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Abstract 

Lipoprotein lipase (LPL) is an extracellular lipase that hydrolyzes triglycerides 

and phospholipids from circulating lipoproteins to promote the delivery of hydrolyzed 

lipids to cells. LPL is highly expressed in the adipose tissue surrounding breast tumors 

and reported to be expressed in breast cancer cells. The hydrolysis products generated by 

LPL are used by cells as components of the cell membrane, as an energy supply, and as 

signaling molecules. Therefore, the presence of LPL on or around cancer cells may 

contribute to the growth and progression of breast cancer tumors. We hypothesized that 

the hydrolysis products generated by LPL from lipoproteins can promote increased cell 

viability and pro-inflammatory cytokine secretion from breast cancer cells. My results 

show that the lipoprotein hydrolysis products generated by LPL from total lipoproteins 

significantly increased the metabolic activity of multiple breast cancer cell lines and the 

normal MCF10A breast cell line. Using cytokine arrays, a significant increase in the 

secretion of some cytokines and chemokines of 2- to 10-fold was observed in MDA-MB-

231 cells treated with lipoprotein hydrolysis products compared to control. In contrast, 

MCF-7 cells showed a decrease in the secretion of fewer cytokines. These results were 

verified by ELISA. The results of this study provide information on how LPL within the 

tumor microenvironment could affect breast cancer cell viability to potentially influence 

the progression of breast cancer. 
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Chapter 1 Introduction 

1.1 Breast cancer 

1.1.1 Incidence and prevalence of breast cancer 

 Despite advances in detection, treatment, and prevention, breast cancer remains 

the second leading cause of death from cancer among Canadian women. In 2020, it is 

estimated that approximately 28,000 breast cancer diagnoses will be made, representing 

25% of all new cancer cases in women [1]. Breast cancer in men can occur, but it is very 

rare and it accounts for less than 1% of all breast cancer cases [1]. While the incidence of 

breast cancer has remained relatively consistent, breast cancer mortality has declined 

significantly by 49% since its peak in 1986. This decline is primarily attributed to early-

detection and progress in treatment [2]. Breast cancer signs and symptoms usually do not 

present until the tumor has progressed to a palpable lump in the breast or until the cancer 

spreads to surrounding tissues. When symptoms do appear, they are often reported as 

physical changes to the breast, such as lumps, size and shape differences, skin irritation, 

nipple discharge, and pain [3]. Prognosis largely depends on the stage that the cancer is 

detected; the 5-year relative survival for breast cancer begins at 100% for stage 1 and 

declines to 22% at stage 4. In addition to the impact on patients, cancer care is costly for 

the Canadian health care system. The cost of cancer care rose from $2.9 billion in 2005 to 

$7.5 billion in 2012, and with an aging population and increasing number of cancer 

diagnoses, the cost will continue to rise [2]. Because of this, it is essential that new 
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methods of breast cancer detection and treatment are developed to achieve the best 

prognosis and reduce the burden on health care systems [2, 3]. The identification of novel 

targets to treat breast cancer is necessary to accomplish this.  

1.1.2 Overview of breast cancer 

 Breast tissue covers the area between the collarbone, lower ribs, and armpit, and 

consists of functional glandular tissue, connective tissue, and subcutaneous adipose 

tissue. Each breast contains approximately 15-20 lobes and multiple smaller lobules 

which produce milk in lactating women. The milk is then carried from the lobes to the 

nipple through a series of ducts [4]. The ducts and lobes are lined with two types of 

epithelial cells: luminal epithelial cells, which produce milk, and myoepithelial cells, 

which are attached to the basement membrane and have contractile properties to assist in 

milk ejection (Figure 1.1) [5].  

 Most breast cancer cases arise from cells within the ducts and lobes and is 

categorized as pre-invasive (in situ) or invasive. The classification depends on whether 

the cancer is confined to the area of initiation or spread to surrounding tissues. Tumors 

that originate in the glandular tissue are called carcinomas. Ductal carcinoma in situ 

(DCIS) arises in the cells of the ducts and accounts for approximately 20% of all breast 

cancer cases [6, 7]. Similarly, lobular carcinoma in situ (LCIS) arises in the epithelial 

cells of the lobes and is considered a precancerous condition. LCIS is thought to increase 

the risk of developing invasive carcinoma by approximately 30-40% [8, 9]. An important 

feature of LCIS is the downregulation of the adhesion molecule E-cadherin, which is  
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Figure 1.1: Structure of a breast duct or lobule  

Breasts are comprised of ducts and lobes. Lobes are divided into multiple smaller lobules 

which produce milk in lactating women, which is then carried to the nipple through a 

series of ducts. The ducts and lobes are lined with two types of epithelial cells: luminal 

epithelial cells, which produce milk, and myoepithelial cells, which are attached to the 

basement membrane and have contractile properties to assist in milk ejection.  
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normally present on all epithelial cells to attach to other cells and the basement 

membrane. This loss of adhesion is considered an important step toward developing 

invasive carcinoma [5]. Both DCIS and LCIS increase the risk of developing invasive 

breast cancer by approximately 1-2% per year. Because of this, DCIS and LCIS have 

often been treated by conventional methods such as surgical intervention, radiation, and 

chemotherapy. However, many cases of DCIS and LCIS will not progress to invasive 

carcinoma, and since 2012 it has been suggested that the current therapeutic strategies are 

too aggressive [6, 10, 11].  

 The most recent World Health Organization (WHO) classification of breast 

tumors outlines 21 major and 14 rare carcinoma subtypes. Invasive ductal carcinoma 

(IDC) accounts for approximately 70-75% of invasive breast cancer cases, whereas 

invasive lobular carcinoma accounts for 10-14% [12, 13]. Rare breast carcinomas, such as 

tubular carcinoma and inflammatory carcinoma, have a range of clinical features and can 

be mild or highly aggressive [13]. In addition, breast cancer can also arise from other 

tissues within the breast structure. Breast sarcomas and lymphomas, originating from the 

connective and lymph tissue, respectively, account for less than 1% of all breast cancer 

cases. Breast sarcomas are particularly rare and hence poorly understood, with an annual 

incidence estimated at 45 cases per 10 million women [14, 8]. There is little agreement on 

the best course of treatment and prognosis of breast sarcomas and lymphomas due to the 

rarity of these tumors [15, 16]. 
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1.1.3 Breast tumor evaluation and characterization 

 Once a diagnosis of breast cancer is made, the tumor characteristics are evaluated 

to guide decisions on the best course of treatment. The American Joint Committee on 

Cancer (AJCC) Staging Manual defines the criteria by which tumors are assessed, and it 

has been widely adopted to estimate prognosis. The eighth edition has expanded from 

previous versions to include two staging systems for breast cancer: the anatomic stage 

and the prognostic stage [17, 18]. The anatomic stage is based on the classic tumor, 

lymph node, metastasis (TNM) grading system. The TNM system evaluates the size of 

the primary tumor, lymph node involvement, and distant metastasis before and after 

cancer treatment based on specific criteria. Each TNM component is ranked and then 

combined to give an overall anatomic stage ranging from stage 0 to stage IV, with stage 

IV having the worst prognosis [17].  

 The prognostic stage of grading was introduced in the newest staging manual to 

address the importance of evaluating the histologic grade, hormone receptor expression, 

and gene expression, to accurately determine the extent of disease and treatment options 

[19]. A histologic grade is assigned to breast carcinomas based on the degree of 

differentiation from normal breast epithelial cells. The most common grading system is 

the Nottingham Grading System, which assigns a grade of 1-3 to three morphological 

features: the degree of tubule formation, nuclear pleomorphism, and mitotic count [19]. 

The scores are then combined to give an overall tumor grade of I, II, or III, with grade III 

tumors having the worst prognosis [20]. Previously, the histologic grade was not 

considered to be an important prognostic factor in cases where there is significant lymph 
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node involvement [17, 18]. However, a study using data obtained by the Surveillance, 

Epidemiology, and End Results Program (SEER) of the National Cancer Institute 

demonstrated that tumor grade is strongly associated with patient outcome [21]. It is now 

known that tumor grade is an essential prognostic measure that is independent of 

anatomic features of the tumor and is therefore included in the latest AJCC Staging 

Manual [18].  

The hormone receptor status of breast tumors provides critical information about 

the treatment course and overall prognosis. The estrogen receptor (ER) and progesterone 

receptor (PR) are regularly expressed by breast cells to respond to hormone stimulation. 

However, in malignant conditions, ER/PR expression promotes breast cancer cell growth 

and resistance to chemotherapeutic-induced apoptosis [22, 23]. The ER/PR status is 

evaluated by immunohistochemistry (IHC), where nuclear staining for ER or PR in 

greater than 1% of the tumor cells is considered positive. The standard of care for ER/PR 

positive breast tumors is endocrine therapy, which works by blocking the ER or the 

production of estrogen [12]. The PR gene, PGR, is a direct target of the ER in response to 

estrogen. Therefore, endocrine therapies targeting estrogen also affect PR expression. 

Some studies report the detection of single hormone receptor-positive subtypes, 

specifically ER-negative/PR-positive, but this remains controversial [24]. In addition to 

serving as a predictive factor of endocrine therapy response, ER/PR expression also 

provides information on the overall prognosis. It has been shown that patients with 

ER/PR positive tumors have better outcomes, regardless of treatment type. Additionally, 

tumors with high expression of ER/PR determined via IHC are associated with better 
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outcomes than those with lower ER/PR expression. Unfortunately, ER/PR positive breast 

tumors often develop resistance to endocrine therapy and have a recurrence risk of 10-

41% over a 20 year period [24, 25].  

Since its identification in 1985 as an oncogene, the status of the human epidermal 

growth factor receptor 2 (HER2) has become crucial to consider when making treatment 

decisions [26]. HER2 is overexpressed in approximately 15-20% of breast tumors and is 

associated with a poor prognosis and reduced relapse-free survival. A higher degree of 

HER2 amplification confers a worse prognosis [27]. HER2 is found in the presence or 

absence of ER/PR expression. The HER2 receptor belongs to the epidermal growth factor 

receptor (EGFR) family of receptor tyrosine kinases (RTK), but it has a constitutively 

active conformation. HER2 does not have a ligand-binding domain, so it typically forms a 

stable heterodimer with other EGFR family members to allow ligand binding and signal 

transduction. However, HER2 has been shown to homodimerize at high concentrations to 

activate intracellular signaling pathways independent of ligand binding [28]. Signal 

transduction causes transphosphorylation of the intracellular domains, leading to the 

activation of downstream second messengers [29, 30]. This results in the activation of the 

mitogen-activated protein kinase (MAPK)/extracellular signal-related kinase (ERK) 

signaling pathway, which increases angiogenesis, cell proliferation, differentiation, and 

survival [31]. HER2 can also activate the phosphoinositide 3-kinase (PI3K)/protein 

kinase B (Akt) signaling pathway, which is known to promote tumorigenesis and 

resistance to apoptosis [32]. PI3K/Akt pathway activation is also associated with 

increased infiltration of cancer-associated fibroblasts (CAF) and tumor-associated 
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macrophages (TAM) within the tumor microenvironment [32, 33]. CAF and TAM play 

an important role in breast cancer progression by establishing an immunosuppressive 

environment via cytokines and promoting metastasis by extracellular matrix (ECM) 

remodeling [34]. HER2 status is evaluated by IHC and in situ hybridization methods such 

as fluorescence in situ hybridization, which detects gene amplification. A positive result 

is defined as HER2 amplification in greater than 10% of tumor cells [35]. The standard of 

care for HER2-positive breast cancer is treatment with anti-HER2 therapeutics, such as 

the monoclonal antibody trastuzumab (Herceptin). Trastuzumab binds the extracellular 

domain of HER2 and inhibits signal transduction through several proposed mechanisms. 

However, resistance to trastuzumab therapy is common, and the recurrence risk of lymph-

node negative HER2+ breast cancer is estimated at 5-30% [12, 36, 37].  

Finally, breast tumors can be further classified into distinct molecular subtypes by 

gene expression profiling. Two studies used cDNA microarrays to analyze the gene 

expression patterns of over 100 combined human breast tumor samples [38, 39]. Since 

then, multigene panels have been developed and incorporated into the regular clinical 

evaluation of breast tumors. The most widely adapted multigene panel is The Oncotype 

DX Breast Recurrence Score, which evaluates the potential response of ER/PR-positive 

tumors to different types of therapies [18]. Other multigene panels exist, such as 

MammaPrint, EndoPredict, and Prosigna/PAM50; however, evidence for their clinical 

use is lacking [17, 18]. The subtypes are based on differences in the activation, mutation, 

and amplification of genes such as PI3KCA, GRB7, ERBB3, TP53, and BRCA, which 

have well-defined roles in the growth and progression of breast tumors. The breast tumors 



9 

 

can be classified as having a low-risk gene expression signature (GES), or high-risk GES 

[12]. The expression of the nuclear proliferation marker Ki-67 is also assessed by IHC to 

further differentiate the breast tumor subtypes. High Ki-67 expression was initially 

defined as greater than 14% positive cell staining. That number has since been adjusted to 

approximately 20-30% positive cell staining, but there is not a clear consensus [12]. High 

Ki-67 expression indicates high tumor cell proliferation and is correlated with worse 

overall prognosis. However, Ki-67 assessment is not included as a necessary 

measurement in the latest AJCC Staging Manual because of uncertainty surrounding its 

clinical implications. Nevertheless, Ki-67 is still regularly measured to get a full picture 

of the tumor biology [40, 41].  

1.1.4 Breast cancer subtype classification and prognosis  

The breast cancer subtype is assigned by compiling the anatomic and prognostic 

characteristics of the tumor. Determining the subtype is essential for standardized patient 

care and provides an accurate estimate of prognosis. The luminal A subtype is the most 

frequent type of invasive breast cancer, accounting for 30-40% of all cases. Luminal A 

tumors are ER-positive, highly PR-positive (>20%), HER2-negative, and Ki-67 low 

(<14%). They are typically low-grade (1 or 2) ductal carcinomas with a low-risk GES. 

Luminal A tumors have the best prognosis out of all the subtypes with a 4-year survival 

rate of 92.5% based on SEER data [40, 42]. The luminal B subtype is the second most 

common, accounting for 20-30% of invasive breast cancer cases. Luminal B tumors are 

ER-positive, PR-positive (<20%), HER2-positive or negative, and Ki-67 high (>14%). 

The Ki-67 expression level is one of the distinguishing features between luminal A and 
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luminal B breast cancers [40]. Luminal B type breast tumors are often grade 2 or 3 

invasive ductal carcinomas with a high-risk GES. Mutations of the PI3KCA gene are 

present in 40% of luminal B breast tumors resulting in the constitutive activation of the 

PI3K/Akt pathway [43]. Due to advances in targeted therapy, the prognosis of luminal B 

breast cancer is positive, with a 4-year survival rate of 90.3% [42].  

HER2 is positively detected in 12-20% of invasive breast tumors and can be 

subdivided into the HER2-enriched (HER2-E) subtype and the luminal-like HER2 

subtype. It is notable that HER2 is detected in other forms of breast cancer, but these are 

less common. Some studies do not distinguish specific HER2-positive subtypes, while 

many believe there is substantial precedent for distinguishing the groups [44, 45]. The 

HER2-E subtype accounts for over 50% of HER2-positive cases and is characterized by 

high expression of HER2, HER2 amplicon genes (GRB7), negative ER/PR expression, 

and high Ki-67 levels [40]. Because of the significant activation of survival pathways by 

HER2-E breast tumors, the HER2-E subtype benefits the most from targeted anti-HER2 

therapies [44]. HER2-E tumors are generally high-grade and aggressive but have a 4-year 

survival rate of 82.7% due to the development of effective neoadjuvant and adjuvant anti-

HER2 therapies [42]. Luminal-like HER2-positive breast tumors are HER2-positive, 

ER/PR-positive, and have high Ki-67 expression. However, HER2 and ER/PR expression 

are lower than in the HER2-E and luminal A/B subtypes, respectively. HER2 in ER/PR-

positive breast cancer is known to reduce the effectiveness of endocrine therapy and 

promote resistance to chemotherapeutics [46, 47]. A proposed mechanism of resistance is 

the activation of HER2, and subsequently, the PI3K/Akt pathway to downregulate ER and 
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PR expression. The downregulation of ER and PR causes the tumor to become more 

aggressive [48]. However, the combination of targeted HER2 and ER/PR therapies 

improves the overall prognosis to a 4-year survival of approximately 90% [40].  

