 

difference in LOXL2 that is very significant confirming synergistic interaction between 

OSM and IL-1β.  B. The immunoblot assay was run the same way for MCF7 cells with 

same treatment times and controls, and Log2 graphed LOXL2 expression. The results show 

that OSM (~3.5-fold increase) IL-1β (~2.5-fold increase) and OSM/IL-1β (~7-fold 

increase) induced LOXL2 expression is significantly higher than no treatment and the 

combination is significantly higher than OSM treatment and IL-1β treatment, not depicted. 

The synergy plot shows slightly more LOXL2 in combined treatment; however, the 

synergistic interaction is not significantly greater than the sum of OSM and IL-1β and so 

not synergistic without a doubt. C. Immunoblot assays of MDA-MB-468 with same 

treatments and data analysis as for the previous cell lines.  The same trend is observed in 

this cell line as the others, along with same treatments having comparisons that are 

significant. When analyzing the synergistic interaction there is indeed a statistically 

significant synergistic upregulation of LOXL2 with OSM and IL-1β. (All experiments 

(n=3); ** p < 0.01, *** p < 0.001, **** p < 0.0001; One-way ANOVA). 
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Chapter 2 Supplemental Figures 
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Supp Figure A.1 OSM mRNA Expression Positively Correlates to Lysyl Oxidase 

mRNA Expression in Breast Cancer Biopsies. 

The Cancer Genome Atlas (TCGA) breast cancer patient RNA-Seq database was 

used to compare lysyl oxidase family (LOX and LOXL1-4) mRNA expression to OSM 

mRNA expression in breast cancer patients. All the lysyl oxidase mRNA had a significant 

positive correlation to OSM mRNA, except for LOXL4, which had no correlation. The 

table below the plot details the n-value, Pearson coefficient and its P-value, linear 

regression slope and its 95% CI for all lysyl oxidases being analyzed. (Log Rank Test/ 

Least Squares Regression). 

  



162 

 

 
Supp Figure A.2 Optimal OSM-Induced LOXL2 Protein Expression is 

Achieved at 24 Hours. 

In A. Image of Cell Tag normalization (red) and LOXL2 fluorescence (green) 

derived from In-cell Western analysis of MCF7 cells exposed to OSM for 24, 48, and 72 

hours. The results highlight that OSM-induced LOXL2 is greatest after 24 hours post 

treatment. B. Graphical box-and-whisker plot representation of the level of LOXL2 protein 

fluorescence detected as compared to the non-treated controls, Cell Tag is used to 

normalize the data. (n=3; *** p<0.001; Student’s t-test). 
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Supp Figure A.3 MDA-MB-468 Cells have High LOX Expression, not Suitable 

for LOXL2 Analysis. 

Immunoblot analysis of MDA-MB-468 cell lysates after 24 hour OSM, IL-6, and 

LIF treatment does not change LOX expression, yet constitutively high levels of LOX 

protein is present. This presents problems as LOX enzymatic activity will mask and skew 

the results of the enzymatic activity of LOXL2 in this cell line. Therefore, moving forward 

MCF7 cells were utilized to determine the effect OSM-induced LOXL2 has on the ECM. 

(n=3). 
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Supp Figure A.4 Inhibition of LOXL2 with siLOXL2 did not Promote Any Off 

Target LOXL1 inhibition. 

Immunoblot analysis of MCF7 lysates collected after 48 hours of siCTRL and 

siLOXL2 transfection and 24 hours of OSM treatment. Treatment with OSM did not induce 

the expression of LOXL1, the only other lysyl oxidase detectable in MCF7 cells analyzed. 

The siLOXL2 exposed MCF7 cells showed no alteration in LOXL1 expression when 

compared against samples exposed to the siCTRL. Continued LOXL1 expression confirms 

that LOXL2 is the only lysyl oxidase mRNA that is targeted by the siLOXL2, this is 

because no other lysyl oxidase is detectable by immunoblot in MCF7 cells. (n=3). 
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Supp Figure A.5 Representative Image of ROI Formation for Alignment 

Quantification of Collagen I Fibers. 

To attain the relevant alignment data necessary, we created ROI’s that encompassed 

bundles of fibers oriented in-between individual MCF7 cells, and perpendicular to the cell 

surface. CurveAlign4.0 full image analysis only looks at global alignment in images 

without ROI’s; the ROIs are necessary because of the random MCF7 cell distribution and 

direction of alignment confuses the software. Attempts were made to follow natural 

curvature of fibers when forming ROI’s. All experimental results are an aggregate of 4 

technical replicates for each biological sample. (n=3). 
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Chapter 3 Supplemental Figures 
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Supp Figure B.1 Morphology for MCF7-Luc-flOSM C1 and C2 Compared 

Against Untreated Parental MCF7-Luc. 
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Phenotype imaging using EVOS imaging station to determine the morphology of 

the transformed MCF7-Luc-flOSM colonies C1 and C2 with 250, 000 cells plated into a 

12-well plate and with 1 mL of fresh media added and left to incubate for 24-hour 

incubation. The resulting morphology was compared against parental MCF7-Luc cells with 

no treatment but in 24-hour incubation in media, or with 25 ng/mL rhOSM treatment for 

24-hours (not shown). C1 and C2 both have the morphology of MCF7-Luc cells that are 

treated with OSM for 24-hours or longer, this confirms that the cells behave as they should 

by reacting to OSM being constituently secreted in a similar manner to being treated with 

endogenous OSM. C1 and C2 were imaged while in freshly changed media as well to 

compare if their morphology reverts back towards the parental line did occur (not shown). 

