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Overweight and obesity affect more than 70% of American adults and are major risk 
factors for the development of comorbidities, including cancer. Breast cancer is the most 
commonly diagnosed malignancy in American women: 1 in 8 women will develop breast cancer 
in their lifetimes, and more than 40,000 women die from breast cancer each year. Obesity is 
associated with increased incidence and worse prognosis in breast cancer, including aggressive 
triple-negative breast cancer, which has a particularly poor prognosis with few treatment options. 
The goal of this thesis was to elucidate the mechanisms by which obesity promotes breast cancer 
progression. To that end, we used an orthotopic model of triple-negative murine mammary 
carcinoma in a diet-induced model of obesity. We found that obesity significantly accelerated 
tumor growth, which was due to increased proliferation. Upon performing whole-tissue RNA 
sequencing of tumors isolated from lean or obese animals, we found that many of the 
transcriptional programs differentially regulated in obesity were immune-related. Since tumors 
are cellularly heterogeneous and contain tumor-associated cell types, such as immune cells, 
adipocytes, endothelial cells, and fibroblasts, we devised a fluorescence-based approach to 
specifically isolate cancer cells prior to analysis. To achieve this, we produced a stable-mCherry 
expressing breast cancer cell line and utilized fluorescence-activated cell sorting to isolate cancer 
cells from heterogeneous tumor tissue. RNA sequencing of this pure cancer cell population 
identified the acyl-CoA synthetase, Acsbg1, as robustly upregulated in cancer cells isolated from 
tumors in obese compared to lean animals.  Overexpression of Acsbg1 in tumor cells further 
enhanced tumor growth in an obesity-specific manner, which required intact creatine transport. 
Inhibition of acyl-CoA synthetase activity, on the other hand, significantly attenuated tumor 
growth in obese animals. This led us to hypothesize that Acsbg1 may reprogram the breast 
cancer cell metabolome. We performed targeted metabolomic analysis on tumors from lean and 
obese animals and identified a role for Acsbg1 in promoting mitochondrial ATP production, 
which was confirmed with plate-based respirometry. We used untargeted lipidomic analysis to 
identify the lipid substrate and products of Acsbg1 activity and found that phospholipids 
containing 20:4 and 22:4 side chains were more abundant in Acsbg1-overexpressing tumors in 
obesity. The most common 20:4 and 22:4 lipid species are arachidonic and adrenic acid, 
respectively. Since arachidonic and adrenic acid are products of sequential steps of linoleic acid 
metabolism, an essential fatty acid, this suggests a role for dietary lipids in the pathogenesis of 
obesity-driven breast cancer progression. These findings further suggest that Acsbg1 supports 
obesity-related tumor progression through both catabolic ATP generation and anabolic processes 
to build biomass. Finally, we analyzed a dataset of human tumor gene expression and found that 
Acsbg1 levels are associated with worse tumor grade and with aggressive, basal-like cancers in 
overweight and obese individuals. Overall, these studies identified an undescribed, obesity-
specific role for Acsbg1 in promoting tumor progression and provide the foundation for further 
studies investigating Acsbg1 and acyl-coA synthetase activity as a possible target for therapeutic 
intervention in breast cancer and other obesity-driven cancer types. 
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CHAPTER 1 Introduction 
 
1.1 The epidemiological links between obesity and cancer 
 

Obesity is defined by a body mass index (BMI) above 30. Obesity develops when energy 
intake chronically exceeds energy expenditure and is characterized by an accumulation of 
adipose tissue. The prevalence of obesity is increasing rapidly in the United States and around 
the world. From 1999 to 2017, the rate of obesity among American adults increased from 30.5% 
to 42.4%. Furthermore, severe obesity, defined by a BMI above 40, increased from 4.7% to 9.2% 
over that same timeframe (Hales et al. 2020). By 2030, more than 50% of adults in the United 
States are predicted to be obese (Ward et al. 2019). The rapidly increasing prevalence of obesity 
is a major public health concern because excess adiposity is a well-established risk factor for 
comorbidities like hypertension, type 2 diabetes mellitus (T2DM), dyslipidemia, coronary artery 
disease, and non-alcoholic fatty liver disease (Goossens 2017; Williams et al. 2015). 
Additionally, epidemiological studies have firmly linked obesity with increased risk and worse 
outcomes for a number of cancer types. In 2003, a landmark prospective study demonstrated that 
cancer patients with a BMI above 40 had cancer-specific mortality rates that were 52% higher 
for men and 62% higher for women (Calle et al. 2003).  

In recent years, several other studies have strengthened the evidence that obesity is 
associated with adverse effects on cancer outcomes (Bhaskaran et al. 2014; Arnold et al. 2015; 
Renehan et al. 2008). A population-based study estimated that overweight and obesity were 
associated with more than 72,000 cases of cancer in American women and 28,000 cases of 
cancer in American men each year (Arnold et al. 2015). Epidemiologists describe the effects of 
modifiable risk factors on cancer incidence by reporting the population attributable fraction 
(PAF) of cancer cases. The PAF quantifies the potential reduction in incidence if these factors 
were reduced or eliminated. These analyses have consistently demonstrated significant PAFs 
related to obesity in several cancer types in both men and women. The types of cancers which 
have the highest PAFs associated with obesity in men include esophageal, colorectal, pancreatic, 
and gallbladder cancers. In women, esophageal, endometrial, gallbladder and breast cancer, 
among others, can be most strongly attributed to obesity (Whiteman and Wilson 2016). 
 
1.2  Obesity and breast cancer 
 
 Breast cancer is a leading cause of morbidity and mortality in the United States. It is the 
most common cancer in American women; the National Cancer Institute (NCI) estimates that 
more than 250,000 women will be newly diagnosed with breast cancer in 2020. Furthermore, the 
NCI estimates that more than 40,000 breast cancer patients will die in 2020, making it the second 
deadliest cancer in women (National Cancer Institute 2020). Obesity is a major risk factor for the 
development of breast cancer in post-menopausal women as well as for worse breast cancer 
outcomes, independent of menopausal status (White et al. 2015; Neuhouser et al. 2016; Chan et 
al. 2014; Picon-Ruiz et al. 2017; Protani, Coory, and Martin 2010). In 2012, more than 100,000 
cases of breast cancer were attributed to overweight and obesity worldwide (Arnold et al. 2015). 
A retrospective study analyzing more than 18,000 Danish breast cancer patients found that 
compared to women with a BMI below 25, those patients who had a BMI above 30 had a 46% 
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higher risk of developing distant metastases and a 38% higher risk of death due to breast cancer 
(Ewertz et al. 2011). Furthermore, analysis of participants in the Women’s Health Initiative, 
which included 67,142 postmenopausal women with a median follow-up of 13 years, 
demonstrated that BMI above 35 is significantly associated with advanced breast cancer, 
including larger tumor size, lymph node infiltration, distant metastasis, and mortality (Neuhouser 
et al. 2015; I. Barone et al. 2020). Moreover, a systematic review and meta-analysis of 82 
studies, comprising more than 200,000 individuals, concluded that obesity is associated with 
poorer overall and breast-cancer specific survival (Chan et al. 2014).  
 Breast cancer can be divided into subtypes based on the expression of molecular markers: 
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 
2 (HER2). Each of these receptors is the target of effective therapeutics, and their expression is 
used to inform treatment strategies. Estrogen receptor positive cancers represent more than 80% 
of all breast cancers, and ER positive breast cancer is significantly associated with obesity in 
postmenopausal women, in part because obese adipose tissue produces estrogen through the 
action of aromatase (Chapter 1.4.2).  Breast cancers that do not express any of these molecular 
markers are called triple negative breast cancer (TNBC). TNBC represents 10-20% of all breast 
cancers and is associated with advanced disease and increased mortality, with fewer treatment 
options than ER/PR/HER2 positive breast cancers. In contrast to ER positive breast cancer, 
TNBC is associated with higher BMI in premenopausal women (Gaudet et al. 2011; F. Y. Chen 
et al. 2013; L. Chen et al. 2016). 

The molecular mechanisms that causally link obesity with worse breast cancer 
progression have not been fully elucidated. Some proposed mechanisms involve systemic 
changes in obesity, like dysregulated glucose and insulin signaling, alterations in circulating 
hormone levels, chronic inflammation, and dyslipidemia. Other possible mechanisms involve 
local changes to the adipose tissue in the breast tumor microenvironment including 
inflammation, increased hypoxia, and increased estrogen levels through enhanced expression and 
action of aromatase in extraovarian adipose tissue. The following sections will describe the 
evidence supporting these molecular mechanisms linking obesity and breast cancer progression. 

 
1.3 Systemic factors linking obesity and breast cancer 
 
 Obesity leads to changes in whole-body metabolism, affecting the functions of several 
organs including the liver, pancreas, adipose, and brain (Font-Burgada, Sun, and Karin 2016). 
These changes are associated with dysregulation in circulating factors secreted from these organs 
that can have protumorigenic effects in distant sites (N. M. Iyengar, Hudis, and Dannenberg 
2015). 
 