Triple-negative breast cancer (TNBC) accounts for 15-20% of breast cancer cases 

and is considered particularly aggressive. The TNBC subtype is immunohistochemically 

identified by its lack of ER, PR, and HER2 receptors. However, TNBC represents a 

heterogeneous group of breast cancers which are further categorized by several different 

methods. One of the most common is Lehmann’s classification, which analyzed the gene 

expression profiles of 587 TNBC tumors [49]. This analysis identified six distinct 

molecular subtypes of TNBC [50, 40]. The subtypes are basal-like 1 (BL1), basal-like 2 

(BL2), mesenchymal, mesenchymal stem-like (MSL), luminal androgen receptor (LAR), 

and immunomodulatory (IM). IHC analysis of cytokeratin 5/6, androgen receptor, and 

p53 expression can help identify the subtype and serve as prognostic indicators in TNBC 

[51]. However, it has been shown that this classification does not accurately estimate 

survival over a 20-year period. There is now evidence that each TNBC subtype is 

heterogeneous and can be subclassified by the severity of the genetic profile [52]. TNBC 

tumors are often classified as IDC, but other less frequent tumor types can also be triple-

negative. Common features are that the tumors are usually diagnosed late, with a high-

grade, large size, lymph node metastases, and young age of diagnosis [53]. TNBC has 

been associated with numerous risk factors such as African ancestry, obesity, higher 

waist-to-hip ratio, and lack of breastfeeding. Certain genetic mutations also predispose 

women to TNBC. Approximately 10% of all breast cancer cases are considered familial; 
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2-6 % of these are attributed to mutations in the BRCA1 and BRCA2 genes. BRCA 

mutations carry a 30-70% increased risk of developing breast cancer. When breast cancer 

does develop, TNBC is diagnosed in 70-90% of BRCA1 and 16-23% of BRCA2 mutation 

carriers. However, BRCA1/BRCA2 mutations account for only 15.4% of all TNBC cases 

[53, 54]. TNBC has the worst prognosis of all the breast cancer subtypes, with a 4-year 

survival of 77% [42]. This is due to the lack of targeted therapies for TNBC and the 

aggressiveness of the disease phenotype. The presence of tumor-infiltrating lymphocytes 

(TIL) and programmed death-ligand 1 (PD-L1) expression in the tumor 

microenvironment are positive prognostic indicators in TNBC [55]. Novel therapeutics 

such as atezolizumab, an anti-PD-L1 antibody, are proving to be effective in increasing 

the overall survival of patients with TNBC when combined with chemotherapy [55]. 

There is now evidence that the molecular subtype of TNBC is a good predictor of the 

effectiveness of certain treatments [56]. Figure 1.2 shows a summary of the molecular 

markers expressed by different subtypes of breast cancer.   

1.1.5 Overview of the tumor microenvironment  

 It is now understood that interactions between the tumor and its microenvironment 

are essential for cancer growth and progression. The tumor microenvironment is 

comprised of the ECM, blood vessels, non-malignant cells, and signaling molecules [57]. 

TIL, TAM, CAF, and adipocytes are some of the cells that have been identified as 

components of the breast tumor microenvironment. The function of these cells in the  
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Figure 1.2: Overview of breast cancer subtypes by IHC markers 

Breast tumors are evaluated by IHC to determine the ER/PR, HER2, and Ki67 expression 

levels. Breast cancer can be divided into five subtypes based on the expression profile: 

luminal A (ER-positive, PR-positive (>20%), HER2-negative, Ki-67 low), luminal B 

(ER-positive, PR-positive (<20%), HER2-positive or negative, Ki-67 high), HER2-E 

(ER/PR-negative, high HER2, high Ki-67), luminal-HER2 (ER/PR-positive, HER2 

positive, high Ki-67), and TNBC (ER/PR-negative, HER2-negative, Ki-67 high). The six 

TNBC subtypes are basal-like 1 (BL1), basal-like 2 (BL2), mesenchymal (M), 

mesenchymal stem-like (MSL), luminal androgen receptor (LAR), and 

immunomodulatory (IM). Figure created in Microsoft PowerPoint 2016.  
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microenvironment evolves as the tumor grows. The cancer immunoediting hypothesis 

describes three phases of tumor progression: elimination, equilibrium, and escape. As 

cancer progresses, tumor cells acquire modifications, such as reduced antigen expression, 

that prevent detection and elimination by immune cells. The escape stage occurs when the 

immune system has exhausted its ability to restrict tumor growth [58, 59]. Depending on 

the extent of progression, immune cells can enhance or inhibit cancer progression by the 

secretion of pro- and anti-inflammatory biomolecules. TIL include T cells and B cells , 

which can have pro- and anti-tumorigenic functions. CD8+ and CD4+ T helper 1 (Th1) 

cells secrete the cytokine interferon-gamma (IFN-γ), among other anti-tumorigenic 

factors, which has been shown to slow the progression of cancer [60]. In breast cancer, 

IFN-γ has been shown to enhance the expression of the cell cycle inhibitor proteins p27, 

p16, and p21, causing decreased proliferation of tumor cells [61]. However, there is also 

evidence that excess IFN-γ can increase the aggressiveness of tumor cells [62]. B cells 

secrete interleukin (IL)-10, which has dual effects in the tumor microenvironment. In T 

cells and macrophages, IL-10 is known to block the production of the pro-inflammatory 

cytokines tumor necrosis factor (TNF)-α, IL-6, IL-8, and vascular endothelial growth 

factor (VEGF) by inhibiting the nuclear factor (NF)-κB pathway [63]. The NF-κB 

pathway is a central mediator in the inflammatory response. Upon activation by pro-

inflammatory molecules, the NF-κB transcription factor enters the nucleus and induces 

cell proliferation, angiogenesis, immune evasion, and metastasis. Certain pro-

inflammatory cytokines, such as TNF-α, are produced by and activate the NF-κB pathway 

in an autocrine feedback loop [64, 65]. Because of its ability to inhibit pro-inflammatory 
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cytokine synthesis, IL-10 is considered a potent inhibitor of tumorigenesis. However, IL-

10 also activates the Janus kinase (JAK)/signal transducer of activation (STAT) pathway. 

Upon ligand binding and receptor dimerization, JAK becomes activated and 

phosphorylates STAT transcription factors. The activated STAT can then enter the 

nucleus to regulate gene expression. Four JAK (Jak1-3, Tyk2) and seven STAT (STAT1-

4, STAT5a, STAT5b, STAT6) family members have been identified, where different 

JAK and STAT combinations are activated in response to different ligand/receptor pairs 

[66]. IL-10, via the IL-10 receptor, has been shown to activate STAT1, STAT3, and 

STAT5. The role of STAT1 and STAT5 activation in response to IL-10 is not well 

characterized. However, IL-10 induced STAT3 activation is known to cause the 

transcription of proliferative and anti-apoptotic genes [67, 68]. Additionally, excess IL-10 

contributes to tumor escape by inhibiting the production of pro-inflammatory cytokines 

that are essential for immune surveillance. In breast cancer, IL-10 is often elevated in the 

serum and is correlated with increased metastasis and poor prognosis [64, 69].  

TAMs are highly abundant within breast tumors and can comprise over 50% of 

the tumor mass. Breast cancer cells attract monocytes from the blood vessels by secreting 

colony-stimulating factor 1 (CSF1) and chemokine ligand 2 (CCL2). Once at the tumor 

site, monocytes are differentiated into subsets of TAM that perform distinct roles. 

Differentiation occurs in response to signals from the tumor microenvironment [70]. M1-

like TAMs are activated by IFN-γ and TNF-α secreted by Th1 cells. M1-like TAMs 

secrete pro-inflammatory cytokines and reactive oxygen species (ROS) and are associated 

with a good prognosis in early-stage cancer. Alternatively, M2-like TAMs are activated 
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by cytokines released from CD4+ T helper 2 (Th2) cells, such as IL-10, IL-4, and 

transforming growth factor beta (TGF-β). M2-like TAMs express factors that support 

tumor growth (TGF-β), angiogenesis (VEGF), immunosuppression (IL-10, PD-L1), and 

ECM remodeling (matrix metalloproteinases, MMP) [71, 72]. M2-like TAMs play a key 

role in ECM remodeling because they express the highest level of protease activity in the 

tumor microenvironment. M2-like TAMs actively degrade the ECM to allow invasion of 

tumor cells into the surrounding tissues. Additionally, ECM degradation releases growth 

factors such as TGF-β and VEGF, which further promotes angiogenesis and growth of the 

tumor cells [71]. Because of this, high levels of M2-like TAMs in the breast tumor 

microenvironment are associated with a poor prognosis. The ratio of M1/M2-like TAMs 

is used as a prognostic indicator where a high ratio suggests a good response to 

chemotherapy  [70, 72].  

Like TAMs, CAFs originate from cells that are recruited and differentiated by 

signals in the tumor microenvironment. CAFs can arise from many different cell types 

and thus have a variety of functions and expression levels. However, identifying different 

subtypes within the tumor microenvironment is difficult due to the lack of specific CAF 

markers. The main source of CAFs in breast cancer are resident fibroblasts and 

mesenchymal stem cells (MSC) [73]. Conditioned media from MDA-MB-231 (TNBC) 

and MCF-7 (luminal A) breast cancer cells were shown to induce the differentiation of 

human adipose tissue-derived stem cells (hASC) into CAFs [74]. The conditioned media 

were found to have a high concentration of TGF-β. Blocking TGF-β using a neutralizing 

antibody and receptor inhibitor prevented the differentiation of hASCs into CAFs  [74]. 
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This is significant because breast tumors are surrounded by adipose tissue, which is 

highly enriched with hASCs, thus generating a major proportion of CAFs.  

Upon differentiation, CAFs begin to produce their own TGF-β, which maintains 

their differentiation via an autocrine loop [73]. Like many signaling molecules in the 

tumor microenvironment, TGF-β has dual roles depending on the extent of progression. 

In early-stage breast cancer, TGF-β inhibits tumorigenesis by upregulating the cell cycle 

inhibitor proteins p21 and p15, and by activating apoptotic signaling pathways [75]. In 

well-established tumors, TGF-β has potent pro-tumorigenic properties such as inducing 

angiogenesis, immune suppression, ECM remodeling, and epithelial-mesenchymal 

transition (EMT) [76]. EMT is the process through which epithelial cells lose their 

polarity and cell-cell adhesion and move towards an invasive and migratory mesenchymal 

phenotype. TGF-β induces the expression of MMP and mesenchymal cell markers, such 

as vimentin, to degrade the ECM and facilitate tumor escape. Additionally, TGF-β is 

known to activate the PI3K/Akt, NF-κβ, and STAT3 signaling pathways and is, therefore, 

a central regulator of tumorigenesis [77]. CAFs have also been linked to increasing lymph 

node metastasis and TAM presence in the tumor microenvironment. Because of their 

significant pro-tumorigenic functions, CAFs are associated with a poor prognosis in 

breast cancer [78].     

Due to the large proportion of adipose tissue in the breast, adipocytes are a major 

component of the breast tumor microenvironment. Using in vitro and in vivo models of 

breast cancer, adipocytes in the tumor microenvironment were shown to have decreased 

adipocyte markers, low lipid content, and increased protease and pro-inflammatory 
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cytokine secretion. These adipocytes were subsequently named cancer-associated 

adipocytes (CAA). Co-culture experiments show that the mechanism by which adipocytes 

transition to CAAs is a tumor cell-mediated process; however, this process is not well-

defined [79]. The microRNA (miRNA) mmu-miR-5112 has been identified as a potential 

driving force behind CAA development; mmu-miR-5112 was found to be significantly 

upregulated in adipocytes upon co-culture with breast cancer cells [80]. Studies have 

shown that exosomes released from tumor cells carry cargo, such as miRNAs, which can 

exert pro-tumorigenic effects in the microenvironment [81]. Therefore, it is possible that 

mmu-miR-5112 is carried in exosomes released from tumor cells to drive CAA 

development. This miRNA is thought to function as a cytoplasmic polyadenylation 

element-binding protein 1 (Cpeb1) gene suppressor, which is an inhibitor of IL-6 

synthesis [80]. Adipocytes co-cultured with breast cancer cells showed increased IL-6 

expression and migration of tumor cells. IL-6 is a pleiotropic cytokine that promotes 

invasion, metastasis, angiogenesis, and resistance to therapy. This is due to its ability to 

activate multiple signaling pathways involved in tumorigenesis, such as NF-κB and 

JAK/STAT3 signaling. CAAs also secrete TGF-β, CCL2, MMPs, and multiple other pro-

tumorigenic factors that support tumor development and the recruitment of other 

microenvironment cells, such as TAMs [82]. 

Adipocytes also function to provide lipids to breast cancer cells to use as a source 

of energy. A hallmark of cancer is disrupted metabolism. Cancer cells often obtain energy 

via glycolysis rather than oxidative phosphorylation, causing an increase in lactate 

production, a phenomenon known as the Warburg effect [83]. Tumors also have altered 
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lipid metabolism to meet the energy demands of the highly proliferative cells. Cancer 

cells can increase the endogenous synthesis of lipids, or lipogenesis, by upregulating the 

expression of lipogenic enzymes such as fatty acid synthase (FASN) and acetyl-

coenzyme A (CoA) carboxylase. High levels of FASN expression are correlated with 

poor prognosis in breast cancer [84]. However, the bulk of lipids acquired by cancer cells 

are obtained from exogenous sources. Tumor cells induce lipolysis in CAAs, causing the 

release of free fatty acids (FFA), which are then taken up by the cancer cells by the 

scavenger receptor cluster of differentiation 36 (CD36). The co-culture of breast cancer 

cells and adipocytes was shown to increase the rate of FFA uptake by upregulating CD36 

expression [83]. Aggressive subtypes of breast cancer, such as TNBC, have highly 

proliferative cells that allow the tumor to progress rapidly. Fast growing tumors require 

more energy than slower growing tumors. Because of this, the TNBC cell line MDA-MB-

231 take up FFA from CAAs faster than slower-proliferating cells, such as the luminal 

MCF-7 cell line. The tumor secreted factors that induce lipolysis include IL-6 and TNF-α, 

which cause adipose atrophy, but this process is not well-characterized [85]. Excess 

tumor-driven lipolysis results in a common condition called cachexia or wasting 

syndrome, which is often considered life-threatening in cancer patients. The accumulated 

lipids can be stored in lipid droplets within the cancer cells, which provides an immediate 

source of energy that can be accessed when necessary. Lipid droplets are thought to play 

a role in promoting metastasis due to their ability to supply energy to cancer cells 

traveling to secondary sites [86]. A high lipid droplet content in cancer cells is now 

considered a marker of aggressiveness [84]. Cancer cells acquire metabolites from lipids 
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via mitochondrial fatty acid β-oxidation (FAO), which then feed into the tricarboxylic 

acid (TCA) cycle to provide energy. In addition to providing a source of energy, 

exogenous lipids are also used by cancer cells to synthesize bioactive lipids, impact 

membrane fluidity, and promote resistance to therapy. Blocking endogenous lipid 

metabolism by cancer cells has long been a therapeutic target of interest with little 

success. Attempts to inhibit enzymes such as FASN and ACC have not been feasible due 

to their significant involvement in normal physiological processes [86]. Until recently, 

exogenous lipid uptake by tumor cells was not considered to have a critical role in cancer 

progression. Now, therapeutic agents that target exogenous lipid uptake are being 

developed to downregulate CD36, inhibit intracellular CAA lipolysis, and block tumor-

induced adipocyte to CAA transition [83, 84]. For example, in breast cancer the lipolytic 

enzyme adipose triglyceride (TG) lipase (ATGL) was shown to liberate FFA from lipid 

droplets within the tumor cells. The FFA released by ATGL are transported into the 

mitochondria by carnitine palmitoyltransferase 1A (CTP1A) and used for FAO and 

mitochondrial biogenesis. This interaction was shown to be dependent on CPT1A 

expression in breast cancer. ATGL expression level was also correlated with breast 

cancer aggressiveness. Because of this, ATGL is under investigation for use as a potential 

therapeutic target in breast cancer [87]. However, these targets are also involved in many 

normal physiological processes which could reduce their effectiveness as anti-cancer 

agents. Figure 1.3 summarizes the interaction between a breast tumor and the 

microenvironment.   
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Figure 1.3: Interactions in the breast tumor microenvironment  

Cells within the tumor microenvironment significantly influence the progression of breast 

cancer. Tumor cells secrete pro-inflammatory cytokines and chemokines, which can 

induce pro-tumorigenic changes in the surrounding cells. Monocytes are attracted from 

the circulation (CSF, CCL2) and differentiate into M1-like and M2-like tumor-associated 

macrophages (TAM), which support tumor growth (TGF-β), angiogenesis (VEGF, ROS), 

immunosuppression (IL-10), and ECM remodeling (MMP). Th1, Th2, and B cells also 

secrete cytokines (IFN-γ, TNF-α, IL-10, IL-4, TGF-β), which promote tumorigenesis and 

activate other cells in the microenvironment. Cancer-associated fibroblasts (CAF) are 

activated by TGF-β secreted from breast cancer cells, which then produce their own 

supply of TGF-β. Breast cancer cells also release exosomes containing mRNA to develop 

cancer-associated adipocytes (CAA). CAA release many pro-tumorigenic factors (IL-6, 

TGF-β, CCL2, MMPs) and supply a source of energy via FFA stored in lipid droplets. 