(Each colony was imaged 2x for plating (n=3) of each colony or parental control). 
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Supp Figure B.2 OSM Secreted by MCF7-Luc-flOSM Colonies with C1 and C2 

Circled in Red. 
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Viable MCF7-Luc-flOSM colonies were isolated after being exposed to selection 

media for 30 to 60 days. Seeded at 250, 000 cells per well, in a 12-well plate with 1mL of 

media we incubated the cells for 24-hours prior to collecting the CM and running an OSM 

ELISA assays to determine concentration of secreted OSM and compare across the 

colonies. These colonies vary from pools of cells from the original transduction plate, to 

cell colonies that have been through several passes of isolation. Each pass cells forming a 

patch or clump of cells that was separate from neighboring cells would be scraped and 

transferred to a new well, this process was repeated 2 more times for Colony #1 through 

#6. The other colonies are labelled according to volume in (μL) of lentiviral particles added 

to the starting 96-well plate. The results depicted on the graph are all preliminary results 

and colonies expressed a range of OSM cytokines, from ~30 to ~130 ng/uL of OSM. C1 

and C2 utilized in our Chapter 3 experiments were chosen because they produced an 

amount of OSM that hovered around 50 ng/mL. Though double the exogenous rhOSM we 

treat with, in vivo the concentration would be reduced due to proteases and other protein 

and cellular interactions that are not present in vitro. (All experiments n=1). 
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Supp Figure B.3 Endogenous rhOSM Added to MCF7-Luc-flOSM Colonies 

Could not Further Promote Gene Expression. 

To confirm that MCF7-Luc-flOSM C1 and C2 secreted flOSM was effectively 

interacting with OSMR and transduction of the signal was efficient, LOXL2 expression 

and secretion was analyzed. To confirm constitutive OSM efficacy C1 and C2 were both 

plated at 250, 000 cells / well of a 12-well with 1 mL fresh complete media that were either 

left to produce constitutive OSM or treated with an additional 25 ng/mL of rhOSM. 

Collecting the CM, a LOXL2 quantitative ELISA was performed and the results were 

graphed showing that rhOSM did not increase LOXL2 secretion, indicating that the OSM 

produced by the MCF7-Luc-flOSM colonies was similarly effective at OSM signaling. (All 

experiments (n=3); not significant (n.s.) p > 0.05, * p < 0.05; One-way ANOVA). 
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Supp Figure B.4 Raw Resected Organ Ex Vivo Bioluminescent Images. 

The images in this figure are representative of all the bioluminescent images (BLI) 

that were taken during ex vivo imaging at the termination of Chapter 3 in vivo mouse model 

study. The images that were taken and show no bioluminescence were omitted for space, 

however the images are available for those curious. The metastases are resolved by the 

bioluminescent signal in each image, where blue end of spectrum correlates to a weaker 

signal intensity and red hues the stronger signal. The spread and intensity must be taken 

together to get the best idea of the amount of tumor cells present in each metastasis. The 

mice with metastases are separated according to the group from which they derive with 1 
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mouse with metastases in MCF7-Luc-flOSM [PXS-5382] and MCF7-Luc-EVctrl 

[Vehicle] groups. The MCF7-Luc-EVctrl [PXS-5382] group had 4 mice with metastasis 

detectable by BLI, while the MCF7-Luc-flOSM [Vehicle] group had the most mice with 

metastases detectable by BLI. (Ex vivo groups n=8 for flOSM, and n=9 for EVctrl). 
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Supp Figure B.5 OSM Signaling Pathway Inhibitors Prevent Their Respective 

Phospho-Proteins from Phosphorylation and Activation. 
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A. MCF7 cells are incubated for 2-hours with a series of pERK SMI (PD0325901) 

concentrations 100 nM, 150 nM, and 200 nM before adding 25 ng/mL rhOSM treatment 

for 15-min. B. MCF7 cells are incubated for 2-hours with a series of pAKT SMI (GDC-

0941) concentrations 100 nM, 200 nM, and 300 nM before adding 25 ng/mL rhOSM 

treatment for 15-min. C. MCF7 cells are incubated for 2-hours with a series of pSTAT3 

SMI (Stattic) concentrations 1 μM, 2 μM, and 3 μM before adding 25 ng/mL rhOSM 

treatment for 15-min. D. MDA-MB-468 cells are incubated for 2-hours with a series of 

pERK SMI (PD0325901) concentrations 100 nM, 200 nM, and 300 nM before adding 25 

ng/mL rhOSM treatment for 15-min. E. MDA-MB-468 cells are incubated for 2-hours with 

a series of pAKT SMI (GDC-0941) concentrations 200 nM, 300 nM, and 400nM before 

adding 25 ng/mL rhOSM treatment for 15-min. F. MDA-MB-468 cells are incubated for 

2-hours with a series of pSTAT3 SMI (Stattic) concentrations 2 μM, 3 μM, and 4 μM 

before adding 25 ng/mL rhOSM treatment for 15-min. The immunoblots performed to 

determine whether the OSM canonical signal pathways were inhibited by the SMI’s for 

pERK, pAKT, and pSTAT3 signal transduction. The results for pERK, pAKT, and 

pSTAT3 protein expression show that Each inhibitor worked in the inhibition of each 

respective pathway. (All experiments n=3). 
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