1.3.1 Insulin, Insulin-like growth factor 1, and glucose 
 

Insulin resistance and type 2 diabetes mellitus (T2DM) are among the best recognized 
comorbidities of obesity. These conditions are characterized by decreased insulin-stimulated 
glucose uptake in adipose tissue and skeletal muscle as well as by hyperinsulinemia and 
hyperglycemia (Kahn et al. 2000). These pathological changes may have roles in promoting 
breast cancer in obese patients. Hyperinsulinemia has been identified as an independent risk 
factor for breast cancer in humans, and insulin-sensitizing therapies can reduce metastatic burden 
in genetic models of breast cancer in mice (Gunter et al. 2009; Ferguson et al. 2012).  
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Furthermore, a meta-analysis of 48 studies revealed that breast cancer patients with T2DM are at 
increased risk of mortality compared to non-diabetic patients (B. B. Barone et al. 2008).  

Hyperinsulinemia also promotes increased hepatic production of insulin-like growth 
factor 1 (IGF-1) and represses secretion of IGF-1 binding proteins (IGFBPs), leading to a further 
increase in bioavailable IGF-1. High levels of IGF-1 are associated with an elevated risk of 
breast cancer (W. Chen et al. 2009). The mechanism underlying the connections between insulin 
and IGF1 and breast cancer may be related to the direct actions of these hormones on cancer 
cells. Some breast cancer cells express the insulin receptor (IR) and/or the IGF-1 receptor 
(IGF1R). Ligand binding of these receptors activates the phosphatidylinositol-4,5-bisphosphate 
3-kinase (PI3K) and the mitogen-activated protein kinase (MAPK) pathways, initiating a 
signaling cascade that promotes proliferation and tumor progression (Ulanet et al. 2010; LeRoith 
and Roberts 2003; Cohen and LeRoith 2012).  
 Obese, insulin resistant and diabetic individuals also have persistent hyperglycemia. 
Enhanced glucose uptake to preferentially fuel anerobic metabolism is termed the Warburg effect 
and is a described phenotype of many cancer types, including breast cancer (Liberti and Locasale 
2016). Thus, hyperglycemia may have a role in promoting cancer cell viability and proliferation. 
Analysis of a prospective patient cohort revealed that women with the highest fasting glucose 
had a significantly elevated risk of developing breast cancer compared to those with the lowest 
glucose levels. This finding was independent of BMI; however, this analysis was not adjusted for 
circulating insulin levels (Sieri et al. 2012). In humans, breast cancer cells have higher 
expression of the glucose transporter GLUT1 than normal breast tissue (R. S. Brown and Wahl 
1993). In vitro, increasing concentrations of glucose in cell culture medium leads to a dose-
dependent increase in human breast cancer cell line proliferation (Sun et al. 2019). Together, 
these findings suggest that glucose may directly promote breast cancer viability and 
proliferation. 
 
1.3.2 Circulating lipids  
 
 Dyslipidemia, including elevated circulating triglycerides and cholesterol-containing low 
density lipoproteins (LDL), is a common comorbidity of obesity (Klop, Elte, and Cabezas 2013; 
Jung and Choi 2014). Dyslipidemia is associated with an increased risk of cancers, including 
breast cancer, and the use of statin drugs, which inhibit cholesterol production, is associated with 
reduced cancer-specific mortality (Melvin et al. 2013; Kitahara et al. 2011; Nielsen, 
Nordestgaard, and Bojesen 2012). 

In the ApoE-/- mouse model of hyperlipidemia, orthotopically implanted breast cancer 
cells have accelerated tumor growth and produce an increased number of lung metastases 
(Alikhani et al. 2013). The mechanism by which hyperlipidemia potentiates breast tumor 
progression may be related to the expression of lipoprotein lipase (LPL), an enzyme that 
hydrolyzes circulating chylomicrons and VLDL to release free fatty acids. LPL is more highly 
expressed in human breast cancers compared to healthy mammary tissue, and in vitro, human 
breast cancer cell lines express the fatty acid transporter, CD36, enabling them to import fatty 
acids from the environment (Zaidi et al. 2013; Kuemmerle et al. 2011).   

Furthermore, there is strong evidence that breast cancer cells can take up LDL particles 
through expression of the LDL receptor (LDL-R) to promote tumor growth. When human breast 
cancer cells which highly express LDL-R are implanted into mouse models of hyperlipidemia 
(ApoE-/- and LDL-R-/-), they produce significantly larger tumors than in wildtype controls 
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(Gallagher et al. 2017). Moreover, elevated expression of LDL-R in breast cancer was associated 
with decreased recurrence-free survival in a cohort of breast cancer patients (Gallagher et al. 
2017).  
 Additionally, cholesterol is metabolized to 27-hydroxycholesterol (27-HC) through the 
P450 enzyme, CYP27A1. Elevated 27-HC increases tumor growth in orthotopic and genetic 
mouse models of breast cancer. When CYP27A1 is inhibited genetically or pharmacologically, 
tumor growth is attenuated (Nelson et al. 2013). These findings provide strong evidence that 
circulating lipids play an important role in the pathogenesis of breast cancer in the setting of 
dyslipidemia.   
 
1.3.3 Circulating adipokines 
 

Adipose tissue is an endocrine organ that secretes hormones, termed adipokines, that 
have profound effects on the functions of distant organs, like the liver. The amount and balance 
of these adipokines is altered in obesity, which can promote breast tumor progression. Leptin is 
an adipokine that coordinates energy homeostasis by signaling from adipose to the hypothalamus 
(Vaisse et al. 1996). Serum leptin levels positively correlate with fat mass. Patients with breast 
cancer that overexpresses the leptin receptor have an unfavorable prognosis, independent of 
other risk factors (Miyoshi et al. 2006). When peripheral leptin signaling is disrupted in a mouse 
model of spontaneous breast cancer, there is dramatically reduced tumor burden compared to 
mice with intact leptin signaling (Park et al. 2010). Mechanistically, leptin can signal directly to 
cancer cells through the leptin receptor (OB-R) and activate downstream PI3K and MAPK 
pathways. This suggests that in addition to systemic effects, enhanced leptin levels in obesity can 
signal directly to some cancer types to promote growth. 

Adiponectin is an adipokine that can signal to other tissues to increase insulin sensitivity 
and reduce inflammation (Berg et al. 2001; Kadowaki et al. 2006).  In contrast to leptin, serum 
adiponectin levels are reduced in obese individuals and are inversely correlated with the 
progression of several cancers, including breast cancer (Shahar et al. 2010). Furthermore, 
adiponectin directly signals to cancer cells which express the adiponectin receptor, reducing 
cellular proliferation and inducing apoptosis (Bråkenhielm et al. 2004). Adiponectin signals 
through several pathways, including the AMP-activated protein kinase (AMPK), mammalian 
target of rapamycin (mTOR), and nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) pathways (Dalamaga, Diakopoulos, and Mantzoros 2012; A. Y. Kim et al. 2010; 
Ackerman et al. 2017).  
 
1.3.4 Systemic inflammation  
 
 Chronic inflammation is a risk factor for the development of cancer, and obesity is 
characterized by chronic, low-grade systemic and local adipose inflammation. Obese patients 
have elevated circulating C-reactive protein (CRP), a hepatic acute phase reactant that is used as 
a clinical biomarker of inflammation.  In a prospective study of 130 women with a median 14.6 
year follow-up, individuals with high initial CRP had an increased risk of developing breast 
cancer (Frydenberg et al. 2016). Furthermore, elevated serum amyloid A (SAA), another hepatic 
acute phase reactant and circulating biomarker for inflammation, was associated with worse 
survival in breast cancer patients, independent of BMI (Pierce et al. 2009). These data suggest 
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that systemic inflammation may be related to breast cancer outcomes, but the mechanisms 
linking these states are unclear. 
 
1.4 Local factors linking obesity and breast cancer  
 

Chronic excess energy intake leads to white adipose tissue (WAT) hyperplasia and 
hypertrophy. When WAT surpasses its ability to safely expand for energy storage, there is 
ensuing adipocyte dysfunction and cell death, leading to immune cell infiltration and local 
inflammation. Additionally, obesity results in impaired adipose vascularization, leading to tissue 
hypoxia and oxidative stress. Increased hypoxia inducible factor 1 alpha (HIF1a) expression 
alters the extracellular matrix produced around adipocytes, leading to adipose tissue fibrosis 
(Fuster et al. 2016). Obesity also alters the local concentrations of adipose-derived factors like 
endotrophin, aromatase, and fatty acids. These pathologic changes in the mammary adipose 
microenvironment may contribute to breast cancer progression. 
 