Multiple other cell-cell interactions are not shown. Together, the cells of the 

microenvironment can facilitate tumor progression. Figure created in Microsoft 

PowerPoint 2016.  
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1.2 Overview of lipoproteins 

 Before exogenous lipids can be used by cells as an energy source, they must first 

travel through the circulation. Due to the hydrophobic nature of lipids, they are unable to 

travel freely in the plasma and are instead transported in lipoproteins. Lipoproteins are 

large complexes with a hydrophobic core of TG and cholesteryl esters, and a hydrophilic 

monolayer made up of phospholipids (PL), free cholesterol, and one or more 

apolipoprotein [88]. Apolipoproteins can help maintain the structure of lipoproteins, act 

as cofactors for enzymes involved in lipid hydrolysis, and allow the detection of specific 

lipoprotein subtypes by cell surface receptors. Lipoproteins were initially divided into six 

classes based on their density measured by ultracentrifugation [89]. Now, lipoproteins can 

be further categorized based on size, lipid composition, and function, to represent the 

heterogeneity of lipoproteins within each class [90].  

 Apolipoprotein B (apoB) is a large protein produced by the liver and intestine and 

is secreted only upon association with lipids. The liver synthesizes the full-length apoB 

protein, called apoB100. The intestinal apoB undergoes mRNA editing, where a cytidine 

is deaminated to uridine, causing the introduction of a stop codon. The truncated protein 

is called apoB48 and is identical to the N-terminal 48% of apoB100. ApoB-type 

apolipoproteins are non-exchangeable, which is a characteristic that allows the 

measurement of specific subtypes of lipoproteins [91]. Chylomicrons are large, TG-rich, 

apoB48-associated lipoproteins that are formed by the enterocytes of the small intestine. 

Their primary function is to transport lipids obtained from the diet to cells throughout the 

body. Lipoprotein lipase (LPL) is attached to the surface of endothelial cells lining blood 
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vessels and hydrolyzes the TG from circulating chylomicrons. Chylomicrons are also 

associated with apoC-II, which is a cofactor for LPL activation. As discussed previously, 

the FFA released from TG hydrolysis can be used immediately as cell metabolic fuel or 

can be stored as TG in adipocyte lipid droplets for future access [89, 92]. Once depleted 

of their TG stores, the resulting cholesteryl ester-rich chylomicron remnants are removed 

from the circulation by hepatic low-density lipoprotein (LDL) receptor-related protein 1 

(LRP1) This interaction requires association with apoE, an LRP1 ligand [93, 94].  

 Endogenously synthesized hepatic TG are packaged into very low-density 

lipoproteins (VLDL), which are associated with apoB100. During translation, apoB100 is 

simultaneously translocated and is initially lipidated by microsomal TG transfer protein 

within the endoplasmic reticulum (ER) to form primordial or pre-VLDL; this VLDL 

becomes increasingly TG-rich by fusing with lipid droplets in the cytosol [95]. Mature 

VLDL is eventually released from hepatocytes to deliver lipids to cells. Like 

chylomicrons, apoC-II is associated with VLDL, to facilitate TG hydrolysis by LPL. 

VLDL TG are hydrolyzed by LPL to form intermediate-density lipoproteins (IDL). 

Approximately 50-70% of IDL is further hydrolyzed by LPL and hepatic lipase (HL) to 

produce LDL. LDL function as the major carriers of cholesterol in the circulation [96]. 

The LDL receptor interacts with apoB100 to facilitate LDL uptake via receptor-mediated 

endocytosis. The cholesterol is used by cells as components of the cell membrane and for 

the formation of steroid hormones and bile acids [97]. The process of lipid delivery to 

cells via apoB-containing lipoproteins is called forward lipid transport [96].   
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 High-density lipoproteins (HDL) are a heterogeneous group of small, dense 

lipoproteins that can be categorized based on apolipoprotein expression; the major 

apolipoprotein associated with HDL is apoA-I (LpA-I). However, to achieve certain 

functions, HDL can associate with apoA-II in addition to apoA-I (LpA-I:A-II). HDL is 

further classified by other physical properties such as density (HDL2, HDL3), shape, and 

size [98]. The major function of HDL is to deliver excess cholesterol from peripheral 

tissues to the liver for biliary excretion. This process, called reverse cholesterol transport, 

is vital to the maintenance of cholesterol levels within cells [99]. Most cell types are 

unable to clear cholesterol themselves and rely on HDL to prevent cholesterol 

accumulation. Excess cholesterol is detrimental and can cause membrane rigidity, 

apoptosis, and contribute to atherosclerotic vascular disease [100]. Reverse cholesterol 

transport occurs in two stages, with the first being cholesterol efflux from peripheral cells 

to apoA-I or HDL. Adenosine triphosphate (ATP)-binding cassette transporter 1 

(ABCA1) transfers free cholesterol to lipid-free apoA-I, forming nascent HDL. The 

transporters ATP-binding cassette subfamily G member 1 (ABCG1) and scavenger 

receptor class-B type I (SR-BI) efflux cholesterol to mature HDL particles [99]. In the 

second stage, HDL can be hydrolyzed by HL and endothelial lipase (EL) to form HDL 

remnants, which can be removed by the liver. HDL can transfer lipids to apoB-containing 

lipoproteins via cholesteryl ester transfer protein, which are then removed by the LDL 

receptor. Alternatively, SR-BI expressed on the liver can interact with apoA-I to remove 

cholesteryl esters from HDL for excretion. HDL cholesterol levels were first reported to 
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have an inverse relationship with cardiovascular risk in the 1960s. Since then, the 

protective effects of HDL in lipid homeostasis have been extensively documented [98].  

1.3 Lipoprotein lipase 

1.3.1 Overview of the sn-1 lipases 

 As previously highlighted, the delivery of lipids to cells from lipoproteins in the 

circulation is essential for a variety of cellular functions. Lipases are the enzymes that 

mediate this process by the hydrolysis of ester bonds in TG, PL, and cholesteryl esters 

[101]. HL, EL, and LPL have phospholipase A1 (PLA1) and TG lipase activities, which 

can generate FFA, di- and monoacylglycerols by the hydrolysis of TG at the sn-1 

position, and lysophospholipids by the hydrolysis of PL at the sn-1 position, as per Figure 

1.4 [102]. In addition to providing energy to cells via FFA, hydrolysis products generated 

by sn-1 family lipases have important implications in cell signaling. For example, 

lysophospholipids such as lysophosphatidic acid (LPA) can interact with certain G 

protein-coupled receptors (GPCR) to activate signaling through MAPK/ERK, PI3K/Akt, 

and cell-cycle control pathways [103]. Of note, LPA has been shown to induce pro-

tumorigenic cytokine secretion (IL-6, IL-8, VEGF, MMP) and promote cancer cell 

proliferation, survival, and metastasis [104].  

 Alignment of the amino acid sequences revealed the high sequence homology 

between the sn-1 lipases. Because of this, it is thought that they share a common ancestral 

origin [105]. Site-directed mutagenesis studies showed that the active site motif (Gly- 

Xaa-Ser-Xaa-Gly) is conserved across all lipases. Other highly conserved sequence areas  
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Figure 1.4: The sn-1 cleavage point of a general phospholipid and triglyceride  

HL, EL, and LPL can generate free fatty acids (FFA), di- and monoacylglycerols from 

TG, and lysophospholipids from PL. These lipases act at the sn-1 position, as shown 

(scissors), to remove acyl chains for use by the surrounding cells. Figure created in 

Microsoft PowerPoint 2016.   
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include glycosylation sites, lipid-binding domains, and disulfide bridges [106]. A 

molecular model of LPL was originally designed using x-ray crystal structures of 

pancreatic lipase (PL), which provided information on the structure-function relationship 

of LPL [106]. The N-terminal domain and C-terminal domain are connected by a flexible 

linker region that allows substrate access to the catalytic site. Structural features of HL 

and EL can be inferred based on their sequence similarities to LPL. For example, the 

presence of an α/β-fold in the catalytic region forms a ‘lid’ that can control substrate 

access to the active site in sn-1 lipases [105, 106]. The C-terminal domain contains 

heparin-binding sites that allow sn-1 lipases to attach to the surface of capillary 

endothelial cells via heparan sulfate proteoglycans (HSPG) [101]. In addition, sn-1 

lipases have a non-catalytic bridging function that promotes lipid uptake by cells [105]. 

However, differences in tissue expression and substrate preference emphasize the distinct 

roles of HL, EL, and LPL.  

 HL is predominantly expressed by hepatocytes but is also detected in 

macrophages, and ovarian and adrenal tissues [107, 108]. HL does not have substrate 

specificity and hydrolyzes TG and PL from all circulating lipoproteins. HL is also 

involved in facilitating lipoprotein-receptor interactions in liver lipid metabolism. 

Because of its multifunctional role, the impact of HL on disease progression is unclear 

[109]. EL has been detected in the lungs, liver, testis, ovary, and placenta, where it is 

anchored to vascular endothelial cells. EL is also expressed in macrophages [110]. EL has 

strong PLA1 activity and low TG lipase activity, and it preferentially hydrolyzes lipids 

from HDL. LPL is highly expressed in the adipose tissue, skeletal muscle, and cardiac 
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muscle, but is also present in the mammary tissue, brain, spleen, lungs, and macrophages. 

Except in macrophages, LPL is produced by parenchymal cells and then transferred to 

capillary endothelial cells to access lipoproteins in the circulation. LPL primarily 

hydrolyzes TG from chylomicrons and VLDL [111, 112].  

1.3.2 LPL synthesis and processing  

LPL must be synthesized by parenchymal cells, assembled into the correct 

structure, then transported to the surface of endothelial cells to exert its effects. The LPL 

gene is located on chromosome 8p22 and encodes 475 amino acids; a 27 amino acid 

signal peptide is cleaved to produce the mature 448 amino acid protein [113]. LPL is 

synthesized in the rough ER and becomes increasingly glycosylated as it is moves 

through the cis- and trans- Golgi network. The significant glycosylation of LPL accounts 

for 8-12% of the protein and increases the mass from 51 kDa, the approximate subunit 

mass, to 55 kDa. Studies using ultracentrifugation determined that functional LPL exists 

as a homodimer [114]. However, in 2019 the crystal structure of LPL bound to an 

accessory protein was determined and the results suggest that LPL may also be active as a 

monomer [115]. 

 LPL homodimers are arranged in a head to tail configuration, with a hole in the 

middle of the interface that is suspected to have a biological function, such as FFA 

transfer. LPL must interact with lipase maturation factor 1 (LMF1) to form the correct 

tertiary structure and dimerize [116]. LMF1 is a transmembrane chaperone located in the 

ER that binds partially folded LPL monomers, forms fully folded monomers, and releases 
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functional homodimers. If LPL is misfolded, it remains in the ER and is targeted for 

degradation. In disorders affecting LMF1 expression, LPL secretion decreases, and 

misfolded protein accumulates in the ER [117]. The mechanism of LPL transport to the 

vascular endothelial cells is poorly understood. However, following secretion from the 

parenchymal cells, LPL is shuttled by glycosylphosphatidylinositol-anchored high-

density lipoprotein-binding protein 1 (GPIHBP1) to the endothelial surface [118, 101]. A 

significant reduction in LPL activity was shown to result from loss of GPIHBP1 

expression due to LPL being trapped in the interstitial space. Recently, a crystal structure 

of the LPL-GPIHBP1 complex showed that the C-terminal domain of LPL and GPIHBP1 

interact at a 1:1 ratio [119]. From studies investigating LPL-GPIHBP1 interactions, a new 

model of LPL attachment in the vascular endothelium has been developed (Figure 1.5). 

Upon secretion from parenchymal cells, LPL is picked up by HSPG in the interstitial 

space and then transferred to GPIHBP1 on endothelial cells, which has a higher binding 

affinity. In GPIHBP1 knockout models, LPL remains attached to HSPG in the interstitial 

space, which lowers the plasma LPL activity. Additionally, using in vivo and in vitro 

models, it was revealed that LPL bound to HSPG preferentially moves to GPIHBP1 in the 

medium, on the surface of cells, and on agarose beads. In this model, HSPG functions to 

prevent LPL from leaving the local environment, facilitating transfer to GPIHBP1. This 

ensures that LPL is expressed near the cells that produced, it, so that lipoprotein 

hydrolysis products reach the tissues that require them [120]. 

  

 



31 

 

 

Figure 1.5: Transport of LPL from parenchymal cells to the vascular endothelial surface 

Tissue parenchymal cells produce lipoprotein lipase (LPL) mRNA, which is translated 

into LPL monomers in the endoplasmic reticulum (ER). LPL monomers are bound by 

lipase maturation factor 1 (LMF1), an ER transmembrane chaperone, which assists in the 

folding and dimerization of mature LPL. LPL dimers then move through the cis- and 

trans- Golgi network to become glycosylated and are then secreted into the interstitial 

space. LPL is bound by heparan sulfate proteoglycan (HSPG) near the site of secretion 

and then transferred to endothelial-bound glycosylphosphatidylinositol-anchored high-

density lipoprotein-binding protein 1 (GPIHBP1). LPL is then able to hydrolyze 

circulating lipoproteins to transfer FFA to cells. Figure created in Microsoft PowerPoint 

2016.  
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1.3.3 Regulation of LPL activity 

 Once at the endothelial surface, LPL hydrolyzes TG from apoB-containing TG-

rich lipoproteins, as discussed previously. ApoC-II is an essential cofactor for LPL 

activation that is associated with chylomicrons, VLDL, and HDL. Disruptions in the 

structure or production of apoC-II results in high plasma TG levels and produces the same 

phenotype as LPL deficiency. Other apoC proteins also play a role in LPL regulation. 

ApoC-I and apoC-III have been shown to noncompetitively inhibit LPL activity by 

affecting its ability to bind to lipoproteins [121, 122].  

 Specific cytokines are also known to affect LPL activity. In mice, the combination 

of IFN-γ and TNF-α synergistically reduce LPL activity, mRNA, and protein levels. 

Cytokine-regulated gene transcription elements have been identified in the 5’ flanking 

region of the LPL gene. Some positively regulate LPL expression, such as IFN-γ-

responsive element and the nuclear factor-1-like motif  [123]. TNF-α was determined to 

inhibit LPL gene transcription by interfering with nuclear factors involved in transcription 

[124]. Other cytokines had no effect on their own but caused significant effects while in 

combination. For example, IL-6 and leukemia inhibitory factor only caused a decrease in 

LPL activity when combined. This is a crucial observation and is more representative of 

physiological conditions. At any given time, many different cytokines circulate within the 

same tissue environment in both normal and diseased states. In cancer, the combination of 

IFN-γ and TNF-α has been implicated in the development of wasting syndrome [123, 

125]. CSF, which can be secreted from breast cancer cells, has been shown to increase 
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LPL expression in macrophages [126]. Finally, TGF-β has been shown to inhibit LPL 

gene transcription, but the mechanism is not well understood [127]. 

1.4 LPL hydrolysis products and their relevance to breast cancer 

 Our laboratory has previously determined the species and abundance of the lipids 

released by the LPL hydrolysis of total lipoproteins [128]. Treatment of human 

macrophages with total LPL hydrolysis products resulted in the activation of several 

signaling nodes that are also involved in cancer. For example, the hydrolysis products 

caused an increase in the phosphorylation of macrophage-CSF receptor (M-CSFR), 

platelet-derived growth factor receptor (PDGFR), VEGF receptor 2, and STAT1. 