1.4.1 Adipose tissue inflammation  
 

Chronic local inflammation is an important factor in the development of cancers 
(Coussens and Werb 2018). Obesity is associated with chronic adipose tissue inflammation, 
characterized by an increase in concentration of pro-inflammatory cytokines and the 
accumulation of pro-inflammatory immune cells, like macrophages, natural killer cells, and T-
cells. Crown like structures (CLS) are macrophages which surround dead or dying adipocytes 
and represent a characteristic histologic finding associated with inflamed adipose tissue in both 
obese humans and mice (Murano et al. 2008; N. M. Iyengar, Hudis, and Dannenberg 2013). In a 
genetic model of murine mammary cancer, diet-induced obesity was associated with increased 
CLS, infiltrating macrophages, and vascular growth (Cowen et al. 2015). In humans, there are 
more CLS in the mammary adipose of obese individuals compared to lean, and in obese breast 
cancer patients, CLS occur in close proximity to the tumor (Vaysse et al. 2017; Morris et al. 
2011). Furthermore, high density of CLS in the mammary adipose portends worse breast cancer 
outcomes in both lean and obese patients (N. M. Iyengar et al. 2016). Adipose tissue 
macrophages may have an important role in the pathogenesis of breast cancers in obese 
individuals. When activated, these cells secrete pro-inflammatory cytokines that promote breast 
cancer progression. For example, adipose-derived macrophages secrete interleukin 6 (IL-6), 
which can promote cancer progression by signaling directly to cancer cells to enhance survival 
and migration (Chang, Daly, and Bromberg 2014). Additionally, activated adipose tissue 
macrophages secrete interleukin 1-beta (IL-1b) which stimulates vascular endothelial growth 
factor (VEGF) production and promotes angiogenesis (Kolb et al. 2016; Chang, Daly, and 
Bromberg 2014).   
 
1.4.2 Adipose derived estrogen 
 

Obesity is associated with increased incidence of ER positive cancer in postmenopausal 
women. After menopause, estrogen is produced mainly by non-ovarian tissues, like adipose, 
through the actions of aromatase, a P450 enzyme which aromatizes androgen precursors to 
estrogen. Importantly, there is increased aromatase expression and activity in the mammary 
adipose of obese women compared to lean, and the increased local concentration of estrogen 
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may drive proliferation in estrogen-receptor positive breast cancers (Morris et al. 2011). 
Increased circulating levels of estrogen are associated with increased risk of breast cancer in 
post-menopausal women (Baglietto et al. 2010). 

Aromatase is expressed in the mammary adipose by adipocyte precursors. It is a 
transcriptional target of HIF1a, the master regulator of the hypoxic response, and it is induced by 
tumor-derived factors like prostaglandin E2 (PGE2), tumor necrosis factor alpha (TNFa), and 
IL-6. This bi-directional interaction between adipose and breast cancer cells produces a feed-
forward loop that potentiates tumor progression (Simpson and Brown 2013). Aromatase 
inhibitors are used clinically to block estrogen production in patients with estrogen receptor 
positive breast cancers (Smith and Dowset 2003). However, obesity is also significantly 
associated with worse prognosis of estrogen receptor negative cancers, including aggressive 
triple negative breast cancers, and aromatase inhibitors are ineffective in treating these cancer 
types (Gérard and Brown 2018; Pierobon and Frankenfeld 2013). 
 
1.4.3 Adipocyte derived endotrophin  
 
 Adipocytes are a major cell type in immediate proximity to cancer cells in the breast 
cancer microenvironment. In obesity, adipocytes highly express and secrete collagen 6A3, which 
is cleaved to produce endotrophin (ETP). ETP has pro-tumor effects on breast cancer cells in 
vitro and in vivo. In the genetic MMTV-PyMT model of murine mammary carcinoma, Col6a3 
knockout mice had attenuated tumor progression (Park and Scherer 2012). ETP can be isolated 
from human plasma, and in mouse models, neutralizing antibodies targeting ETP can attenuate 
tumor growth in a human-derived orthotopic model (Bu et al. 2019). The mechanisms by which 
ETP  supports breast cancer progression are multifaceted: it acts on cancer cells to promote 
epithelial-to-mesenchymal transition, on macrophages to induce inflammation, and on 
endothelial cells to promote angiogenesis (P. Iyengar, Bonaldo, and Scherer 2005).  
  
1.4.4 Fatty acids  
  
 In obesity, adipocytes undergo increased lipolysis, releasing free fatty acids (FFA). This 
process is implicated in the mechanism underlying insulin resistance in obesity and may also 
play an important role in obesity-associated breast cancer (Blücher and Stadler 2017; Madak-
Erdogan et al. 2019). In vitro, breast cancer cells can induce lipolysis in co-cultured adipocytes 
and take up adipocyte-derived FFA (Dirat et al. 2011; Nieman et al. 2011). In human breast 
cancer, cancer cells express adipose triglyceride lipase (ATGL) and its expression is associated 
with tumor aggressiveness (Y. Y. Wang et al. 2017).  
 
1.5 Summary 
  
 There is an abundance of epidemiological data that link obesity with breast cancer risk 
and worse breast cancer outcomes. Obesity is associated with increased mortality from triple-
negative breast cancer in premenopausal women, which has fewer therapeutic strategies and 
portends a poor prognosis, however, there is little known about the mechanisms by which obesity 
accelerates this breast cancer type. In this thesis, we sought to investigate changes in the cellular 
and metabolic phenotypes of breast cancer cells that may be responsible for the accelerated 
tumor progression in obesity. Using a murine model of obesity-accelerated triple-negative breast 
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cancer, we performed unbiased transcriptomic analyses of the neoplastic cells within the 
heterogenous tumors in lean or obese animals to identify molecular pathways linking obesity and 
breast cancer progression. We identified a previously undescribed, obesity-dependent role for the 
acyl-CoA synthetase, Acsbg1, in cancer cells. Furthermore, we performed metabolomic analysis 
of Acsbg1 overexpressing tumors in lean and obese animals and identified a role for Acsbg1 in 
enhancing mitochondrial energy production, which was confirmed with plate-based 
respirometry. We went on to utilize unbiased lipidomic analysis to identify putative substrates 
and downstream products of Acsbg1 that may contribute to tumor progression. Finally, gene 
expression analysis from a large cohort of human breast tumors revealed that high Acsbg1 
expression is significantly associated with worse tumor grade. Among overweight and obese 
individuals, Acsbg1 expression is associated with an aggressive, triple-negative, basal tumor 
subtype (Toro et al. 2016). These data suggest a novel role for Acsbg1 in the pathogenesis of 
obesity-accelerated breast cancer and may represent a potential route for therapeutic intervention. 
Furthermore, these studies provide the basis for future work investigating the role of Acsbg1 in 
other obesity-induced cancer types. 
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CHAPTER 2 Characterizing E0771 tumors in an orthotopic model of obesity-accelerated 
breast cancer  

 
2.1 Introduction  

 
Obesity is linked to worse breast cancer outcomes, and our objective was to better 

understand the molecular links between these two diseases, with the ultimate goal of discovering 
insights into this and other obesity-related cancers. Obesity is associated with many systemic and 
local adipose changes that cannot be adequately recapitulated in vitro, so developing a robust in 
vivo model of obesity-driven breast cancer was essential to addressing our goals. We used the 
C57BL6/J (B6) immunocompetent mouse strain, which is susceptible to diet-induced obesity, its 
comorbidities, and is commonly used in the fields of metabolism and adipose biology. We used 
the B6 syngeneic, functionally triple negative E0771 murine breast cancer cell line, which 
rapidly produces tumors in vivo when orthotopically implanted into a mammary adipose depot 
(Johnstone et al. 2015). E0771 cells are derived from a spontaneous murine mammary tumor and 
harbor homozygous mutations in Kras and Trp53 (Y. Yang et al. 2017). Importantly, we selected 
an orthotopic approach rather than a genetic mouse model so that we could use tools such as 
lentiviral transduction to efficiently modulate gene expression in the cancer cells. This chapter 
will describe our efforts to characterize the morphological and histological differences between 
tumors isolated from lean or obese animals. 
 
2.2 E0771 tumors grow larger in obese animals than lean  

 
The first step in this project was to comprehensively characterize E0771 tumors that 

develop in lean or obese animals, a model which was previously described by a former graduate 
student in our group (Ackerman 2020). At 6 weeks of age, female B6 animals were randomized 
to 60% high-fat diet (HFD) or standard chow. After 12 weeks, animals on a HFD gained 
significantly more body weight than mice fed standard chow, which was attributed to a 
significant increase in fat mass (Figure 2.2.1 A and B). We implanted 50,000 E0771 cells, 
suspended in 1:1 serum-free RPMI medium and growth factor reduced Matrigel using a 27-
gauge insulin syringe. After seven days, mice in both lean and obese groups had small, but 
palpable tumors. By day 14, both groups of mice had measurable tumors, but there was no 
difference in tumor volume between the groups. By day 17, we observed that the obese tumors 
were significantly larger than the lean tumors, and by day 21, the obese tumors had reached 
humane endpoint of 2 cm in the largest diameter (Figure 2.2.1 C-E) (Ackerman 2020). 
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Figure 2.2.1 The E0771 orthotopic model of obesity-accelerated breast cancer.  

A. Body weights of B6 animals fed a high fat diet or chow control (n=11 per group) B. Fat and 
lean mass of animals at endpoint (n=7-8 per group). C. Longitudinal tumor volume in lean or 
obese mice (n=11 per group). D. Representative images of lean tumors isolated at day 21. E. 
Representative images of obese tumors at day 21. Data represent mean +/- standard error of the 
mean (SEM). *** p<0.001, **** p<0.0001.  For panel C, group, time, and group by time p-
values are denoted and *** p<0.001 by post-hoc analysis at the final time point. 

Once we established that the E0771 tumors had accelerated growth in the obese animals 
compared to lean, we dissociated the tumors from each group and counted the number of live 
cells from each tumor by trypan blue exclusion. Not surprisingly, obese tumors were comprised 
of significantly more cells than lean tumors (Figure 2.2.2).  
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Figure 2.2.2 Average number of cells per tumor.  

n=5 tumors per group. Data represent mean +/- standard error of the mean (SEM). *p<0.05 
 

The next step was to determine if this difference in cell number was due primarily to 
increased cell proliferation or to decreased cell death in the obese group compared to lean. We 
used three slide-based methods to quantify proliferation: Ki-67 expression by 
immunohistochemistry (IHC), phospho-histone H3 (PHH3) by IHC, and 5-ethynyl-2’-
deoxyuridine (EdU) incorporation. 

Ki-67 is a commonly used marker of cell proliferation and aggressiveness in a number of 
tumor types, including breast cancer (Tőkés et al. 2019; Pathmanathan and Balleine 2013; 
Gerdes et al. 1991). Ki-67 has robust and well validated antibodies, however it is not specific for 
mitotic cells, as it marks all cells which are not in interphase (Romar, Kupper, and Divito 2016). 
When we quantified lean and obese tumors by Ki-67 IHC, we noticed that nearly all cells were 
Ki-67 positive, and we did not discern any difference in Ki-67 positivity between the groups at 
midpoint (day 14 after implantation) before the tumors separated in size, or at endpoint (day 21 
after implantation) when the tumors reached their maximum volume (Figure 2.2.3). Since Ki-67 
is not specific for mitotic cells and will also mark cells in G1, S, and G2 phases of the cell cycle, 
we reasoned that we may be able to detect more subtle differences between the tumor types with 
a more specific marker of mitosis. 
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Figure 2.2.3 Ki-67 is not significantly different between tumors isolated from lean and 
obese animals. 

n=3 tumors per group. Data represent mean +/- standard error of the mean (SEM). 

Another method of detecting proliferation is IHC for the phosphorylation of Ser10 on 
histone 3 (PHH3). PHH3 is less commonly used to grade tumors, but is a more specific marker 
for cell proliferation, as it marks cells in late G2 through prophase (J. Y. Kim et al. 2017; Hao et 
al. 2018; Fukushima et al. 2009; Hendzel et al. 1997; Chadee et al. 1999). Compared to Ki-67 
staining. fewer cells were PHH3 positive in both lean and obese tumors as a percentage of total 
cells. We counted PHH3 positive cells at midpoint as well as at endpoint. Similar to Ki-67, when 
we compared the number of PHH3 positive cells in obese tumors compared to lean, we did not 
detect a significant difference in PHH3 positive cells (Figure 2.2.4 A, B, and C).  
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Figure 2.2.4 Phosphohistone H3 (PHH3) is not significantly different between tumors 
isolated from lean and obese animals.  

A. Representative images of PHH3 staining of tumors isolated from lean or obese animals. Scale 
bars represent 100uM. B. Quantification of PHH3 positive cells in lean or obese animals at 
midpoint. C. Quantification of PHH3 positive cells in lean or obese animals at endpoint. n= 4-5 
tumors per group. Data are presented as mean +/- standard error of the mean (SEM). 
 

The third method we used to quantify proliferation is EdU incorporation. EdU 
incorporation is a specific method for detecting cells which are actively undergoing DNA 
synthesis. EdU is a thymidine analog with an alkyne group substituted in place of a terminal 
methyl group. We administered 25 mg/ kg EdU to tumor bearing animals as a pulse two hours 
before sacrifice. During the chase period, dividing cells incorporate EdU into newly synthesized 
DNA. EdU-labeled DNA can then be detected on tumor sections by performing a copper 
catalyzed click chemistry reaction which results in a covalent bond with a fluorescently 
conjugated azide dye (Salic and Mitchison 2008; Cavanagh et al. 2011). Finally, we imaged 
labeled DNA with a fluorescence microscope and quantified the positive cells with ImageJ. We 
found that obese tumors had significantly more EdU positive cells compared to lean, 
demonstrating more cell proliferation in obese tumors (Figure 2.2.5). 
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Figure 2.2.5 Obese tumors are more proliferative than lean tumors by EdU incorporation.  

A.  Representative images of EdU (red) and DAPI (blue) staining in tumors isolated form lean or 
obese animals. B. Quantification of EdU as a percentage of DAPI nuclei per 20x field (n=3 
tumors per group). Data represent mean +/- standard error of the mean (SEM). * p<0.05. 
 

In human breast cancer, obese tumors are more hypoxic than lean, and hypoxia is 
associated with worse outcomes (Petrova et al. 2018; Al Tameemi et al. 2019; Jögi et al. 2019; 
Schwab et al. 2012; Vaupel et al. 1991). We hypothesized that the rapidly proliferating tumors in 
obese animals may be more hypoxic than the tumors in lean animals in our model of obesity-
accelerated breast cancer. We performed immunoblot assays to detect hypoxia inducible factor 1 
alpha (HIF1-a) the master regulator of the hypoxic response and a strong indicator of hypoxia 
(G. L. Wang et al. 1995; Zhong et al. 1999; Iyer et al. 1998). As expected, tumors from obese 
animals had significantly more HIF1-a protein than lean, confirming that they are more hypoxic 
(Figure 2.2.6). This is consistent with large, rapidly growing tumors and raises the possibility 
that oxygen tension and metabolic reprogramming may play an important role in the obesity-
accelerated phenotype of these tumors (Semenza et al. 1994; Schwab et al. 2012; N. S. Brown 
and Bicknell 2001; Semenza 2013). 

 
Figure 2.2.6 Immunoblot of HIF1-a from lean or obese tumors.  

HIF1a protein levels were quantified using ImageJ and normalized to b-actin (n=3 tumors per 
group). Data represent mean +/- standard error of the mean (SEM).  *p<0.05. 
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 We used cleaved caspase 3 reactivity via IHC to assess the contribution of apoptosis to 
the obesity-accelerated growth of E0771 orthotopic tumors. Caspase 3 is a protease that plays an 
essential role in the activation of the apoptosis pathway. When cleaved, it promotes a cascade of 
protease-mediated cleavage events that culminates in the activation of DNA cleavage enzymes 
and cell death (Porter and Jänicke 1999; Wolf et al. 1999; McIlwain, Berger, and Mak 2015). We 
used IHC to image and count the number of cleaved-caspase 3 positive cells in tumors from lean 
and obese animals and found no difference between the groups (Figure 2.2.7). This suggests that 
the suppression of apoptosis may not play an important role in driving obesity-accelerated 
growth in this tumor type.  

 
 

 
Figure 2.2.7 Obese tumors are not less apoptotic than lean tumors.  

A. Representative images of cleaved caspase-3 staining in lean or obese tumors at endpoint. B. 
Cleaved caspase 3 quantification at midpoint (n=4 or 5 tumors per group). C. Cleaved caspase 3 
quantification at endpoint (n=4 or 5 tumors per group). Data are presented as mean +/- standard 
error of the mean (SEM). 
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2.3 Obese tumors contain more lipid droplets than lean tumors. 
 

Upon hematoxylin and eosin (H&E) staining, the most obvious histological difference 
between tumors isolated from lean or obese animals is the number and size of large, empty, 
circular vacuoles distributed throughout the parenchyma of the tumors (Figure 2.3.1 A-B). To 
investigate whether these structures are intact adipocytes, we utilized the adipocyte-specific 
Rosa26fsTRAP (Adipo-TRAP) mice. In the Adipo-TRAP genetic model, mice express GFP under 
the control of the adiponectin promoter, specifically labeling adipocyte ribosomes. Therefore, 
any adipocytes located within the parenchyma of the tumor would stain positive by anti-GFP 
IHC. We were able to detect GFP+ ribosomes in the adipose tissue, demonstrating that the 
technique was effective (Figure 2.3.2 A, arrows). However, we could not detect any GFP in the 
tumor (Figure 2.3.2 B). These findings suggest that these circular structures may not be intact 
adipocytes.  
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Figure 2.3.1 Obese tumors have more intratumoral lipid areas than lean.  

A. Representative H&E staining of lean or obese tumors at 2.5 or 20 x magnification. Scale bars 
are as noted in the figure. B. Quantification of the average diameter of lipid droplets (n=3 or 5 
tumors per group). Data are presented as mean +/- standard error of the mean (SEM). 
***p<0.001 
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Figure 2.3.2 anti-GFP immunohistochemistry on adipose and tumors isolated from Adipo-
TRAP animals. 

A. Anti-GFP IHC on adipose from Adipo-TRAP animals. Arrows indicate GFP positive staining. 
B. Anti-GFP IHC on an E0771 tumor isolated from an Adipo-TRAP animal. Scale bars represent 
100uM. 
 

Next, we used IHC to detect perilipin-1, a protein that specifically surrounds lipids 
droplets, and found that these circular structures are perilipin positive (Figure 2.3.3). We 
hypothesize that these structures are remnants of adipocyte lipid droplets from the surrounding 
mammary adipose depot that were subsumed as the tumor invaded the surrounding structures. 
 
 

 
 
Figure 2.3.3 Perilipin IHC on tumors from lean or obese animals.  