Activation of these factors are known to cause immune cell recruitment, angiogenesis, 

pro-inflammatory cytokine secretion, and resistance to apoptosis. The strongest effect of 

LPL hydrolysis products was on PDGFR, which had a 4-fold increase in phosphorylation, 

as determined by antibody array, and results in a 2-fold increase in platelet-derived 

growth factor (PDGF) induced cell migration [128, 130]. Like many other growth factors, 

PDGF is dysregulated in cancer and has been shown to promote migration, angiogenesis, 

growth, and survival. In breast cancer, increased PDGFR expression is correlated with 

aggressive subtypes with high grade, node metastasis, and early recurrence. PDGFR was 

found to be upregulated in 20% of primary TNBC tumors; as discussed previously, 

TNBC has the worst prognosis of all breast cancer subtypes [129]. CAFs in the tumor 

microenvironment are known to secrete significant amounts of PDGF. In luminal (MCF-

7) and TNBC (MDA-MB-231) cell lines, PDGF released from CAFs was shown to 

stimulate tumor cell proliferation via PDGFR. In addition, TNBC cells were shown to 
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induce upregulated PDGFR expression in TAMs. There was also a significant increase in 

phosphorylated Akt levels in TAMs, which was discussed earlier in terms of promoting 

tumorigenesis and resistance to apoptosis [130, 131]. Interestingly, our laboratory also 

reported a significant increase in Akt phosphorylation in macrophages following 

incubation with LPL hydrolysis products. This effect was due to the FFA component of 

the hydrolysis products [128].  

 Our laboratory has also analyzed the gene expression changes in human 

macrophages in response to LPL hydrolysis products. Hydrolysis products were found to 

cause significant changes in genes involved in cell cycle control, response to IFN and ER 

stress, and various other functions [132]. In addition, LPL hydrolysis products were 

shown to increase pro-inflammatory TNF-α secretion from endothelial cells. Hydrolysis 

products also increased the expression of intracellular adhesion molecule (ICAM) by 

endothelial cells [133]. In early cancer, ICAM is associated with increased T cell 

response. However, once cancer escapes immune surveillance, ICAM is known to have 

pro-tumorigenic effects. In breast cancer, ICAM is upregulated by TNF-α and IFN-γ and 

has been shown to be positively correlated with more aggressive subtypes. It is thought 

that ICAM is involved in tumor cell invasion and metastasis by promoting intravasation 

[134]. Also, our laboratory showed that LPL hydrolysis products significantly increase 

the gene expression of TNF-α, IL-1β, and IL-6 in MCF-7 breast cancer cells [Noel, 

Pickett & Brown, unpublished]. 

 There is substantial evidence that suggests a link between the hydrolysis products 

generated by LPL from total lipoproteins and the progression of breast cancer. As 
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discussed, LPL is highly expressed by adipose tissue which surrounds breast tumors. 

Additionally, mRNA and protein expression of LPL has been detected in select breast 

cancer cell lines [135, 112]. Therefore, it is possible that LPL expressed by breast cancer 

cells and adipocytes can hydrolyze lipoproteins to support the energy requirements of the 

highly proliferative tumor cells [84]. The effect of hydrolysis products on signaling 

pathways and pro-inflammatory cytokine secretion from breast cancer cells may further 

connect lipoprotein metabolism and breast cancer progression (Figure 1.6). However, this 

concept has not been investigated. Determining the novel role of LPL in breast cancer 

will provide the basis of future studies that could reveal new targets for disease treatment.  

1.5 Hypothesis 

 I hypothesize that the hydrolysis products generated by LPL from total 

lipoproteins will lead to increased cell metabolic activity and pro-inflammatory cytokine 

secretion in breast cancer cells. 

1.6 Objectives 

 The specific objectives of this research were 1) to assess breast cancer cell 

metabolic activity in response to total lipoprotein hydrolysis products generated by LPL, 

and 2) to assess cytokine expression and secretion by breast cancer cells in response to 

total lipoprotein hydrolysis products generated by LPL.  
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Figure 1.6: Schematic of how total lipoprotein hydrolysis products generated by LPL 

could influence breast cancer progression 

LPL is expressed by adipocytes and breast cancer cells within the tumor 

microenvironment. Hydrolysis products may contribute to breast cancer progression by 

inducing gene transcription and activating pro-tumorigenic signaling pathways. Excess 

lipids are stored in lipid droplets. ATGL can liberate stored lipids within breast cancer 

cells. Breast cancer cells can induce lipolysis in adipocytes to further support tumor 

progression. Determining the impact of hydrolysis products on breast cancer is the focus 

of this research. Figure created in Microsoft PowerPoint 2016.   
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Chapter 2 Materials and Methods 

2.1 Mammalian cell culture  

2.1.1  HEK-293 cell culture and maintenance  

Human embryonic kidney (HEK-293) cells obtained from the American Type 

Culture Collection, (ATCC) were grown in T75 culture flasks (#C353136, Corning Life 

Sciences) with growth medium consisting of Dulbecco's Modified Eagle Medium 

(DMEM) containing 584 mg/L L-glutamine, 4.5 g/L glucose, 3.7 g/L sodium bicarbonate 

and 110 mg/L sodium pyruvate (#SH30243FS, Fisher Scientific), supplemented with 10% 

v/v fetal bovine serum (FBS) (#A7906-100G, Sigma-Aldrich-Aldrich) and 1% v/v 

antibiotic/antimycotic (A/A) (#15240062, Invitrogen), with a pH of 7.2-7.4. The cells 

were maintained at 37°C with 5% CO2(g). At 80-90% confluency, the spent medium was 

discarded, and the cells were washed with 5 mL of non-supplemented DMEM medium. 

Following this, the cells were incubated for 2 minutes at 37°C with 2.5 mL of 0.25% 

(w/v) trypsin-ethylenediaminetetraacetic acid (EDTA) (#25200056, Fisher Scientific) to 

allow the cells to detach from the flask surface. After incubation, the flask was washed 

with 10 mL of supplemented growth medium, and the cell suspension was mixed by 

pipette. Lastly, 1 mL of cell-containing medium was added to a new flask containing 14 

mL of growth medium and incubated at 37˚C with 5% CO2(g).  

2.1.2  MCF-7 and T47D cell culture and maintenance  

MCF-7 and T47D human breast cancer cells (ATCC) were cultured in 100-mm 

dishes (#150466, Fisher Scientific) with growth medium consisting of Roswell Park 
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Memorial Institute (RPMI)-1640 medium containing 25 mM HEPES, 2.0 g/L sodium 

bicarbonate, and 0.3 mg/L L-glutamine (#SH30255.01, Fisher Scientific), supplemented 

with 10% v/v FBS and 1% v/v A/A, with a pH of 7.2-7.4. The cells were incubated at 

37°C with 5% CO2(g). At 80-90% confluency, the spent medium was discarded, and the 

cells were washed with 5 mL of non-supplemented RPMI medium. The cells were then 

incubated for 2-4 minutes at 37°C with 3.0 mL of 0.25% (w/v) trypsin-EDTA. After 

incubation, 7 mL of growth medium was added to the culture dish, and the cells were 

mixed. The cell-containing medium was transferred to a 15 mL tube and centrifuged at 

200 ×g for 5 minutes to form a pellet; the supernatant was discarded, and the cell pellet 

was resuspended in supplemented RPMI growth medium. Following resuspension, 300-

500 μL of cell-containing medium was added to a new culture dish containing 10 mL of 

growth medium and incubated at 37˚C with 5% CO2(g).  

2.1.3  MDA-MB-231, MDA-MB-468, and SKBR3 cell culture and maintenance  

MDA-MB-231, MDA-MB-468, and SKBR3 human breast cancer cells (ATCC) 

were cultured following the protocol in section 2.1.2, using DMEM growth medium 

(prepared as per section 2.1.1) instead of RPMI growth medium.  

2.1.4  MCF-10a cell culture and maintenance  

MCF-10a non-tumorigenic human breast cells (ATCC) were cultured in 100-mm 

dishes with DMEM/F-12 medium containing 365 mg/L L-glutamine, 3.2 g/L glucose, 

2.438 g/L sodium bicarbonate and 55 mg/L sodium pyruvate (#11320033, Fisher 

Scientific), supplemented with 5% v/v horse serum (#26050088, Fisher Scientific), 20 
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ng/mL epidermal growth factor (EGF) (#CB-40052, Fisher Scientific), 10 µg/mL insulin 

(#12585014, Fisher Scientific), 0.5 µg hydrocortisone (#AC352450010, Fisher 

Scientific), and 1% v/v A/A, with a pH of 7.2-7.4. The cells were incubated at 37°C with 

5% CO2(g). At 80-90% confluency, the spent medium was discarded, and the cells were 

washed with 5 mL of non-supplemented DMEM/F-12 medium. The cells were then 

incubated for 2-4 minutes at 37°C with 3.0 mL of 0.25% (w/v) trypsin-EDTA. After 

incubation, 7 mL of growth medium was added to the culture dish, and the cells were 

mixed. The cell-containing medium was transferred to a 15 mL tube and centrifuged at 

200 ×g for 5 minutes to form a pellet; the supernatant was discarded, and the cell pellet 

was resuspended in supplemented DMEM/F-12 growth medium. Following resuspension, 

300 μL of cell-containing medium was added to a new culture dish containing 10 mL of 

growth medium and incubated at 37˚C with 5% CO2(g).  

2.2 HEK-293 transfection with recombinant LPL plasmid  

2.2.1  HEK-293 cell transfection 

At 70-80% confluency, HEK-293 cells were detached from the culture flask 

following incubation at 37°C with 0.25% (w/v) trypsin-EDTA as per section 2.1.1. The 

cells were mixed thoroughly with 21 mL of DMEM growth medium, and 10 mL of cells 

were seeded in two 100-mm culture dishes. The cells were incubated at 37°C with 5% 

CO2(g) for 24 hours. After 24 hours, LipofectamineTM transfection reagent (#11668027, 

Fisher Scientific) containing 5.85 μg of pcDNA3.LPL plasmid (#V79020, Fisher 

Scientific) or without LPL plasmid (mock control) was added to the cells [128]. Our 
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laboratory has previously reported no difference in lipase activity between control cells 

transfected with an empty pcDNA3 vector and cells transfected with no vector [132]. 

Following 5 hours of incubation, 5 mL DMEM growth medium supplemented with 20% 

v/v FBS and 2% v/v A/A was also added to the cells. After 19 hours of incubation, the 

cells were washed with 5 mL of DMEM and then treated with 5 mL of heparinized 

DMEM medium containing 1% v/v A/A and 10 U/mL heparin (Organon); heparin 

displaces LPL from the cell surface allowing it to be collected in the medium. After 23.5 

hours of incubation, 1 mL of heparinized DMEM containing 100 U/mL heparin and 1% 

v/v A/A was added, and the cells were incubated for 30 minutes at 37°C with 5% CO2(g). 

The media from both plates were collected in 15 mL tubes and centrifuged to remove cell 

debris. LPL-containing media and mock media were aliquoted in 1.5 mL tubes and stored 

at -80˚C until use.  

2.2.2  Lysis and collection of LPL-transfected and mock HEK-293 cells 

The plates of cells were washed three times with 2 mL of 0.01 M ice-cold 

phosphate-buffered saline (PBS) at pH 7.0. Cell lysis buffer (#9803S, Cell Signaling 

Technology) supplemented with 0.1% v/v protease/phosphatase inhibitor (#5872S, Cell 

Signaling Technology) was added to each plate of cells and placed on ice for 15 minutes. 

The cells were scraped into the lysis buffer, collected into 1.5 mL tubes, and stored at -

80°C until use. 

To determine the protein concentration of the cell lysates, a bicinchonic acid 

(BCA) Protein Assay kit (#PI23235, Fisher Scientific) was used according to the 
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manufacturer's instructions. A 96-well plate was prepared containing a standard curve of 

albumin (from 0 mg/mL to 2,000 mg/mL) and cell lysates in BCA assay buffer, which 

was incubated at 37°C for 30 minutes. The absorbance at 562 nm was measured using a 

PowerWave XS microplate reader (BioTek), which was used to calculate the protein 

concentration of the samples. The protein concentration of the cell lysates was used to 

calculate how much sample to load in subsequent protein gels.  

2.3 Qualitative and quantitative analysis of LPL  

2.3.1  SDS-PAGE and western blot   

Heparinized media and cell lysates were analyzed by sodium dodecyl sulfide 

polyacrylamide gel electrophoresis (SDS-PAGE). A stock solution of 29:1 

acrylamide:bis-acrylamide (#A3574, Sigma-Aldrich) was used to prepare a 10% (w/v) 

resolving gel and a 4% (w/v) stacking gel. For media samples, 15 μL heparinized medium 

was mixed with 5 μL of 4x sample solution (50% v/v glycerol, 6% v/v β-

mercaptoethanol, 10% w/v SDS, and 0.01% w/v bromophenol blue) in a 1.5 mL tube. 

Cell lysate samples were first analyzed by a BCA assay to determine the protein 

concentration as per section 2.2.2, following which a 20 μL solution consisting of 5 μg of 

protein, 5 μL of 4x sample solution, and deionized water was prepared in a 1.5 mL tube. 

Media and lysate samples were boiled for 6 minutes before loading 20 µL of the sample 

into the wells of the gel. Gels ran at 200V for approximately 45 minutes, a 1x Tris-

glycine-SDS (TGS) solution with a pH of 7.4 diluted from 10x TGS containing 25 mM 

Tris, 192 mM glycine, and 0.1% SDS (#1610772, Bio-Rad) was used as running buffer.   
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Separated proteins were transferred onto nitrocellulose membranes (#1620115, 

Bio-Rad) at 70V at 4°C for 75 minutes using ice-cold transfer buffer (TGS supplemented 

with 20% v/v methanol). After transfer, the membranes were blocked on a rocker at 4°C 

overnight in blocking solution consisting of 1x Tris-buffered saline (TBS) at pH 7.4, 5% 

w/v bovine serum albumin (BSA) (#A7906, Sigma-Aldrich), and 0.05% v/v Tween-20 

(#P9416, Sigma-Aldrich). Following blocking, the membranes were incubated with the 

primary antibody of choice diluted in blocking solution at 4°C overnight. The primary 

antibodies used were a polyclonal anti-human LPL antibody (#sc-32885, Santa Cruz 

Biotechnology) at a 1:2,000 dilution, and an anti-mouse β-actin antibody at a 1:5,000 

dilution (#NB600-501, Novus Biologicals). After the primary antibody incubation, the 

membranes were washed four times with 15 mL of TBS containing 0.05% v/v Tween-20 

by rocking at room temperature for 10 minutes between each wash. Next, the appropriate 

secondary antibody was diluted in blocking solution and incubated with the membranes 

for 2 hours at room temperature with rocking. The secondary antibodies used were a 

1:2,000 dilution of donkey anti-rabbit antibody conjugated to horseradish peroxidase 

(HRP) (#SA1-200, Fisher Scientific), or a 1:2,000 dilution of a donkey anti-mouse 

antibody conjugated to HRP (#SA1-100, Fisher Scientific). After 2 hours, the membranes 

were again washed four times with TBS containing 0.05% v/v Tween-20. Finally, the 

membranes were developed with the ECLTM Prime Western Blotting Detection Kit 

(#RPN2232, GE Healthcare) according to the manufacturer's instructions. 

Chemiluminescence was detected using an ImageQuant LAS detection system (GE 
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Healthcare) upon cooling to -25°C. ImageJ software was used to analyze bands on the 

resulting images [136].  

2.3.2  Lipase activity assay  

The chromogenic lipase substrate 1,2-O-dilauryl-rac-3-glutaric-resorufin ester 

(#D7816-10MG, Sigma-Aldrich) was used to measure the enzymatic activity of LPL as 

previously described [137]. A 2 mg/mL resorufin ester stock solution was prepared using 

dioxane (#360481, Sigma-Aldrich) and stored protected from light at 4˚C until use. In 

triplicate, 15 μL of LPL or mock heparinized media (see section 2.2) were added to a 96-

well plate (#12565383, Fisher Scientific) containing 165 μL of lipase assay buffer (20 

mM Tris, 1 mM EDTA, pH 8.0). The resorufin ester stock was diluted to 0.3 mg/mL in 

lipase assay buffer, and 20 µL was added to each sample well immediately before taking 

measurements. The absorbance was measured continuously over 60 minutes at 572 nm 

using a Synergy fluorescent plate reader (BioTek) set to 25˚C. The amount of resorufin 

produced, proportional to the activity of the sample, was determined using a standard 

curve (0, 0.2, 0.4, 0.6, 0.8, 1.2, 2.0, 3.0, 4.0, 6.0, 8.0 µM) prepared from a 400 μM 

resorufin ester stock solution. 