Scale bars represent 100uM. 
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We cryosectioned a representative tumor and performed oil-red-o staining to determine if 
these perilipin positive structures contain neutral lipids, like triacylglycerides. While these lipid 
droplets themselves do not contain lipids, the cancer cells which immediately surround them are 
lipid laden (Figure 2.3.4 B). Interestingly, the lipid content of the cells surrounding these 
vacuoles appears to decrease with increasing distance from the lipid droplets (Figure 2.3.4 B). 
Furthermore, cancer cells located in regions of the tumor without these droplets do not stain 
positive with oil-red-o (Figure 2.3.4 A). Others have shown that breast cancer cells are able to 
induce lipolysis in adjacent adipocytes to mobilize and take up adipose-derived lipids in vitro 
(Dirat et al. 2011; Nieman et al. 2011). This histological finding suggests that the lipids that were 
located within these perilipin positive structures may have been mobilized to the surrounding 
cancer cells, where they have been stored for future use. While technical limitations hindered our 
ability to cryosection the friable and necrotic obese tumors, the fact that there are more of these 
droplets in the obese tumors suggests that cancer cells in obese tumors may have increased 
access to lipids, and we hypothesize that they use these lipids as a source of fuel in times of 
metabolic stress. This hypothesis is further supported by findings in Chapter 4 which suggest that 
lipid metabolism plays an essential role in potentiating obesity-driven tumor progression in this 
model. 
 
 

 
Figure 2.3.4 Oil-Red-O staining on a representative cryosection tumor.  

A. A representative image of a region without lipid droplets. B. A representative image of a 
region with lipid droplets. Scale bars represent 100uM. 
 
2.4 Summary 
 
 We utilized a model of obesity-accelerated triple negative breast cancer in female diet-
induced obese mice. In this model, orthotopic E0771 tumors grow to be significantly larger in 
obese animals compared to lean. Obese tumors contain more cells than lean tumors, and this is 
due to increased proliferation, as quantified by EdU incorporation. There is no difference in 
cleaved caspase 3, a marker of apoptosis, leaving the enhanced proliferation of cancer cells in 
obese animals unopposed and producing rapidly growing tumors. In addition to enhanced 
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proliferation, obese tumors are more hypoxic than lean, and they contain lipid droplets, likely 
originating from the surrounding adipose. Interestingly, the cancer cells which surround the 
perilipin positive lipid droplets are lipid laden by oil-red-o staining, suggesting a possible role of 
lipid metabolism in potentiating obesity related tumor progression. The following chapters will 
describe our work to identify novel mechanisms which underlie obesity-related tumor growth. 
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CHAPTER 3 Transcriptomic analysis of bulk E0771 orthotopic tumors from lean or obese 
animals 

 
3.1 Introduction 
 
 Breast cancer and obesity have been epidemiologically linked, yet the mechanisms 
underlying this connection, particularly in the aggressive triple-negative setting, are not 
completely understood. Our group has employed a murine model of diet-induced obesity-
accelerated triple negative breast cancer (Chapter 2). Briefly, in this model, 6-week-old, wild-
type B6 female animals are randomized to HFD or normal chow diet. After 9 weeks on HFD, 
female B6 mice have significantly higher body weight than lean control, which is attributed to 
the accumulation of fat mass. At 15 weeks of age, E0771 murine mammary cancer cells are 
implanted into the 4th mammary fat pad. The resulting tumors are significantly larger by volume 
and weight in obese animals compared to lean, which can be attributed to increased cancer cell 
proliferation in obesity. Previous studies from our group which used this model were focused on 
understanding obesity specific changes to the adipose tissue in the tumor microenvironment that 
promote tumor growth (Ackerman 2020). The focus of this thesis is to utilize this model of 
obesity-accelerated TNBC to better understand the behavior of cancer cells in obesity that may 
potentiate accelerated tumor progression. 
  
3.2 Transcriptomic analysis of bulk tumors in obesity-accelerated breast cancer  
 

We performed RNA sequencing of E0771 tumors isolated from lean or obese animals to 
assess differences in gene expression between tumors located in these different environments. 
Our aim was to identify early differences in gene expression that were likely to drive and sustain 
accelerated tumor growth in obesity; thus, we chose to study tumors both before and after the 
experimental groups had significantly diverged in tumor volume. We defined midpoint as day 14 
after orthotopic implantation, a time point when the tumors were palpable in both lean and obese 
animals, but the groups had not yet significantly diverged in volume. Endpoint, or day 21 after 
implantation, was when the tumors in the obese group had reached humane endpoint and had 
significantly diverged in volume from the tumors in lean mice. We isolated bulk tumors, purified 
RNA, and performed ribosomal-RNA depleted, paired-end RNA sequencing (n=4 or 5 per 
group) (Figure 3.2.1). 
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Figure 3.2.1 Schematic representation of the RNA sequencing experimental plan. 

E0771 cancer cells were implanted into lean or obese animals, and the tumors were monitored 
over time with calipers. At midpoint or endpoint, we dissected tumors and performed RNA 
sequencing. 
 

This analysis achieved a sequencing read depth of 42-50 million reads per sample, 74 to 
90 percent of which mapped to the reference mouse genome.  First, we used principal component 
analysis (PCA) to assess the similarity among samples in the experiment. In this type of analysis, 
the greatest sources of variation are collapsed into two principal components, and the separation 
of the samples along these two axes represents the overall similarity among the samples. In this 
experiment, the samples that comprise any one group were scattered across the plot, and the 
groups overlapped. This suggests that there is a high degree of heterogeneity within the 
experimental groups (Figure 3.2.2). 
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Figure 3.2.2 Principal component analysis of RNA sequencing analyzing tumors from lean 
or obese animals at midpoint or endpoint. 

 
We utilized Gene Set Enrichment Analysis (GSEA) to identify differentially regulated 

pathways in this dataset. When lean midpoint tumors were set as the reference level, 11 of the 12 
most differentially regulated terms among any of the other groups were related to immune cell 
function and inflammation, with the most significant terms related to leukocyte chemotaxis and 
migration (Fig 3.2.3 A). Many of the genes that were specifically dysregulated within these 
terms were cytokines and chemokines known to be expressed by immune cells, for example Il-1 
and Ccl3. Other differentially regulated genes in this dataset are known to modulate the immune 
response, such as Cxcl1 and Il-23 (Fig 3.2.3 B,C).  
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Figure 3.2.3 Gene set enrichment analysis of bulk RNA sequencing of tumors from lean or 
obese animals. 

A. GSEA depicting the 12 most highly regulated pathways compared to chow, midpoint tumors. 
B. Heatmap depicting the terms in myeloid leukocyte migration. C. Heatmap depicting the terms 
in leukocyte chemotaxis. 
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3.3 Using bioinformatics to probe the immune cell profile of tumors isolated from lean 
and obese tumors 

 
The GSEA data suggest that shifts in tumor infiltrating immune cell populations or 

phenotypes may contribute to many of the differences in gene expression we observe between 
tumors isolated from lean or obese animals. We performed flow cytometry at tumor endpoint to 
establish whether immune cells were present at comparable levels in the bulk tumors isolated 
from lean or obese animals in E0771 orthotopic tumors. We confirmed that more than eighty-
five percent of the live cells isolated from this model were CD45 positive, and therefore likely 
hematopoietic in origin (Figure 3.3.1). Since these tumors were cellularly heterogeneous, and our 
approach involved RNA sequencing of the entire, homogenized tumor, we could not confidently 
determine whether the transcripts that were differentially expressed among the groups originated 
in cancer cells, infiltrating immune cells, or a different cell type.  
 

 
 

Figure 3.3.1 Flow cytometric data depicting the percent CD45 cells of live cells in 
homogenized tumors. 

A. Representative plot of cells isolated from a lean tumor. B. Representative plot of cells isolated 
from an obese tumor. 
 

We utilized Cibersort (Newman et al. 2019), a publicly available analytical tool from 
Stanford University, to infer whether infiltrating immune cell populations or phenotypes may be 
altered in tumors isolated from obese compared to lean animals. Cibersort estimates the relative 
contribution of different immune types to a bulk population by comparing a user’s RNA 
sequencing data to known transcriptional profiles mined from published studies (Fig 3.3.2 A). 
When we used Cibersort to analyze the gene expression data generated from this RNA 
sequencing study, the program estimated that the most highly represented population of immune 
cells in E0771 tumors from lean or obese animals was monocytes, followed by CD4 positive T 
cells (Fig 3.3.2 B). This is consistent with preliminary flow cytometry data performed by 
previous members of our laboratory. The Cibersort analysis, however, did not identify significant 
differences in these highly represented immune compartments between tumors isolated from lean 
or obese animals. 

Overall, mast cell related gene expression was less abundant than monocyte and CD4 
positive T-cell related gene expression; however, there was a phenotypic switch in mast cell 
related gene expression between lean and obese animals at both midpoint and endpoint. Tumors 
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from lean animals had gene expression patterns more consistent with inactive, resting mast cells 
whereas tumors from obese animals had a phenotype more consistent with activated mast cells 
(Fig 3.3.2 B). This finding was particularly interesting to us because mast cell infiltration has 
been shown to promote angiogenesis in breast cancer and is associated with worse outcomes in 
human solid tumors (Hu, Wang, and Cheng 2018; Cimpean et al. 2017). Furthermore, mast cell 
infiltration has been shown to promote tumor progression in the MMTV-PyMT mouse model of 
spontaneous murine breast cancer (Majorini et al. 2020).  
 

 
 
Figure 3.3.2 Cibersort analysis from tumors isolated from lean or obese tumors. 

A. Schematic depicting the Cibersort workflow (Newman et al. 2019). B. The relative abundance 
of transcriptional signatures of different immune populations generated from RNA sequencing 
comparing lean and obese tumors (n=4 or 5 tumors per group). Data are presented as mean +/- 
standard error of the mean (SEM). 
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This analysis of immune cell gene expression signatures suggests a phenotypic switch in 

tumor-associated mast cells in obesity. Though compelling, this finding was generated based on 
inferences made from heterogeneous transcriptional data. To validate these correlative findings 
in our tumor model, we stained formalin fixed tumor sections with toluidine blue dye to highlight 
mast cells located within the parenchyma of tumors isolated from lean or obese animals at 
endpoint. Toluidine blue is a commonly used metachromatic dye specific for histidine and 
heparin located in mast cell granules (Sridharan and Shankar 2012). Importantly, it allows for the 
distinction between resting mast cells and active, degranulated mast cells by careful observation 
of the appearance and distribution of granules at high magnification (40X). Resting mast cells 
have a deep purple appearance, and the granules are confined to a clearly defined cell (Fig 3.3.3 
A, red arrows). Active, degranulated mast cells have a light purple appearance with sparse 
granules dispersed both within the mast cell and in the surrounding interstitial space (Fig 3.3.3 A, 
yellow arrow). Importantly, histological analysis with toluidine blue revealed that mast cells are 
rare, but present within E0771 orthotopic tumors isolated from lean or obese animals. We 
quantified mast cells in a blinded manner, and there were no significant differences in the 
number of mast cells present in tumors from lean or obese animals (Fig 3.3.3 B). Furthermore, 
there were no significant differences in the activation state of mast cells located within tumors 
from lean or obese animals (Fig 3.3.3 C).  
 

 
 
Figure 3.3.3 Histological analysis of intratumoral mast cells in lean or obese tumors. 

A. Toluidine blue staining of a representative tumor section (40X). The red arrows indicate 
resting mast cells. The yellow arrow indicates an active, degranulated mast cell. B. 
Quantification of mast cell activation in lean or obese animals (n=4 tumors per group). C. 
Quantification of activated or resting mast cells as a proportion of total mast cells. Data are 
presented as mean +/- standard error of the mean (SEM). 
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3.4 Analyzing differentially expressed transcripts in bulk tumors isolated from lean or 
obese tumors  

 
Next, we performed analyses to broadly compare differences in gene expression between 

lean and obese tumors at midpoint. We utilized volcano plots to identify genes that exhibited 
significant differences in expression with the highest magnitude of change. In this analysis, we 
identified granzymes D, E, F, and G as highly upregulated in tumors from obese animals. 
Granzymes are proteases that are classically located in the granules of immune cells, so this 
finding is consistent with our earlier observations that immune cell related gene expression may 
contribute meaningfully to this dataset (Figure 3.4.1 A). We also utilized smear plots to identify 
genes that are both highly expressed and highly dysregulated. In this analysis, ornithine 
decarboxylase 1(Odc1), the rate limiting step in polyamine synthesis, was among the highest 
expressed, significantly upregulated genes in tumors isolated from obese animals (Figure 3.4.1 
B). Importantly, previous studies from our group have identified Odc1 as a gene that is 
significantly upregulated in the adipocytes located in the breast tumor microenvironment in 
obese animals. 
 

 
Figure 3.4.1 Analysis of specific transcripts identified in bulk tumors isolated from obese 
compared to lean animals at midpoint. 

A. Volcano plot describing the relationship between statistical significance and fold change. B. 
Smear plot describing the relationship between fold change and overall expression. Statistically 
significant differences (adjusted p<0.05) are highlighted in green.  
 

Next, we performed pairwise analyses to compare differentially regulated transcripts 
between tumors isolated from tumors from lean or obese animals at midpoint or at endpoint. We 
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chose to prioritize genes which had a base mean above 100 since we reasoned that the most 
important genes for driving accelerated tumor growth would be highly expressed. We also 
identified genes which had a fold change above 2 or below 0.5 in obese tumors compared to lean 
tumors as well as an adjusted p value less than 0.05. The top 50 genes that met these criteria are 
listed in Tables 3.4.1 and 3.4.2. Furthermore, we reasoned that the transcriptional program 
driving these changes would be sustained throughout the experiment, so we prioritized 
differences that were consistent between midpoint and endpoint (Table 3.4.3).  Finally, we 
performed an independent orthotopic experiment to validate our RNA sequencing candidates via 
qPCR. Of the candidates which were commonly regulated at both midpoint and endpoint in the 
RNA sequencing experiment, only two validated in the second, independent cohort: Bone 
morphogenetic protein 7 (Bmp7) and Cysteine dioxygenase type 1 (Cdo1) (Highlighted in red in 
Table 3.4.3) (Figure 3.4.2). 
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Table 3.4.1 Significantly regulated genes between lean and obese tumors at midpoint. 

 
Genes are ranked by ascending adjusted p.value. 
 

Gene Base 
Mean 

Fold  
Change 

padj 

Gzmd 152.92 38.45 5.46E-16 
Gzmg 109.20 242.96 1.09E-10 
Gzmf 255.61 65.59 1.74E-10 
Ccdc18 548.86 0.33 1.09E-06 
Gpr84 110.74 4.58 6.00E-06 
Fpr1 475.00 2.90 1.76E-05 
Zfp960 234.41 0.34 2.17E-05 
Apoc2 104.20 4.13 2.64E-05 
Zfp97 355.55 0.29 2.65E-05 
Arhgap5 7877.00 0.34 4.19E-05 
Zfp930 1132.24 0.34 4.26E-05 
Col23a1 153.68 6.74 4.67E-05 
Zfp994 1010.94 0.32 5.23E-05 
Zfp976 399.94 0.32 5.88E-05 
Mmp9 1200.81 3.09 6.17E-05 
Cep290 945.35 0.33 7.83E-05 
Lpcat2 692.11 2.83 1.06E-04 
Zfp820 283.28 0.30 1.74E-04 
Spint1 363.70 3.09 3.12E-04 
Dio2 153.21 0.35 4.83E-04 
Tnn 195.19 7.86 5.53E-04 
Cd300e 214.37 3.41 6.55E-04 
Cd14 1741.81 3.09 6.85E-04 
Cyp2e1 153.08 0.04 8.26E-04 
n-R5-8s1 100.03 19.63 9.04E-04 
Ppbp 536.10 8.66 1.53E-03 
Il1a 249.45 5.29 1.92E-03 
Tmem26 336.31 3.40 2.66E-03 
Mcemp1 410.33 3.12 2.76E-03 
Spo11 102.65 0.30 4.15E-03 
Cfd 1479.84 0.15 5.08E-03 
Dkk3 103.57 3.29 7.15E-03 
Grem1 149.39 3.67 8.01E-03 
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Mmp13 3889.89 3.05 8.03E-03 
Col12a1 7503.97 2.97 8.27E-03 
Kif26b 144.98 6.21 8.41E-03 
Trem1 609.02 4.95 8.90E-03 
Bmp7 266.99 0.19 1.02E-02 
Slpi 769.67 3.25 1.10E-02 
Clec4d 2029.75 2.83 1.17E-02 
Mmp12 6291.74 3.21 1.24E-02 
Acod1 1718.63 3.24 1.35E-02 
Pck1 305.60 0.13 1.35E-02 
Mmp8 363.57 4.34 1.55E-02 
Igkc 204.03 0.16 1.86E-02 
Ifitm1 760.98 3.30 2.03E-02 
Asprv1 115.85 5.87 3.00E-02 
Tmem56 104.11 0.35 3.32E-02 
Stfa2l1 181.70 10.11 3.37E-02 
Cdo1 146.33 0.33 3.41E-02 
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Table 3.4.2 Top 50 significantly regulated genes between lean and obese tumors at 
endpoint. 

 
Genes are ranked by ascending adjusted p.value. 
 