2.4 Lipoprotein isolation and quantification  

2.4.1  Total lipoprotein isolation  

Overnight-fasted plasma of normolipidemic anonymous donors was collected to 

isolate total lipoproteins (ρ<1.21 g/mL). Blood was provided in 50 mL tubes containing 2 

mL of 0.2 M EDTA solution and then centrifuged at 2,800 rpm (1471 x g) using a 
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HeraeusTM MultifugeTM X1R centrifuge (Fisher Scientific) for 15 minutes at 4˚C. 

Following centrifugation, the plasma in the supernatant was pooled, the total volume was 

measured, and the density of the plasma was determined using an analytical balance. A 

high-density gradient solution consisting of 38.25 g of NaCl, 88.5 g of KBr, 2.5 mL of 0.2 

M EDTA, and 250 mL deionized water was used to adjust the density of the plasma to 

1.21 g/mL. Equal volumes of the adjusted plasma were transferred to four ultracentrifuge 

tubes and placed in a 70.1Ti rotor (#342184, Beckman) to undergo ultracentrifugation. 

Ultracentrifugation was performed using a Beckman L90K centrifuge set to 50,000 rpm 

(256,631 x g) for 44 hours at 4˚C. 44 hours later, the total lipoproteins were collected 

from the top layer of the gradient and pooled in another tube and placed on ice. 

Approximately 10 cm of cellulose dialysis tubing (#S25645B, Fisher Scientific) was 

boiled for 30 minutes in a solution consisting of 500 mL of deionized water, 2% w/v 

NaHCO3, and 1 mM EDTA. The total lipoproteins were transferred into the cooled tubing 

and dialyzed in 4 L PBS for 48 hours at 4˚C, changing the PBS every 12 hours. The 

lipoproteins were stored under N2(g) at 4˚C after dialysis to prevent oxidation.  

2.4.2  Phospholipid quantification in total lipoproteins  

The phospholipid content of the total lipoproteins was quantified using the Wako 

Phospholipid C assay kit (#997-01801, Wako Diagnostics), according to manufacturer’s 

instructions. In a 96-well plate, 5 μL of total lipoproteins were added in triplicate to wells 

containing 15 μL of PBS. A 54 mg/dL choline chloride solution (equivalent to 300 mg/dL 

phospholipids) was diluted in PBS to generate a standard curve (0, 75, 150, 225, 300 

mg/dL). Two hundred μL of color reagent was added to the lipoprotein samples and 
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standard solutions, which were then mixed and incubated for 5 minutes at 37˚C. The 

phospholipid concentration of the total lipoproteins was determined from the absorbance 

of the samples at 600 nm using a Synergy fluorescent plate reader.  

2.5 Lipoprotein hydrolysis product generation, quantification, and treatment of 

breast cancer and MCF-10a cells 

2.5.1  Hydrolysis of total lipoproteins by LPL 

 Lipoprotein hydrolysis products were generated by incubating a 1:1 ratio of total 

lipoproteins with either heparinized medium containing LPL, or heparinized medium 

containing no LPL (mock) (see section 2.2.2), at 37°C for 4 hours in 1.5 mL tubes. 

Following incubation, the samples were placed on ice, and the amount of FFA produced 

was quantified (see section 2.5.2), and subsequently used to treat breast cancer cells (see 

section 2.5.3).  

2.5.2  Quantification of the FFA content of lipoprotein hydrolysis products  

The FFA content of the lipoprotein hydrolysis products produced by LPL was 

measured using the NEFA-HR(2) commercial kit (#999-34691, Wako Diagnostics), 

according to manufacturer’s instructions. A 1 mM oleic acid stock solution (#276-76491, 

Wako Diagnostics) was diluted in deionized water to generate a standard curve (0, 0.5, 

0.75, 1.0, 1.5, 2.0, 4.0 nmol/well). To a 96-well plate, 4 μL of the standard curve 

solutions and 4 μL of LPL hydrolysis products or mock products were added in triplicate. 

Solvent A (225 μL of 50 mmol/L phosphate buffer, pH 7.0, 0.05% sodium azide) was 

added to each well and incubated for 10 minutes at 37˚C. Ten minutes later, 75 μL of 
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Solvent B (2.4 mmol/L 3-methyl-N-ethyl-N-(β-hydroxyethyl)-aniline) was added to each 

well and incubated at 37˚C for 10 minutes. Sample absorbance was measured at 550 nm 

at 37˚C using a Synergy fluorescent plate reader. The FFA content of each sample was 

determined from the standard curve.  

2.5.3  Treatment of breast cancer and MCF-10a cells with lipoprotein hydrolysis 

products 

To prepare for treatment, breast cancer and MCF-10a cells at 80-90% confluency 

were pelleted and resuspended as described in section 2.1. The cell concentration was 

determined by mixing a 1:1 ratio of cell suspension and Trypan Blue (#15250061, Fisher 

Scientific), and counting the live cells using a hemocytometer (#02-671-54, Fisher 

Scientific). Cells were diluted to 1.5 x 103 cells per mL in the appropriate growth medium 

for the cell line being treated (see section 2.1), and 150 µL per well was seeded for 

control and treatment groups in a 96-well plate. For the collection of cell lysates, cells 

were instead diluted to 3.86 x 105 cells per mL in the appropriate growth medium, and 2.5 

mL was seeded into each well of a 6-well plate. Cells were incubated for 24 hours at 37°C 

with 5% CO2(g) before treatment.  

After 24 hours, the cells were pre-treated for 1 hour with a fatty acid-free medium 

solution consisting of 0.2% w/v fatty acid-free bovine serum albumin (FAF-BSA) 

(#A7030, Sigma-Aldrich), 25 µg/ mL of the lipase inhibitor tetrahydrolipstatin (THL) 

(#O4139, Sigma-Aldrich) dissolved in dimethyl sulfoxide (DMSO) (#276855, Sigma-

Aldrich), 1% v/v A/A, and the appropriate plain culture medium for the cell line being 
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treated (see section 2.1). During this time, the hydrolysis products generated by LPL were 

diluted to 0.68 mM, a concentration within the normal range in the blood, with the fatty 

acid-free medium solution described above. An equal volume of mock products were also 

mixed with the same fatty acid-free medium solution. After the pre-treatment period, 150 

µL of diluted LPL hydrolysis products or mock products were added to the breast cancer 

or MCF-10a cells in triplicate and the cells were incubated at 37°C for 24 hours. Blank 

wells, untreated cells, and cells treated with DMSO as a vehicle control were also 

included in the 96-well plate. Following incubation, 50 µL of cell supernatant was 

collected from each well and stored at -80°C for future analysis. The metabolic activity of 

the cells in the 96-well plate was assessed by MTT (3-(4, 5-dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide) assay (see section 2.6.1).  

2.6 Analyses of breast cancer and MCF-10a cell metabolic activity and cytokine 

secretion 

2.6.1  Measurement of cell metabolic activity by MTT assay  

 The metabolic activity of cells treated with either lipoprotein or mock hydrolysis 

products was determined with an MTT assay. The yellow tetrazolium compound MTT 

(#M6494, Fisher Scientific) was dissolved in PBS to make a 5 mg/mL solution. 

Following treatment and collection of 50 µL of cell supernatant as per section 2.5.3, 10 

µL of MTT solution was added to each well used in the 96-well plate, and then incubated 

for 4 hours at 37°C. After 4 hours, purple formazan crystals formed from the reduction of 

MTT were visible in the wells. The formazan crystals were dissolved by adding 100 µL 
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of 0.1 N HCl in isopropanol (#AC167880025, Fisher Scientific) to each well and mixing 

thoroughly. The absorbance of the samples was read at 570 nm and 630 nm using a 

PowerWave XS microplate reader. The 630 nm reference wavelength was subtracted 

from the sample absorbance at 570 nm to account for background noise. From this, the 

sample blank was subtracted to give the corrected absorbance for each sample. The 

absorbance is proportional to the metabolic activity of the cell.  

2.6.2  Analysis of cytokine expression by cytokine array 

The presence and relative levels of cytokines in the supernatant of MDA-MB-231 

and MCF-7 cells, treated with either lipoprotein or mock hydrolysis products, were 

measured using the Proteome ProfilerTM Human Cytokine Array (#ARY005B, R&D 

Systems) according to the manufacturer’s instructions. While the supernatants were 

thawed on ice, the cytokine array membranes were blocked using Array Buffer 4 for 1 

hour on a rocking platform shaker. Samples were prepared by incubating 1 mL of cell 

supernatant, 0.5 mL Array Buffer 4, and 15 µL of human cytokine array detection 

antibody cocktail for 1 hour at room temperature. The samples were added to the 

membranes and incubated overnight at 2°C on a rocking platform shaker. The next day, 

membranes were washed three times with wash buffer before being incubated with a 

streptavidin-HRP solution for 30 minutes at room temperature. The membranes were 

washed again and then transferred to a glass plate using tweezers. One mL of Chemi 

Reagent Mix (a 1:1 mixture of stabilized hydrogen peroxide and luminol) was pipetted 

evenly over each membrane and incubated for 1 minute. Immediately after, excess Chemi 

Reagent Mix was blotted from the membranes using an absorbent wipe, the glass plate 
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was wrapped tightly with plastic wrap, and the membranes were visualized (with 

exposure times from 30 seconds to 10 minutes) using an ImageQuant LAS detection 

system set to chemiluminescence. ImageJ software was used to obtain pixel density 

values of each spot of the array; the identity of the cytokines was determined by matching 

the spots to the coordinates on a transparency overlay provided by the manufacturer. 

Duplicate spots were averaged to get the average pixel density for each cytokine of the 

array, which was proportional to the relative amount of cytokine in the sample. Pixel 

density data were normalized to the reference spots and presented as a percent of mock 

for each array to account for measurement variability.  

2.6.3  ELISA to measure the concentration of TNF-α, IL-4, and IL-6 cytokines  

 The concentrations of TNF-α, IL-6, and IL-4 in the supernatant of breast cancer 

and MCF-10a cells, treated with either lipoprotein or mock hydrolysis products, were 

measured using the Human TNF-α, Human IL-6, or Human IL-4 DuoSet® ELISA 

development system, respectively (#DY210, #DY206, #DY204 - R&D Systems). Minor 

adjustments were made to the manufacturer’s protocol for both cytokines. The plates 

were prepared by adding 100 µL of capture antibody, diluted as per manufacturer’s 

instructions, to each well and incubating overnight at room temperature. Following 

incubation, the wells were emptied and washed three times with wash buffer (0.05% 

Tween 20 in PBS, pH 7.2-7.4) using a squirt bottle. After the last wash, the plates were 

blotted against absorbent wipes to remove any remaining wash buffer. The wells were 

blocked for 2 hours at room temperature with 300 µL of reagent diluent (1% FAF-BSA in 

PBS, pH 7.2-7.4, 0.2 μm filtered). During this time, the cell supernatants were thawed on 
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ice, and a standard curve was generated by serial dilution of recombinant human TNF-α 

(15.6, 31.3, 62.5, 125, 250, 500, 1,000 pg/mL), recombinant human IL-6 (9.38, 18.8, 

37.5, 75, 150, 300, 600 pg/mL), or recombinant human IL-4 (31.3, 62.5, 125, 250, 500, 

1000, 2,000 pg/mL). Upon thawing, the samples were prepared by diluting each stock 

supernatant in reagent diluent at a 1:10, 1:100, and 1:1,000 ratio. Undiluted supernatant 

was also included in the assay for each set of samples. Following the blocking period, the 

wells were washed and emptied as described above and 200 µL of each sample was added 

in duplicate to the plate, which was sealed and incubated at room temperature for two 

hours. The wells were washed and emptied, then 100 µL diluted detection antibody was 

added to each well and incubated at room temperature for two hours. Following this, the 

wells were washed and emptied and 100 µL of a streptavidin-HRP solution was added to 

each well and incubated at room temperature for 20 minutes out of direct light. During 

this time, the 1-StepTM Ultra TMB-ELISA substrate solution (#34028. Fisher Scientific) 

was equilibrated to room temperature. After the plates were washed and emptied, 100 µL 

of substrate solution was added to each well and incubated at room temperature for 20 

minutes out of direct light. To stop the colour development, 50 µL of 2 M H2SO4 was 

added to each well and mixed thoroughly. The absorbance was immediately read at 450 

nm and 540 nm using a PowerWave XS microplate reader. The 540 nm reference 

wavelength was subtracted from the sample absorbance at 450 nm to account for 

background noise. The concentration of TNF-α, IL-6, and IL-4 in the samples was 

calculated from the standard curve.  
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2.6.4  Western blot of breast cancer cell lysates 

LPL expression in breast cancer cell lysates was assessed by western blot. Lysates 

were collected as described in sections 2.2.2 and 2.5.3 and stored at -80°C until use. The 

lysates were thawed on ice and a BCA assay was used to determine the amount of protein 

in the sample. SDS-PAGE and western blotting were performed as described in section 

2.3.1, using a polyclonal anti-human LPL primary antibody (#sc-32885, Santa Cruz 

Biotechnology) at a 1:2,000 dilution and a HRP-conjugated donkey anti-rabbit secondary 

antibody (#SA1-200, Fisher Scientific) at a 1:2,000 dilution. Simultaneously, β-actin was 

assessed as a loading control in the same cell lysate samples on a separate membrane 

using an anti-mouse β-actin antibody (#NB600-501, Novus Biologicals) at a 1:5,000 

dilution, and an HRP-conjugated donkey anti-mouse secondary antibody (#SA1-100, 

Fisher Scientific) at a 1:2,000 dilution. The membranes were developed with the ECLTM 

Prime Western Blotting Detection Kit according to manufacturer's instructions. Images 

were captured on the chemiluminescence setting using an ImageQuant LAS detection 

system. ImageJ software was used to analyze bands on the resulting images.  

2.6.5  Analysis of endogenous LPL activity in heparinized media from breast 

cancer and MCF-10a cells 

 To determine if breast cancer cells have endogenous LPL activity, two 6-well 

plates of each breast cancer cell line used were prepared, as described in section 2.5.3. 

Following 24 hours of incubation, one 6-well plate from each cell line was treated with 

100 U/mL of heparin for 30 minutes at 37°C. The supernatant from the heparinized cells 
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and the control cells were collected and tested for enzymatic activity using a resorufin 

ester lipase substrate, as described in section 2.3.2. LPL produced by HEK-293 

transfection (see section 2.2.1) was included as a positive control. The absorbance was 

measured continuously over 60 minutes at 572 nm using a Synergy fluorescent plate 

reader (BioTek) set to 25˚C.  

2.7 Bioinformatics gene expression analysis of LMF1 in breast cancer and normal 

breast tissue 

 Gene expression data from 20 breast cancer cell lines, 31 breast cancer patient 

samples, and six normal breast tissue samples were obtained from the Gene Expression 

Omnibus (GEO) database (GPL570-Affymetrix Human Genome U133 Plus 2.0 Array 

platform). The data were robust multi-chip average (RMA) normalized by Pitts et al. as 

described [138]. The NetAffx Analysis Center by Affymetrix was used to identify the 

LMF1 probe IDs, which were then used to filter and average the gene expression data. 

Gene expression data were analyzed and grouped by breast cancer subtype using Genesis 

1.8.1. 

2.8 Statistical analysis  

Statistical analyses were performed using unpaired Student’s t-test or one-way 

ANOVA, unless otherwise stated. All data are shown as mean ± SD, with significance 

assigned to differences with a p<0.05. 
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Chapter 3 Results 

3.1 Assessment of recombinant human LPL following HEK-293 transfection  

3.1.1 Western blot and activity assay 

From the western blot of LPL and mock-transfected HEK-293 heparinized media, 

it is evident that the full-length LPL protein was produced and collected (Figure 3.1A). A 

resorufin ester substrate was used as described to measure the catalytic activity of the 

recombinant LPL. As expected, heparinized media from LPL-transfected cells showed 

significantly more lipase activity compared to mock-transfected heparinized media. The 

rate of resorufin production, which is proportional to the lipase activity, was 2.97 ± 0.36 

µmol/mL/min versus 0.195 ± 0.01 µmol/mL/min, respectively (Figure 3.1B). These 

results confirm that LPL was successfully transfected and could be used to generate 

lipoprotein hydrolysis products for subsequent experiments.  