Gene   Base 
Mean 

Fold  
Change 

p.adj 

Hbb-bs 6627.84 13.29 7.34E-10 
Hbb-bs 6627.84 13.29 7.34E-10 
Hba-a2 473.54 7.12 2.10E-08 
Gzmd 152.92 9.72 3.53E-08 
Hbb-bt 715.66 11.30 1.21E-07 
Slc40a1 1406.54 4.41 1.80E-07 
Clec4n 5464.27 3.40 7.84E-07 
Mcub 891.67 3.18 8.40E-07 
Irf4 243.62 0.31 8.68E-07 
Rps10 4862.56 2.97 1.52E-06 
Rpl41 47218.36 3.06 1.54E-06 
Rps10-ps1 6152.44 3.23 1.58E-06 
Gzmg 109.20 17.81 2.74E-06 
Hba-a1 822.07 6.06 2.78E-06 
Cyp2e1 153.08 0.02 3.29E-06 
Phxr4 156.33 0.18 3.29E-06 
Cops9 2315.33 3.40 3.47E-06 
Rpl9-ps4 476.22 2.94 3.70E-06 
Atp5e 3178.11 3.12 5.00E-06 
Gzmc 559.83 3.05 5.65E-06 
Retnlg 216.79 19.90 6.64E-06 
Gng10 184.44 3.02 1.69E-05 
Chchd1 2126.60 2.85 2.65E-05 
Hmox1 9126.85 3.32 3.99E-05 
S100a8 4812.65 14.51 4.39E-05 
Cebpd 1052.54 2.93 4.56E-05 
Insrr 136.35 0.30 5.14E-05 
Retnla 807.79 0.06 7.09E-05 
Hist4h4 14653.73 3.56 1.36E-04 
Fam196a 102.13 0.33 1.49E-04 
Egfros 191.45 0.30 1.68E-04 
Cd14 1741.81 2.95 2.34E-04 
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Spo11 102.65 0.25 2.48E-04 
Omg 175.38 0.34 2.67E-04 
Itk 226.24 0.32 4.21E-04 
Fam196b 251.09 0.27 4.52E-04 
Krt18 144.72 0.33 5.76E-04 
Spic 327.56 3.40 8.89E-04 
Ifit1bl2 169.04 2.90 9.13E-04 
Clec4d 2029.75 3.22 9.46E-04 
Stfa2l1 181.70 18.79 1.02E-03 
Gzmf 255.61 6.79 1.19E-03 
Wfdc17 3800.89 3.46 1.29E-03 
Chil3 948.18 3.46 1.37E-03 
Col10a1 100.61 0.30 1.41E-03 
Rmrp 102833.63 3.13 1.62E-03 
Clec4e 2775.69 3.60 1.67E-03 
Fcgbp 122.03 0.09 1.73E-03 
Tmem56 104.11 0.28 1.93E-03 
S100a9 5385.56 14.71 1.93E-03 
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Table 3.4.3 Commonly regulated genes between obese and lean tumors at midpoint and 
endpoint. 

Genes from Tables 3.4.1 and 3.4.2 that validated in a second cohort are highlighted in red. 
 

Gene Direction in 
obese vs. lean 

qPCR validation in an  
independent cohort 

Gzmd up no 
Gzmg up no 
Gzmf up no 
Cd14 up no 
Cyp2e1 down no 
Ppbp up no 
Spo11 down no 
Cfd down no 
Trem1 up no 
Bmp7 down yes 
Slpi up no 
Clec4d up no 
Pck1 down no 
Mmp8 up no 
Igkc down no 
Ifitm1 up no 
Asprv1 up no 
Tmem56 down no 
Stfa2l1 up no 
Cdo1 down yes 
Cxcr2 up no 
Retnlg up no 
S100a8 up no 
Lep up no 
S100a9 up no 
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Figure 3.4.2 . qPCR of validated candidates. 

A: qPCR of candidates identified in the RNA sequencing cohort. B: qPCR of bulk tumors 
isolated from a second orthotopic experiment (n=4 or 5 tumors per group). Data are presented as 
mean +/- standard error of the mean (SEM) 
 

Bmp7 is a member of the transforming growth factor beta (Tgf-b) superfamily of 
proteins. It acts to inhibit Tgf-b1 signaling and is widely expressed by many cell types, including 
immune cells and adipocytes, which are non-malignant, but tumor associated cell types in our 
orthotopic model. Interestingly, Bmp7 signaling has described roles in inhibiting Tgf-b1 related 
epithelial to mesenchymal transition (EMT) in breast cancer cell lines, and treatment with 
ectopic Bmp7 promotes breast cancer cell viability (Ying, Sun, and He 2015; Alarmo et al. 
2009). This suggests that suppression of Bmp7 expression in obese tumors may contribute to 
increased progression in our tumor model. 

Cdo1 is involved in the first step of cysteine metabolism and is a major regulator of 
intracellular cysteine levels. In human breast cancer, Cdo1 is frequently silenced by DNA 
methylation, and restoration of Cdo1 expression in breast cancer cell lines leads to elevated 
reactive oxygen species and reduced cellular viability (Jeschke et al. 2013). Importantly, Cdo1 is 
highly expressed by adipocytes, a major non-cancer cell type present in the bulk tumor.  

Bmp7 and Cdo1 are both interesting candidates that are significantly and reproducibly 
dysregulated in obese tumors. The previously described functions of these genes in breast cancer 
suggest compelling mechanisms by which they may contribute to accelerated tumor growth in 
obesity. However, both Bmp7 and Cdo1 are expressed by multiple cell types in the 
heterogeneous tumor, and the design of these RNA sequencing and bulk tumor studies limit our 
ability to discern which cell type or types may be most important for the differences we observe 
in gene expression.  
 
3.5 Summary 
 
 We utilized a murine diet-induced model of obesity accelerated triple-negative breast 
cancer to examine the differences in gene expression between tumors in lean and obese animals. 
The goal was to identify early changes in the cancer cells that drive tumor progression. We 
began our studies with bulk transcriptomic analysis of tumors from lean and obese animals, but 
further examination revealed that these are cellularly heterogenous tumors, with a substantial 
degree of immune and adipose infiltration. With our bulk approach, the majority of genes and 
pathways that were differentially regulated with obesity were related to immune signaling, 
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suggesting that changes to the immune cell infiltration or phenotype may play an important role 
in obesity-accelerated breast cancer. Our goal is to understand the behavior of lean and obese 
cancer cells, and ultimately, these findings highlight the need to address our question with cell 
type specific techniques. The following chapters will describe the cancer cell-type specific 
approaches we used to understand how neoplastic cancer cells behave differently in the obese 
environment. 
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CHAPTER 4 Transcriptomic analysis of cancer cells isolated from orthotopic E0771 
tumors from lean or obese animals 

 
4.1 Introduction 
 

Our comparative analysis of the bulk transcriptomes of tumors from lean or obese animals 
identified compelling candidates that may be dysregulated in the setting of obesity and may drive 
obesity-related tumor growth. Furthermore, this analysis revealed potentially interesting 
relationships between non-malignant, tumor associated cell types and tumor progression in 
obesity. However, our approach involved homogenization and RNA sequencing of the bulk, 
cellularly heterogenous tumor, and as a result, we were unable to precisely identify the cell types 
responsible for the differences we observed in gene expression among the experimental groups. 
The main goal of this work is to understand the mechanisms by which breast cancer cells 
respond to the obese environment. The studies described in the previous chapter highlighted the 
need to develop novel strategies to isolate tumor cells from the heterogeneous bulk tumor prior 
to analysis. Therefore, we chose to employ a florescence-based labeling approach to address this 
need. 
 
4.2 Establishing a model of mCherry positive E0771 orthotopic tumors in vivo 
 

We engineered E0771 cancer cells to stably express mCherry fluorescent protein. After 
orthotopic implantation, the tumors produced by this method were digested and dissociated. 
Then, mCherry positive cancer cells were isolated using fluorescence activated cell sorting 
(FACS) before transcriptional analysis by qPCR or RNA sequencing (Figure 4.2.1). This method 
ensured that we specifically probed the cancer cells despite a heterogeneous microenvironment.  
 

 
 
 
Figure 4.2.1 Schematic representation of florescence-based cancer cell isolation. 

We used a lentiviral approach to transduce E0771 cells with a construct expressing 
mCherry fluorescent protein (Figure 4.2.2). After infection, we used FACS to isolate the highest 
mCherry expressing cells and cultured those in vitro to establish a stable mCherry E0771 cell 
line, which we named mE0771. We first verified that mE0771 cells were able to establish tumors 
in both lean and obese animals in vivo and that those tumors maintained obesity-accelerated 
growth similar to the parental E0771 cell line. mE0771 overall grew less large by our 
predetermined endpoint, but they did show significant acceleration in tumor volume in obesity, 
similar to the parental E0771 cell line. (Figure 4.2.3 A and Figure 4.2.3 B). After dissection, we 
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digested and dissociated the mE0771 tumors for flow cytometric analysis to establish that we 
could isolate live, mCherry positive cancer cells from the homogenized tumor (Figure 4.2.3 C). 

 
 

 
 
Figure 4.2.2 Plasmid map of lentiviral mCherry construct. 
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Figure 4.2.3 Establishing an mCherry positive E0771 orthotopic tumor model 

A. Tumor volume of parental E0771 tumors over time in lean or obese animals (n=7 or 9 tumors 
per group). B. Tumor volume of mE0771 tumors over time in lean or obese animals (n=7 or 11 
animals per group). C. Density plot depicting the mCherry positive and negative populations of 
an mE0771 orthotopic tumor. Data are presented as mean tumor volume +/- standard error of the 
mean (SEM). **** p<0.0001. 
 