3.1.2 Hydrolysis of total lipoproteins 

 After confirming that LPL was active, total lipoproteins were incubated with 

either heparinized media containing LPL, or heparinized media containing no LPL 

(mock) at 37°C for 4 hours. As anticipated, the amount of FFA generated by LPL was 

significantly higher than the FFA generated from mock media containing no LPL (1.3 ± 

0.007 nmol/µL/4h FFA versus 0.070 ± 0.005 nmol/µL/4h FFA, respectively) (Figure 3.2). 

The hydrolysis products were diluted to 0.68 mM by FFA content in fatty acid-free media 

before being used to treat breast cells. Mock products were diluted by the same factor 

before being used to treat control cells.  
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Figure 3.1: Analysis of LPL protein expression and enzymatic activity following HEK-

293 cell transfection with LPL plasmid  

HEK-293 cells were transfected with or without LPL plasmid. Heparinized media and 

cell lysates were collected from both groups. (A) Western blot of heparinized media from 

transfected cells to detect LPL. (B) The enzymatic activity of heparinized media from 

mock and LPL-transfected cells was determined using a resorufin ester substrate. Data are 

presented as mean (n=3) ± SD, with p= 0.012 (**) calculated using unpaired t-test. 

LPL - 55 kDa 

- plasmid  + plasmid 
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Figure 3.2: FFA quantification of total lipoprotein hydrolysis products after incubation 

with LPL or mock-transfected heparinized media 

Heparinized media and cell lysates from LPL or mock-transfected HEK-293 cells were 

incubated at a 1:1 ratio with total lipoproteins (ρ<1.21 g/mL) for 4 hours at 37°C to 

generate hydrolysis products. The FFA content of the hydrolysis products was quantified 

using the NEFA-HR(2) commercial kit according to manufacturer's instructions. Data are 

presented as mean (n=3) ± SD, with p<0.001 (***) calculated using unpaired t-test. 
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3.2 The effect of total lipoprotein hydrolysis products on the metabolic activity of 

breast cancer and MCF-10a cells  

 One of the objectives of this study was to determine the effect of total lipoprotein 

hydrolysis products on the metabolic activity of breast cancer cells. To determine if the 

breast cancer subtype affects the metabolic response to hydrolysis products, five breast 

cancer cell lines representing different subtypes of breast cancer were examined. It is well 

established that cancer cells have altered lipid metabolism, therefore, the non-tumorigenic 

mammary epithelial cell line MCF-10a was included as a control. MCF-7 (ER/PR-

positive, HER2-negative), T47D (ER/PR-positive, HER2-negative), SKBR3 (ER/PR-

negative, HER2-positive), MDA-MB-231 (TNBC), MDA-MB-468 (TNBC) and MCF-

10a cells were cultured and treated for 24 hours with total lipoprotein hydrolysis products 

generated by LPL or mock heparinized media, as per section 2.5. The metabolic activity 

of the cells post-treatment was measured by MTT assay. Interestingly, the metabolic 

activity of all cell lines treated with LPL-generated hydrolysis products was significantly 

increased by approximately 20% compared to the mock-transfected control, as shown in 

Figure 3.3. Because LPL-generated hydrolysis products affected all of the cell lines 

similarly, regardless of basal metabolic level, it suggests that the increase is not a 

subtype-specific effect. However, due to the high expression of LPL in the adipose tissue 

surrounding breast tumors, breast cancer cells have access to a rich source of FFA in their 

microenvironment. Because of this, we hypothesize that breast cancer cells in vivo may 

upregulate their metabolic activity upon access to LPL-generated hydrolysis products. 

Therefore, LPL- generated hydrolysis products within the tumor microenvironment may  
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Figure 3.3: MTT assay of breast cancer and MCF-10a cells following 24 hours of 

treatment with LPL hydrolysis products or mock hydrolysis products generated from total 

lipoproteins 

MCF-7, T47D, SKBR3, MDA-MB-231, MDA-MB-468 breast cancer cells and MCF-10a 

cells were treated with total lipoprotein hydrolysis products generated by LPL or mock 

heparinized media for 24 hours. Four hours after the addition of MTT reagent, the 

absorbance of the samples was read at 570 nm and 630 nm using a PowerWave XS 

microplate reader. Sample absorbance was calculated by subtracting the 630 nm reference 

wavelength and sample blank from the absorbance at 570 nm. The absorbance is 

proportional to the metabolic activity of the cell. Data are presented as mean (n=3) ± SD, 

with p<0.05 (*) and p<0.01 (**) calculated using an unpaired t-test. A one-way ANOVA 

was performed to compare the mock-treated breast cancer and non-tumorigenic cells and 

a statistically significant difference was found.  
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cause breast cancer to grow and progress more quickly. However, MCF-10a cells also 

showed an increase in cell metabolic activity in response to the LPL-generated hydrolysis 

products, indicating that this effect is not cancer-specific.   

3.3 The effect of total lipoprotein hydrolysis products on the cytokine secretion 

profile of MDA-MB-231 and MCF-7 breast cancer cells   

 Our laboratory previously showed that hydrolysis products generated by LPL 

increase the gene expression of the pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 

in macrophages [Noel, Pickett, & Brown, unpublished]. It is also known that pro-

inflammatory cytokines create a favorable microenvironment that promotes breast cancer 

progression. Therefore, the next objective of this study was to determine if there is an 

effect of total lipoprotein hydrolysis products on cytokine secretion in breast cancer cells. 

The presence and relative levels of 36 different cytokines (Table 1) in the supernatant of 

MDA-MB-231 and MCF-7 cells treated with either lipoprotein or mock hydrolysis 

products were measured via cytokine array as described in section 2.6.2.  

3.3.1 The effect of total lipoprotein hydrolysis products on MDA-MB-231 cell 

cytokine secretion 

 Following incubation of the cytokine arrays with MDA-MB-231 cell supernatants, 

differences between the mock and hydrolysis products treated arrays were visible (Figure 

3.4A). The average pixel density for each cytokine was determined using ImageJ 

software, and data were normalized to the reference spots on the array. Compared to  
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Table 1: Cytokines detected by the Proteome 

ProfilerTM Human Cytokine Array  

 

 

 

 

A1, A2 

Reference 

B11, B12 ICAM-

1/CD54 

D7, D8 IL-17A 

A3, A4 CCL1/I-309 B13, B14 IFN-γ D9, D10 IL-17E 

A5, A6 CCL2 B15, B16 IL-1α/IL-1F1 D11, D12 IL-18 

A7, A8 MIP-1α/β B17, B18 IL-1β D13, D14 IL-21 

A9, A10 CCL5 C3, C4 IL-1ra D15, D16 IL-27 

A11, A12 CD40 Ligand C5, C6 IL-2 D17, D18 IL-32α 

A13, A14 C5/C5a C7, C8 IL-4 E1, E2 Reference 

A15, A16 CXCL1/GROα C9, C10 IL-5 E3, E4 MIF 

A17, A18 CXCL10 C11, C12 IL-6 E5, E6 Serpin E1 

A19, A20 Reference C13, C14 IL-8 E7, E8 TNF-α 

B3, B4 CXCL11 C15, C16 IL-10 E9, E10 TREM-1 

B5, B6 CXCL12 C17, C18 IL-12 p70 E19, E20 Negative control 

B7, B8 G-CSF D3, D4 IL-13   

B9, B10 GM-CSF D5, D6 IL-16   
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Figure 3.4 Cytokine array analysis of MDA-MB-231 breast cancer cell supernatant from 

cells treated with total lipoprotein hydrolysis products generated by LPL or mock 

heparinized media for 24 hours 

MDA-MB-231 breast cancer cells were treated with total lipoprotein hydrolysis products 

generated by LPL or mock heparinized media for 24 hours. The cell supernatants were 

collected and stored at -80 ˚C until use. (A) A representative image of cytokine array 

development following incubation with supernatant from MDA-MB-231 cells treated 

with mock or LPL hydrolysis products. (B & C) Cytokine arrays were visualized using an 

ImageQuant LAS detection system set to detect chemiluminescence. ImageJ software was 

used to obtain pixel density values of each spot of the array, and duplicate spots were 

averaged to determine the relative amount of each cytokine in the sample. (B) Highly-

expressed and (C) low-expressed cytokines were separated for clarity. Data are presented 

as a percent of mock with mean (n=3) ± SD, p<0.05 (*), p<0.01 (**), and p<0.001 (***) 

calculated using unpaired t-test. 
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the mock-transfected control, the hydrolysis products-treated MDA-MB-231 cells had a 

significant increase in the secretion of multiple cytokines. The data were split into high 

(Figure 3.4B) and low regulated (Figure 3.4C) cytokines for clarity, with values of greater 

than 250% of mock considered to be highly-regulated. 

3.3.2 The effect of total lipoprotein hydrolysis products on MCF-7 cell cytokine 

secretion 

 Differences between the mock and hydrolysis products treated arrays were also 

visible with supernatant from MCF-7 cells (Figure 3.5A). However, unlike the MDA-

MB-231 cells, there was a statistically significant decrease in IL-1α and IL-27 in the 

hydrolysis product- treated MCF-7 cells compared to control (mock) (Figure 3.5B). There 

were no statistically significant increases in cytokine secretion.   

3.4 The effect of total lipoprotein hydrolysis products on TNF-α, IL-4, and IL-6 

cytokine secretion in breast cancer and MCF-10a cells    

 Based on the results of the cytokine arrays, I decided to measure the concentration 

of TNF-α, IL-4, and IL-6 in the supernatants by ELISA, of MCF-7, T47D, SKBR3, 

MDA-MB-231, MDA-MB-468 breast cancer and MCF-10a cells treated with lipoprotein 

or mock hydrolysis products.  
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Figure 3.5: Cytokine array analysis of MCF-7 breast cancer cell supernatant from cells 

treated with total lipoprotein hydrolysis products generated by LPL or mock heparinized 

media for 24 hours 

 (A) A representative image of cytokine array development following incubation with 

supernatant from MCF-7 cells treated with mock or LPL hydrolysis products. (B) 

Cytokine arrays were visualized using an ImageQuant LAS detection system set to detect 

chemiluminescence. ImageJ software was used to obtain pixel density values of each spot 

of the array, and duplicate spots were averaged to determine the relative amount of each 

cytokine in the sample. Data are presented as a percent of mock with mean (n=3) ± SD, 

p<0.05 (*), p<0.01 (**), and p<0.001 (***) calculated using unpaired t-test. 

Mock HP 
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3.4.1 TNF-α cytokine secretion in breast cancer and MCF-10a cells following 

hydrolysis products treatment   

 Across all the cell lines tested, TNF-α was only detected in the undiluted 

hydrolysis product-treated MDA-MB-231 and MDA-MB-468 cell supernatants (Figure 

3.6). These results are generally consistent with the expression pattern of the TNF-α data 

obtained for MDA-MB-231 and MCF-7 cells by the cytokine arrays.  

3.4.2 IL-4 cytokine secretion in breast cancer and MCF-10a cells following 

hydrolysis products treatment   

 For MDA-MB-231 undiluted samples, IL-4 secretion was significantly increased 

in the hydrolysis products treated cells compared to control (mock) (Figure 3.7). Also, IL-

4 secretion from undiluted MDA-MB-468 cell supernatant was detected in hydrolysis 

product-treated cells, but not mock-treated cells. The MCF-7, T47D, SKBR3, and MCF-

10a cells did not secrete detectable levels of IL-4 in treated or control cells. These results 

also similar to the IL-4 data obtained from the cytokine arrays.  

3.4.3 IL-6 cytokine secretion in breast cancer and MCF-10a cells following 

hydrolysis products treatment   

 For both the MDA-MB-231 and MDA-MB-468 undiluted supernatants, IL-6 

secretion was significantly increased in the hydrolysis products treated cells compared to 

control (Figure 3.8). There were no significant differences between the diluted samples 

for both cell lines. Significant IL-6 secretion from undiluted SKBR3 cell supernatant was 
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Figure 3.6: Quantification of TNF-α cytokine expression in supernatant collected from 

breast cancer and MCF-10a cells, treated with hydrolysis products generated from total 

lipoproteins by LPL or mock heparinized media  

MCF-7, T47D, MDA-MB-231, MDA-MB-468 breast cancer cells and MCF-10a cells 

were treated with total lipoprotein hydrolysis products generated by LPL or mock 

heparinized media for 24 hours. The expression of TNF-α is significantly greater from 

MDA-MB-468 cells than MDA-MB-231 cells treated with LPL hydrolysis products. 

ND= not detected. Data are presented as mean (n=3) ± SD, with p<0.05 (*) calculated 

using unpaired t-test. 
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Figure 3.7: Quantification of IL-4 cytokine expression in supernatant collected from 

breast cancer and MCF-10a cells, treated with hydrolysis products generated from total 

lipoproteins by LPL or mock heparinized media  

MCF-7, T47D, MDA-MB-231, MDA-MB-468 breast cancer cells and MCF-10a cells 

were treated with total lipoprotein hydrolysis products generated by LPL or mock 

heparinized media for 24 hours. ND=not detected. Data are presented as mean (n=3) ± 

SD, with p<0.05 (*) calculated using unpaired t-test. 
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Figure 3.8: Quantification of IL-6 cytokine expression in supernatant collected from 

breast cancer and MCF-10a cells, treated with hydrolysis products generated from total 

lipoproteins by LPL or mock heparinized media  

MCF-7, T47D, MDA-MB-231, MDA-MB-468 breast cancer cells and MCF-10a cells 

were treated with total lipoprotein hydrolysis products generated by LPL or mock 

heparinized media for 24 hours. ND=not detected. Data are presented as mean (n=3) ± 

SD, with p<0.05 (*) calculated using unpaired t-test. 
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detected in hydrolysis product-treated cells, but not mock-treated cells. The MCF-7, 

T47D, and MCF-10a cells did not secrete detectable levels of IL-6 in treated or control 

cells. These results also agree with the IL-6 data obtained for MDA-MB-231 and MCF-7 

cells by the cytokine arrays. 

3.5 Assessment of LPL expression in breast cancer cells 

 Immunoblot analyses were performed to determine if the breast cancer cell lines 

chosen for this study express LPL. Mock-transfected and LPL-transfected HEK-293 cell 

lysates were included as negative and positive controls, respectively. Distinct bands were 

detected in the MCF-7 and T47D cell lysates, and a faint band was detected in SKBR3 

cell lysate (Figure 3.9). While LPL was found to be expressed, the apparent molecular 

weight of the detected LPL band does not match the position of the positive control. This 

could indicate issues with the specificity of the chosen antibody. However, the LPL band 

detected in the MCF-7, T47D, and SKBR3 cell lysates is at the same position as each 

other, which suggests that the breast cancer cells may express abnormal LPL. LPL was 

not detected in the MDA-MB-231 cell lysate. 

3.6 Assessment of endogenous LPL activity in breast cancer cells 

  A resorufin ester lipase was used to determine if the endogenous LPL expressed 

by breast cancer cells is enzymatically active. As mentioned previously, heparin displaces 

LPL from the cell surface, allowing it to be collected in the medium. The supernatant 

from the heparinized cells and the control cells were collected for analysis. LPL produced 

by HEK-293 transfection was included as a positive control, and mock-transfected media  



69 

 

 

 

 

 

 

 

 

 

Figure 3.9: Representative image of a western blot for detection of LPL in breast cancer 

cell lysates  

 Recombinant human LPL from HEK-293 cell transfection was used as a positive control. 

Aberrantly expressed LPL was detected in the cell lysates of MCF-7, T47D, and SKBR3 

cells. LPL was not detected in the MDA-MB-231 cell lysate. One representative image 

from three replicates is shown.  
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was included as a negative control. As seen in Figure 3.10, no significant difference in 

activity between the heparinized and non-heparinized breast cancer cell supernatants was 

detected, indicating that the even if LPL is expressed by the breast cancer cell lines, it is 

not enzymatically active. Additionally, there was no significant difference between the 

breast cancer samples and the negative control.  

3.7 LMF1 expression in breast cancer cell lines, breast cancer patient samples, and 

normal breast tissue  

LMF1 expression was assessed through bioinformatics to determine if a defect in 

LPL processing could account for the inactive LPL expressed by the breast cancer cells. 

The gene expression of LMF1 in 20 breast cancer cell lines, 31 breast cancer patient 

samples, and six normal breast tissue samples was measured using data obtained from the 

Gene Expression Omnibus (GEO) database. The results show that across the majority of 

samples tested,  LMF1 mRNA expression is lower than in normal breast tissue (Figure 

3.11). Some of the primary patient samples have moderate to high LMF1 expression 

compared to breast cancer cell lines. This could be due to the heterogeneity of the cells in 

the primary tumor samples and patient-specific effects. Likewise, one of the six normal 

breast tissue samples had lower LMF1 expression than the others. Overall, the data 

indicate that LMF1 expression may become dysregulated in breast cancer; however, this 

likely differs between patients and requires further investigation.    
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Figure 3.10: Analysis of endogenous LPL activity in heparinized and non-heparinized 

supernatant collected from breast cancer cells 

Recombinant human LPL from HEK-293 cell transfection was used as a positive control 

(and mock as negative control). Pairs of heparinized and non-heparinized samples with no 

significant difference were considered enzymatically inactive. Data are presented as mean 

(n=3) ± SD, with p<0.05 (*) calculated using unpaired t-test. 
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Figure 3.11: Analysis of LMF1 mRNA expression in breast cancer cell lines, primary 

breast tumor samples, and normal breast tissue 

Gene expression data from 20 breast cancer cell lines, 31 breast cancer patient samples, 

and six normal breast tissue samples were obtained from the Gene Expression Omnibus 

(GEO) database. LMF1 probe IDs were obtained used to filter and average the gene 

expression data. Gene expression data were analyzed and grouped by subtype using 

Genesis 1.8.1. 



73 

 

Chapter 4 Discussion 

4.1 Total lipoprotein hydrolysis products generated by LPL modulate breast cell 

metabolic activity  

 One of the hallmarks of cancer is altered tumor cell metabolism. As discussed, 

breast cancer cells increase the rate of de novo lipogenesis by upregulating the expression 

of lipogenic enzymes such as FASN and ACC [84]. Additionally, cancer cells induce 

lipolysis in CAAs to increase the uptake of FFA via CD36, which breast cancer cells are 

known to express and upregulate [83, 132]. Previous studies have shown that many breast 

cancer cell lines express varying levels of LPL mRNA. Further, active LPL provided to 

breast cancer cells in culture increases the rate of cell growth [112]. This study 

determined that total lipoprotein hydrolysis products generated by LPL increase the cell 

metabolic activity of breast cancer cells, regardless of subtype. Additionally, the 

metabolic activity of the non-tumorigenic MCF-10a breast cell line was also increased. 

However, the basal metabolic activity of the breast cancer cells is greater than the non-

tumorigenic breast cells, and subsequently increases in response to LPL hydrolysis 

products. This is critical because even though the effect of LPL hydrolysis products is not 

breast cancer cell-specific, an increase in breast cancer cell metabolic activity within the 

tumor microenvironment could cause significant effects on breast cancer growth in vivo. 

While an increase in metabolic activity does not necessarily indicate an increase in cell 

growth, it is tempting to say that these results are related.  
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 There are multiple ways to explain the increase in breast cell metabolic activity 

shown in this study. Our laboratory has previously reported an increase in the gene 

expression of CD36, perilipin 2 (PLIN2), and carnitine palmitoyltransferase 1A (CPT1A) 

in THP-1 macrophages in response to total lipoprotein hydrolysis products. From these 

data, it was proposed that THP-1 macrophages respond to excess lipid by upregulating 

genes involved in intracellular lipid trafficking and the transfer of FFA into the 

mitochondria for FAO [132]. It is likely that a similar scenario occurs in breast cells. 

However, in cancer cells, this process could become pathological if the excess FFA are 

used to fuel breast cancer progression. It is already known that breast cancer cells 

increase their CD36 expression when in the presence of lipid-rich adipocytes [83]. This 

allows cancer cells to increase their uptake of exogenous lipids, which can then be stored 

in lipid droplets or immediately used as a source of energy. Further work is required to 

determine if a similar scenario occurs in non-tumorigenic breast cells. PLIN2 is a lipid 

droplet protein that is expressed in many tissues, including the mammary gland, that is 

directly correlated with intracellular lipid content. An increase in PLIN2 expression 

results in an increase in lipid droplet formation. High PLIN2 levels are detected in many 

types of cancer, and its expression has been shown to promote tumorigenesis and tumor 

cell maintenance [139]. In breast cancer, the overexpression of PLIN2 is associated with a 

significantly worse prognosis [140]. To reach the mitochondrial matrix for FAO, FFA are 

first converted into acyl-CoA esters by acyl-CoA synthetase, which are substrates for 

CPT1. CPT1 is embedded in the outer mitochondrial membrane and catalyzes a 

transesterification reaction to convert acyl-CoA to acyl-carnitine, which are then brought 
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across the inner mitochondrial membrane by carnitine acylcarnitine translocase. Once 

inside the mitochondria, CPT2 converts the acyl-carnitine back into acyl-CoA, which can 

be sequentially degraded by FAO [141]. FAO also produces substrates for the TCA cycle, 

which further provides energy for cancer progression. As discussed previously, CPT1A is 

the rate-limiting step of FAO. Therefore, increasing the expression of CTP1A 

significantly increases the rate at which cells can perform FAO. Overexpression of 

CPT1A is strongly correlated with breast cancer progression; CRISPR-mediated CPT1A 

knockdown enhanced breast cancer cell apoptosis and is being investigated as a 

therapeutic target [142, 143]. Clearly, the ability of LPL hydrolysis products to increase 

the gene expression of CD36, PLIN2, and CPT1A has important implications in breast 

cancer. While gene expression does not necessarily reflect protein expression, the 

overexpression of CD36, PLIN2, and CPT1A that is seen in breast cancer could be due to 

the upregulation of CD36, PLIN2, and CPT1A in response to LPL hydrolysis products, as 

shown in THP-1 cells. Further studies will need to be done to clearly establish this link, as 

our laboratory demonstrated in THP-1 cells [132]. However, if a similar gene expression 

profile is found, this would provide a connection between the uptake of hydrolysis 

products generated by LPL and the progression of breast cancer. 

 Additional work in our laboratory has shown that the FFA component of 

lipoprotein hydrolysis products can activate Akt in a dose-dependent manner in THP-1 

macrophages [144] . PI3K becomes activated by the binding of growth factors to RTK or 

GPCR. Following activation, PI3K phosphorylates phosphatidylinositol (4,5) 

bisphosphate (PIP2) to form phosphatidylinositol (3,4,5) trisphosphate (PIP3). PIP3 
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recruits Akt to the cell membrane, where it is activated upon phosphorylation by 

phosphatidylinositol-dependent kinase 1 (PDK1) and mechanistic target of rapamycin 

(mTOR) complex 2 (mTORC2), at the T308 and S473 sites, respectively [145]. Of note, 

our laboratory has shown that the FFA component of LPL hydrolysis products results in 

the phosphorylation of both Akt sites [144]. PI3K/Akt signaling is terminated by 

phosphatase and tensin homolog (PTEN), which dephosphorylates PIP3 to PIP2. It is well 

established that the PI3K/Akt signaling pathway is dysregulated in breast cancer [146]. 

Active Akt phosphorylates many different substrates, such as FOXO transcription factors, 

mTORC1, and glycogen synthase kinase 3. Phosphorylating these substrates causes an 

increase in breast cancer cell growth, glucose metabolism, proliferation, resistance to 

apoptosis, lipogenesis, and lipid accumulation, among other effects [147, 148]. In 

addition to this, breast tumors often have mutations in different components of the 

PI3K/Akt pathway. As discussed, HER2 is overexpressed in 15-20% of breast cancer 

cases and can activate PI3K/Akt signaling [32, 33]. Mutations in the PI3KCA gene are 

present in over 25% of all breast cancer cases (40% of luminal B type), resulting in the 

constitutive activation of PI3K/Akt signaling [43, 149]. Similarly, PTEN mutations are 

present in approximately 25% of breast cancer cases and result in the loss of inhibition 

and, thus, the continuous activation of PI3K/Akt [146, 149]. Therefore, Akt activation via 

the FFA component of LPL hydrolysis products could contribute to the increase in breast 

cell metabolic activity seen in this study (Figure 3.3). An interesting observation is the 

ability of LPL hydrolysis products to significantly increase the activation of PDGFR in 

THP-1 cells [126]. Additionally, LPL hydrolysis products significantly increase the 
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activation of Akt [144]. It is known that stimulation of cells with PDGF activates 

PI3K/Akt signaling through a PDGFR [145]. This suggests that in cancer cells, the 

hydrolysis products generated by LPL may upregulate PDGFR phosphorylation and Akt 

activation to sustain PI3K/Akt signaling, and thus, tumorigenesis. It is interesting to note 

that PDGF is also known to upregulate LPL expression  [150]. Studies to confirm the 

presence of this positive-feedback loop in breast cancer cells will be necessary (Figure 

4.1). If validated, this interaction could establish a central role of LPL hydrolysis products 

in promoting and maintaining tumorigenesis.   

 A limitation of this study was the use of the MTT assay to measure cell metabolic 

activity. The MTT solution is reduced by oxidoreductase enzymes to purple formazan 

crystals within metabolically active cells. The formazan crystals are then dissolved in a 

dilute acid and the absorbance of the samples can be measured. An increase in absorbance 

compared to control cells could be the result of increased mitochondrial metabolism, cell 

division, or decreased cell death [151]. However, while the assay did provide accurate 

measurements of breast cancer cell metabolic activity as intended, the MTT assay does 

not measure cell proliferation. Further studies will be required to confirm whether there is 

an increase in cell number in addition to an increase in metabolic activity. Also, 

measuring the expression of targets upregulated by hydrolysis products in THP-1 

macrophages, such as PLIN2, CPT1A, and PDGFR, and additional lipid metabolism 

genes, will help to decipher how breast cancer metabolic activity is increased. Regardless, 

these data justify a more in-depth investigation of breast cancer cell metabolic activity in 

response to LPL hydrolysis products.   
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Figure 4.1: Proposed positive-feeback loop in breast cancer cells to sustain tumorigenesis  

LPL hydrolysis products have been shown to significantly increase both PDGFR and 

PI3K/Akt activation. Additionally, PI3K/Akt signaling is known to become activated 

through a PDGFR. Both PDGFR and PI3K/Akt activation are known to promote 

tumorigenesis through multiple mechanisms. Therefore, the hydrolysis products 

generated by LPL may upregulate PDGFR phosphorylation and Akt activation to sustain 

PI3K/Akt signaling, and thus, tumorigenesis. 
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4.2 Total lipoprotein hydrolysis products generated by LPL cause subtype-specific 

cytokine secretion from breast cancer cells 

 The tumor microenvironment is a critical influence on breast cancer growth and 

progression. Breast cancer cells can secrete cytokines to induce changes in the 

surrounding cells, and similarly, cells of the microenvironment can secrete cytokines to 

support or reduce cancer survival. Therefore, I sought to determine the effect of LPL 

hydrolysis products on cytokine secretion in breast cancer cells. To get a broad 

understanding of the cytokine secretion profile, cytokine arrays were used to analyze the 

response of MDA-MB-231 (TNBC) and MCF-7 (luminal A) cells to hydrolysis products. 

These cell lines were chosen as they represent the most and least aggressive breast cancer 

subtypes, respectively. Interestingly, the analysis revealed that hydrolysis products 

resulted in a significant difference in the secretion of several pro-tumorigenic cytokines. 

However, I found that the secretion profiles were different between the MDA-MB-231 

and the MCF-7 cells (Figures 3.4 & 3.5). 

 The secretion profile of the TNBC cells is undoubtedly pro-tumorigenic. The most 

significant upregulation was seen in TNF-α and IL-4. As discussed, breast cancer cells 

can produce and utilize TNF-α to activate NF-κB signaling. NF-κB activation is clearly 

favorable for tumor progression, as it induces cell proliferation, angiogenesis, immune 

evasion, and metastasis [64, 65]. A result of NF-κB activation is increased expression of 

IL-8, which was also found to be significantly increased in this study. IL-8 promotes 

angiogenesis, tumor cell migration, and immune cell infiltration in breast cancer [152]. 

Similarly, activation of NF-κB by TNF-α increases the expression of ICAM in breast 
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cancer, which is upregulated to promote metastasis and is associated with more 

aggressive subtypes [134]. Unsurprisingly, the cytokine array data revealed a significant 

increase in ICAM-1 secretion, which suggests that LPL hydrolysis products may promote 

the development of a more aggressive tumor cell phenotype. The chemokine CXCL1, 

which promotes immune cell invasion and angiogenesis, was also found to be 

upregulated. Interestingly, CXCL1 is also is induced by TNF-α. My data suggests that 

TNF-α has a major impact on the cytokine secretion profile of MDA-MB-231 cells. On 

the other hand, IL-4 has long been described as an anti-inflammatory cytokine that 

induces apoptosis in breast cancer cells [153]. However, IL-4 secretion activates M2-like 

TAM, which are strongly pro-tumorigenic [70]. Though not relevant in the cell culture, 

increased IL-4 secretion from breast cancer cells could contribute to a pro-tumorigenic 

microenvironment in vivo. The pleiotropic cytokine IL-6 was also found to be increased 

in response to LPL hydrolysis products. IL-6 is involved in multiple aspects of tumor 

progression, including invasion, metastasis, angiogenesis, and resistance to therapy. The 

broad impact of IL-6 is due to its ability to activate many different signaling pathways 

that have pro-tumorigenic functions, such as NF-κB and JAK/STAT3 [82, 63]. The final 

cytokine that was found to be upregulated in MDA-MB-231 cells, being CXCL11, was 

slightly unexpected. CXCL11 is a chemokine that attracts mononuclear immune cells to 

the tumor microenvironment. Once in the tumor microenvironment, the immune cells 

may have a pro- or anti-tumorigenic effect depending on the context. CXCL11 is 

primarily induced by IFN-γ, yet there was no IFN-γ secretion detected in this study [154]. 

An explanation for this could be that the IFN-γ secretion was below the detectable level 
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of the cytokine array. A level of detection is not assigned to the cytokine arrays, however, 

most analytes are detectable in the pg/mL range. Taken together, these data suggest that 

hydrolysis products promote tumorigenesis by upregulating pro-tumorigenic cytokine 

secretion in TNBC.  

 The results from the MCF-7 cell cytokine array analysis are more difficult to 

interpret. Unlike the MDA-MB-231 cells, which saw an increase in many different 

cytokines involved in tumorigenesis, MCF-7 cells only showed a significant decrease in 

IL-1α and IL-27. IL-1α is a pro-inflammatory cytokine that can promote cancer 

progression by activating NF-κB and JAK/STAT3 signaling. Because of its pro-

tumorigenic effects, it could be expected that IL-1α would be upregulated in breast cancer 

cells following LPL hydrolysis products treatment [155]. However, IL-1α has been shown 

to inhibit MCF-7 cell proliferation by causing cell cycle arrest [156]. This is an 

interesting and counterintuitive observation because it indicates that the downregulation 

of IL-1α by LPL hydrolysis products may actually function to sustain tumorigenesis in 

MCF-7 cells. However, this effect is clearly subtype-specific. Similarly, IL-27 is known 

to have both pro- and anti-tumorigenic effects. IL-27 can induce the activation of T cells 

in the tumor microenvironment, which have different effects depending on the degree of 

progression. IL-27 can also activate STAT1, which has potent anti-proliferative effects, 

induce apoptosis, and enhance immune cell elimination of cancer cells [157]. Like IL-1α, 

the downregulation of IL-27 by LPL hydrolysis products may be pro-tumorigenic in our 

model. Because of their multi-functional roles, IL-1α and IL-27 likely have both pro- and 
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anti-inflammatory effects in vivo. However, these data suggest that LPL hydrolysis 

products may also promote tumorigenesis in luminal A breast cancer. 

 The data acquired from the cytokine arrays highlight the importance of the breast 

cancer subtype on the response to stimuli in the tumor microenvironment. The LPL 

hydrolysis products appear to induce a pro-tumorigenic cytokine secretion profile in 

different subtypes of breast cancer through distinct mechanisms. To further understand 

the effect of subtype on LPL hydrolysis products-induced cytokine secretion, I measured 

TNF-α, IL-6, and IL-4 expression by ELISA in four additional breast cell lines (Figures 

3.6-3.8). The dynamic range of each ELISA was 15.6-1000 pg/mL, 9.38-600 pg/mL, and 

31.3-2000 pg/mL respectively. In agreement with the cytokine array data, TNF-α was 

significantly increased in MDA-MB-231 cells, as well as the other TNBC cell line tested, 

the MDA-MB-468 cells. TNF-α expression was significantly higher in the MDA-MB-468 

cells, which may indicate that they have a more pronounced response to LPL hydrolysis 

products. Similarly, IL-6 expression was significantly increased in both TNBC cell lines 

following incubation with hydrolysis products. HER2-positive SKBR3 cells also secreted 

detectable levels of IL-6 following LPL hydrolysis products treatment. Finally, IL-4 

secretion was significantly upregulated in both TNBC cell lines. Thus, these data suggest 

that the impact of LPL hydrolysis products on breast cancer progression is subtype-

specific. TNF-α, IL-6, and IL-4 were all upregulated in both TNBC cell lines; likewise, 

TNF-α, IL-6, and IL-4 were not secreted at detectable levels by either MCF-7 or T47D 

cells, the luminal A cell lines of this study, or by the non-tumorigenic MCF-10a cells. 

SKBR3 cells treated with LPL hydrolysis products secreted detectable levels of IL-6, but 
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not TNF-α or IL-4. A potential issue is that the cytokines are secreted but are below the 

detection limit of the assay. However, the MDA-MB-231 cytokine array and ELISA data 

agree, which suggests that the luminal cell lines simply do not express the measured 

cytokines. Previously, our laboratory showed that LPL hydrolysis products significantly 

increase the gene expression of TNF-α, IL-1β, and IL-6 in MCF-7 breast cancer cells 

[Noel, Pickett, & Brown, unpublished]. My results contradict these gene expression data. 

It is possible that the gene expression analysis had a lower level of detection than the 

cytokine array and ELISA which could account for the differences in the results. 

However, gene expression does not necessarily equate to protein expression or secretion, 

so this discrepancy will have to be further investigated to fully understand [158].  

4.3 Endogenous LPL expressed by breast cancer cells is not enzymatically active and 

may be a result of dysregulated LMF1 expression 

 Breast tumors have two potential sources of LPL hydrolysis products: adipose 

tissue that surrounds breast tumors highly expresses LPL, and certain breast cancer cell 

lines express LPL mRNA and protein [112, 135]. Because all the cell lines chosen for this 

study had not been previously assessed for LPL protein expression, I performed 

immunoblotting to detect its presence in breast cancer cell lysates (Figure 3.9). The 

resulting data were surprising for a few reasons. The LPL expressed by MCF-7, T47D, 

and SKBR3 breast cancer cells in my study was detected at a lower molecular mass than 

control HEK-293 transfected LPL. However, the mass of the detected LPL was consistent 

among the breast cancer cell lysates. MDA-MB-231 cells were not shown to express 

LPL, despite previous reports that TNBC has the highest level of LPL mRNA expression 
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across breast cancer subtypes [159]. In addition, the previous study that measured LPL 

protein expression did not detect LPL in T47D cells; however, my data suggest that LPL 

may be present, but aberrantly expressed. The discrepancy could be due to the use of 

different antibodies to detect LPL. Our laboratory uses a commercial polyclonal anti-

human LPL antibody (#sc-32885, Santa Cruz Biotechnology) with an epitope 

corresponding to residues 28-80 of human LPL, whereas the previous report produced its 

own anti-human LPL antibody corresponding to residues 21-36 of human LPL. The mass 

of the LPL protein detected in the previous study was 85 kDa, which is considerably 

greater than the 56-58 kDa mass that is expected [112, 105]. This could account for the 

differences reported. Following this, I assessed the enzymatic activity of the abnormal 

breast cancer LPL using a resorufin ester substrate, as described (section 2.6.5). No 

activity was detected in any of the breast cancer cell lines that expressed LPL protein 

(Figure 3.10). Therefore, even if the breast caner cell lines express LPL it is not active.  

 To attempt to explain the presence of the inactive LPL, I investigated the 

expression of LMF1, as it is required for proper LPL folding, dimerization, and transport 

to the golgi [117]. LPL is heavily glycosylated in the golgi, therefore, interruption of this 

process could result in the lower LPL mass detected in this study [114]. Additionally, 

glycosylation of certain conserved sites in the N-terminal domain of LPL is required to 

produce a functional enzyme [160]. The results show that across the majority of samples 

analyzed, LMF1 mRNA expression is lower than in normal breast tissue (Figure 3.11). 

Dysregulation of LMF1 in breast cancer could cause issues with LPL folding, which 

could produce the inactive LPL protein detected in this study. Under normal conditions, 
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LPL production is tightly regulated, and misfolded proteins are retained in the ER for 

degradation [118]. However, cancerous cells do not behave like normal cells, and thus it 

is possible that ER degradation is not as tightly regulated, allowing misfolded LPL to 

escape detection [161]. This is speculative and will require further investigation. 

However, LMF1 dysregulation may have a role in the abnormal expression of LPL by 

breast cancer cells. An extensive analysis of LPL expression across multiple breast cancer 

cell lines should be performed to verify the presence of LPL, due to the disagreement 

between the data reported here and in other studies [112]. Dysregulation of LPL 

glycosylation in the golgi could result in a lower protein mass, therefore, proteins 

involved in this process should also be investigated [114]. 

4.4 Future perspectives  

 The present study has identified a number of potential targets to investigate in 

future studies. Previous work in our laboratory has identified a number of targets in THP-

1 macrophages that are affected by LPL hydrolysis products treatment. My data indicates 

that many of these targets are also worth measuring in breast cancer cells treated with 

LPL hydrolysis products. As discussed, the expression of CD36, PLIN2, and CPT1A at 

the gene and protein levels should be investigated due to their role in intracellular lipid 

trafficking and the transfer of FFA into the mitochondria for FAO [132]. CD36, PLIN2, 

and CPT1A are already known to be overexpressed in breast cancer, thus, showing that 

LPL hydrolysis products upregulate CD36, PLIN2, and CPT1A may provide a better 

understanding of the mechanism [132, 139, 143]. Other targets that should be assessed 

include Akt phosphorylation and PDGFR upregulation to sustain PI3K/Akt signaling and 
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tumorigenesis in breast cancer. If performed, these analyses would help to explain the 

increased breast cancer cell metabolic activity seen in response to LPL hydrolysis 

products. Further, it could directly link LPL hydrolysis products to breast cancer 

tumorigenesis. 

 Cytokine array analysis of additional breast cancer cell lines would help to 

elucidate the effect of subtype on the cytokine secretion induced by LPL hydrolysis 

products. Additionally, analysis of signaling pathways involved in cytokine regulation, 

such as NF-κB and JAK/STAT, would help to determine how LPL hydrolysis products 

differentially affect cytokine secretion in different breast cancer subtypes. The co-culture 

of breast cancer cells exposed to hydrolysis products and varying tumor 

microenvironment cells would be useful to assess cytokine secretion in a more 

physiologically-relevant model.   

  Finally, the expression of LPL by breast cancer cells should be thoroughly 

investigated to determine which cell lines definitively express LPL. Different antibodies 

to detect LPL could be tested. The protein expression of LMF1 in breast cancer should be 

assessed to validate the decrease in LMF1 mRNA expression indicated by my 

bioinformatics analysis. LMF1 could also be overexpressed in breast cancer cells to 

determine if the loss of LMF1 protein is the cause of the abnormal LPL detected in this 

study. Another possible area worth investigating is the dysregulation of LPL 

glycosylation in the golgi, which could result in a lower protein mass [114].  
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4.5 Overall conclusion  

 This study has shown that LPL hydrolysis products may directly promote breast 

cancer growth and progression by increasing cell metabolic activity and inducing a pro-

tumorigenic cytokine secretion profile from tumor cells. The increase in cell metabolic 

activity may be through the upregulation of genes previously identified by our laboratory 

in a THP-1 model of atherosclerosis. An interesting finding of this study is the ability of 

LPL hydrolysis products to induce different pro-tumorigenic cytokine expression profiles 

in different breast cancer subtypes. This strongly suggests that LPL hydrolysis products 

have distinct effects between subtypes, that could result in promoting breast cancer 

progression. Unexpectedly, endogenous LPL expressed by breast cancer cells was 

determined to be enzymatically inactive, which disproves the idea that breast cancer cells 

can generate their own LPL hydrolysis products. Regardless, the high expression of LPL 

by adipose tissue in the tumor microenvironment provides an abundant source of LPL 

hydrolysis products. Therefore, the data presented in this study are still physiologically 

relevant. Overall, the results of this study highlight the potential for a central role of LPL 

hydrolysis products in the growth and progression of breast cancer.  
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Appendix I: Supplementary data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 

 

A)   

 

 

B) 

Supplemental Figure 1: Western blot to detect LPL protein expression, additional 

replicates 

HEK-293 cells were transfected with or without LPL plasmid. Heparinized media and 

cell lysates were collected from both groups. (A & B) Western blot of heparinized media 

from transfected cells to detect LPL. 

LPL 

LPL 
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Supplemental Table 1: Summarized data from the cytokine array analysis of 

MDA-MB-231 breast cancer cell supernatant from cells treated with total 

lipoprotein hydrolysis products generated by LPL or mock heparinized media 

 
Mock per Average 

Reference 

HP per Average 

Reference p-value 

SAMPLE Avg SD Avg SD 

Reference 0.950452 0.055559 0.953179 0.020938 n/a 

CCL1/I-309 0.002923 0.001715 0.00624 0.002456 0.063775 

CCL2 0.011846 0.010441 0.020225 0.008817 0.174054 

MIP-1α/MIP-1β 0.001949 0.001752 0.003635 0.002608 0.202592 

CCL5/RANTES 0.013301 0.006824 0.026532 0.008626 0.052802 

CD40 Ligand 0.00416 0.003823 0.007663 0.004511 0.181447 

C5/C5a 0.00159 0.001576 0.00502 0.002307 0.050303 

CXCL1/GROα 0.436649 0.03717 0.4987 0.025919 0.038336 

CXCL10/IP-10 0.003282 0.001735 0.005583 0.001978 0.102238 

Reference 1.096387 0.108829 0.996837 0.045558 n/a 

CXCL11 0.003493 0.001742 0.006369 0.001382 0.044258 

CXCL12 0.017889 0.009789 0.029356 0.015059 0.165432 

G-CSF 0.087605 0.02504 0.127237 0.047882 0.136407 

GM-CSF 0.184296 0.054862 0.264802 0.065704 0.08932 

ICAM-1/CD54 0.043449 0.003583 0.069594 0.003416 0.000397 

IFN-γ 0.003994 0.002276 0.008816 0.003819 0.066761 

IL-1α/IL-1F1 0.006876 0.003323 0.014043 0.005391 0.060787 

IL-1β 0.000997 0.001727 0.003194 0.001282 0.075807 

IL-1ra/IL-1F3 0.004068 0.002967 0.005553 0.004094 0.31889 

IL-2 0.002934 0.001532 0.004124 0.002828 0.278309 

IL-4 0.00082 0.001254 0.00385 0.001562 0.029384 

IL-5 0.002128 0.001158 0.004195 0.002418 0.126306 

IL-6 0.407422 0.024457 0.684525 0.111108 0.006746 

IL-8 0.847102 0.126748 1.110999 0.069154 0.016999 

IL-10 0.002555 0.003001 0.006672 0.002081 0.061304 

IL-12 p70 0.001291 0.001163 0.004422 0.002864 0.077107 

IL-13 0.004397 0.002036 0.004406 0.001417 0.497568 

IL-16 0.004305 0.002177 0.004166 0.001735 0.467478 

IL-17A 0.001796 0.002658 0.002771 0.003413 0.358145 

IL-17E 0.005732 0.003186 0.009331 0.002505 0.099444 

IL-18/IL-1F4 0.025771 0.02144 0.044171 0.030125 0.218669 

IL-21 0.003497 0.002588 0.008043 0.002939 0.057365 

IL-27 0.001828 0.001514 0.00408 0.002209 0.109497 

IL-32α 0.002749 0.002199 0.004744 0.001876 0.148966 

Reference 0.953161 0.065582 1.049984 0.035963 n/a 

MIF 0.239509 0.033918 0.291352 0.040565 0.082351 
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Serpin E1 0.445025 0.049865 0.516378 0.079239 0.128646 

TNF-α 0.000478 0.000519 0.003487 0.002399 0.050487 

TREM-1 0.001584 0.001741 0.002483 0.002743 0.328329 

Negative control 0 0 0 0 0 
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Supplemental Table 2: Summarized data from the cytokine array analysis of 

MCF-7 breast cancer cell supernatant from cells treated with total lipoprotein 

hydrolysis products generated by LPL or mock heparinized media 

 
Mock per Average 

Reference 

HP per Average 

Reference p-value 

SAMPLE Avg SD Avg SD 

Reference 1.00043 0.057629 0.907397 0.040549 n/a 

CCL1/I-309 0.003309 0.000982 0.002601 0.002784 0.349666 

CCL2 0.002225 0.000643 0.001396 0.000704 0.103345 

MIP-1α/MIP-1β 0.002369 0.000778 0.002946 0.002479 0.360191 

CCL5/RANTES 0.02281 0.004577 0.026126 0.002375 0.16389 

CD40 Ligand 0.00311 0.00088 0.002868 0.001128 0.391923 

C5/C5a 0.000591 0.000714 0.000194 0.000335 0.216054 

CXCL1/GROα 0.005208 0.001158 0.003293 0.003138 0.188845 

CXCL10/IP-10 0.001066 0.000214 0.000968 0.000949 0.434755 

Reference 1.004453 0.02834 1.049637 0.055163 n/a 

CXCL11 0.002127 0.000959 0.002253 0.001391 0.451848 

CXCL12 0.026887 0.010009 0.028842 0.006204 0.393984 

G-CSF 0.002664 0.001061 0.003366 0.003653 0.382609 

GM-CSF 0.000753 0.000829 0.001471 0.000345 0.119076 

ICAM-1/CD54 0.00462 0.000895 0.004581 0.001316 0.483942 

IFN-γ 0.003062 0.001484 0.003034 0.001641 0.491629 

IL-1α/IL-1F1 0.003896 0.001379 0.001428 0.001456 0.050014 

IL-1β 0.000666 0.000582 8.15E-05 0.000141 0.083259 

IL-1ra/IL-1F3 0.004386 0.001791 0.003609 0.002779 0.352375 

IL-2 0.001522 0.000268 0.00185 0.000664 0.235452 

IL-4 0.001144 7.73E-05 0.0009 0.000848 0.323091 

IL-5 0.001068 0.000988 0.000749 0.000659 0.332636 

IL-6 0.001459 0.00057 0.000623 0.000571 0.073685 

IL-8 0.006884 0.00051 0.006323 0.001782 0.313747 

IL-10 0.000358 0.00062 9.03E-05 0.000156 0.254355 

IL-12 p70 0.000872 0.000511 0.000282 0.00028 0.077161 

IL-13 0.003947 0.000929 0.002174 0.003049 0.194885 

IL-16 0.003731 0.001926 0.00171 0.001638 0.119244 

IL-17A 0.001968 0.001707 0.000324 0.000464 0.091333 

IL-17E 0.00589 0.002098 0.007295 0.003553 0.293543 

IL-18/IL-1F4 0.020425 0.005493 0.025998 0.007984 0.187792 

IL-21 0.001046 0.000976 0.00138 0.001793 0.39548 

IL-27 0.001147 0.000797 0.000145 0.000127 0.048985 

IL-32α 0.002628 0.000393 0.002047 0.003131 0.382814 

Reference 0.995117 0.033912 1.042966 0.016252 n/a 

MIF 0.158458 0.04234 0.18721 0.060633 0.268792 
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Serpin E1 0.075094 0.018996 0.07988 0.016548 0.379314 

TNF-α 0.001012 0.001182 0.000625 0.000816 0.332269 

TREM-1 0.000703 0.001218 0.000129 0.000223 0.233475 

Negative control 0 0 0 0 0 
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Supplemental Figure 2: Western blot to detect LPL protein expression in breast 

cancer cell lysates, additional replicates  

Recombinant human LPL from HEK-293 cell transfection was used as a positive control. 

Aberrantly expressed LPL was detected in the cell lysates of MCF-7, T47D, and SKBR3 

cells. LPL was not detected in the MDA-MB-231 cell lysate.  

LPL 

LPL 