4.3 Validating the efficacy of FACS to isolate cancer cells in a heterogeneous tumor 
 

Next, we aimed to confirm that the process of digesting and dissociating the tumors from 
this model was effective in depleting non-malignant, but tumor associated cell types, like 
immune cells and adipocytes. We verified that our method successfully enriched cancer cells by 
using qPCR to assess a panel of well-established immune and adipose marker genes at three 
stages: the bulk tumor, the digested single-cell suspension, and the FACS isolated mCherry 
positive or negative cell populations. 
  The first steps of tumor dissociation involve mechanical and enzymatic digestion 
followed by centrifugation to isolate the cellular fraction. Lipid-laden, mature adipocytes are less 
dense than the aqueous medium and should be separated and discarded during these steps. We 
expected that if this were the case, adipocyte-specific gene expression should be depleted during 
digestion. Consistent with this, adipocyte related gene expression was highest in bulk tumor and 
was minimal in the digested sample as well as both mCherry positive and negative sorted 
samples (Figure 4.3.1 A).  
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Immune cells are present in both the bulk tumor and the digested, single cell suspension. 
However, given that immune cells originate from the host and do not express mCherry 
fluorescent protein, they should be sorted into the mCherry negative population during FACS. 
Consistent with this, immune related genes were slightly enriched in the digested samples 
compared to bulk tumor, depleted in the mCherry positive population, and highest in the 
mCherry negative population (Figure 4.3.1 B). These results were consistent among tumors from 
lean and obese animals and confirm that tumor dissociation and digestion is effective at depleting 
non-malignant, but tumor associated cell types from bulk tumor samples. 
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Figure 4.3.1 Assessing the efficacy of tumor dissociation and cell sorting. 

A. Bar plot depicting relative mRNA expression of adipose markers by qPCR (n=5 tumors per 
group). B. Bar plot depicting relative mRNA expression of immune markers by qPCR (n=5 
tumors per group). Data are presented as mean +/- standard error of the mean (SEM). 
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4.4 Transcriptomic analysis of mCherry positive cells isolated from lean or obese tumors 
 

Once we established that our technique was effective at isolating mCherry positive cancer 
cells from the bulk tumor and depleting other cell types, we performed RNA sequencing to 
compare the gene expression of mCherry positive cells isolated from lean or obese tumors. 
Similar to the RNA sequencing strategy described in Chapter 3, our aim was to identify early 
gene expression changes that may accelerate tumor growth; therefore, we chose to isolate cells 
from tumors at midpoint (day 14 after implantation) and endpoint (day 21 after implantation). 

Principal component analysis (PCA) was used to examine gene expression data among all 
of the samples. PCA uses an orthogonal transformation of gene expression data to collapse the 
major sources of variation into two principal components, which are graphed along two axes. 
This analysis can be used to visually represent the overall similarity in gene expression among 
samples within and between experimental groups. The midpoint and endpoint samples, 
regardless of obesity, appear to separate along PC1 in this type of analysis. When considering 
pairwise analyses of the effect of obesity within each timepoint, we noticed an interesting trend: 
despite the drastic differences in tumor volumes between obese and lean tumors at endpoint, 
these groups overlap in the PCA plot. This suggests that there are few differences in the overall 
gene expression patterns of the cancer cells isolated at this timepoint (Figure 4.4.1). At midpoint, 
there was some overlap between the lean and obese groups, but the separation of the groups 
represents more overall differences in this pairwise analysis than at endpoint. This data suggests 
that the differences in tumor volume at endpoint may be directed by earlier differences in the 
gene expression between tumors in lean or obese animals. Consequently, we decided to focus our 
attention on the differences between the lean and obese groups at midpoint.  
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Figure 4.4.1 Principal component analysis from RNA sequencing of mCherry positive 
cancer cells isolated from tumors from lean or obese animals. 

We performed gene set enrichment analysis to identify pathways that were modulated in 
cancer cells by obesity at midpoint. Interestingly, many of the terms that were overrepresented in 
the cancer cells from obese tumors compared to lean were related to inflammation and immunity 
(Figure 4.4.2 A). This, taken with our bulk tumor RNA sequencing analysis (Chapter 3), 
suggests that cancer cells may differentially interact with components of the immune system in 
obesity. Another significantly up-regulated term in the gene set enrichment analysis was 
response to lipid (Figure 4.4.2 A, starred). When we plotted all of the genes listed in this term on 
a heatmap, there appears to be clustering in gene expression between lean and obese cancer cells 
at midpoint. This analysis suggests that obesity may affect the expression of genes related to 
lipid response at an early timepoint (Figure 4.4.2 B). Other groups have demonstrated that 
circulating and local lipids can meaningfully contribute to tumor progression in breast cancer as 
well as other cancer models (Balaban et al. 2017; Zhang et al. 2018; Gallagher et al. 2017; 
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Alikhani et al. 2013). However, this relationship has not yet been therapeutically targeted and 
remains an interesting mechanistic link between obesity and cancer progression.  

 
 

 
 
Figure 4.4.2 Gene Set Enrichment Analysis (GSEA) comparing obese and lean cancer cells 
at midpoint 

A. The top 18 terms most upregulated in obese cancer cells compared to lean at midpoint. B. 
Heatmap depicting the gene expression dispersion of terms related to lipid response.  
 

When we examined the most highly regulated genes in cancer cells isolated from obese 
animals compared to lean, we prioritized genes that had a base mean read count above 100, a 
fold change greater than 20% in either direction, and an adjusted p value below 0.05. More than 
1000 genes met these criteria. We then ranked these candidate genes by fold change and focused 
on the top fifty upregulated and top fifty downregulated candidate genes (Tables 4.4.1. and 
4.4.2).  

The most highly upregulated, non-histone, protein-coding gene in this data set was acyl-
CoA synthetase bubblegum family member 1 (Acsbg1). Importantly, neither Cdo1 nor Bmp7, 
which were identified as candidates in our bulk studies, were among the top regulated genes in 
this cancer-cell specific analysis. This suggests that Cdo1 and Bmp7 may be differentially 
regulated by obesity in cell types other than cancer cells. 
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Table 4.4.1 Top 50 upregulated genes expressed by obese cancer cells compared to lean 
cancer cells isolated at midpoint. 

 
Genes are ranked by descending fold change. 
 

Gene Base  
Mean 

Fold  
Change 

padj 

Hist1h2ak 6528.13 3.00 6.36E-03 
Rpph1 396917.45 2.96 7.47E-03 
Hist1h4n 1697.70 2.95 2.92E-02 
Hist2h2ac 1339.30 2.86 5.41E-03 
Hist4h4 2030.15 2.83 3.89E-03 
Acsbg1 497.76 2.83 2.97E-03 
Hist1h2ab 722.45 2.78 8.77E-03 
Hist1h3c 2864.28 2.76 6.99E-03 
Hist1h4h 3688.95 2.74 9.40E-03 
Ncor2 3383.36 2.71 9.78E-03 
Rmrp 3213.46 2.70 3.78E-03 
Hist1h2an 462.17 2.70 1.51E-02 
Hist1h4a 3078.75 2.66 6.83E-03 
Hist1h4b 413.11 2.65 1.19E-02 
Rny1 134.27 2.64 3.00E-02 
Atn1 3146.95 2.61 1.13E-02 
Hist2h4 5456.01 2.59 2.30E-03 
Hist1h4k 1344.08 2.55 1.87E-02 
Hist1h2bl 996.75 2.53 5.48E-03 
Cacng7 163.80 2.51 1.70E-02 
Hist1h3a 1547.27 2.51 7.37E-03 
Hist1h2ac 782.38 2.50 1.23E-02 
Hist1h4j 628.55 2.43 2.41E-02 
Ier5l 998.44 2.43 7.57E-03 
Bicra 383.95 2.42 2.61E-02 
Hist1h2bp 164.99 2.37 3.55E-03 
Hist1h4c 4257.78 2.36 1.44E-02 
Hist1h4d 24375.32 2.36 8.77E-03 
Hist3h2bb-ps 226.52 2.35 8.62E-03 
Hist1h3e 4043.00 2.32 1.39E-02 
Rps2-ps10 203.29 2.32 6.57E-03 
Eva1b 976.01 2.32 7.72E-03 
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Ppp1r13l 181.85 2.30 4.14E-03 
Hist1h2ai 1552.73 2.30 7.79E-03 
Hist1h4f 4018.57 2.25 1.19E-02 
Gm22270 156.54 2.24 9.82E-03 
Ccdc85b 437.28 2.24 6.57E-03 
Reep6 1576.66 2.21 6.03E-03 
Apc2 1528.53 2.21 3.74E-03 
Prr7 115.29 2.18 4.40E-02 
Zfp628 477.42 2.18 1.36E-02 
Klf16 1697.66 2.17 4.70E-03 
Myl9 358.97 2.17 5.40E-03 
Galk1 4805.61 2.16 4.71E-03 
Ankrd13b 1847.69 2.16 2.24E-03 
Pcx 705.40 2.15 5.76E-03 
Rnf26 895.40 2.14 4.17E-03 
Prr12 1425.24 2.14 1.48E-02 
Hist1h3b 3903.55 2.14 1.37E-02 
Hspg2 30033.24 2.13 2.74E-02 
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Table 4.4.2 50 most downregulated genes expressed by obese cancer cells compared to lean 
at midpoint 

 
Genes are ranked by ascending fold change. 
 

Gene Base  
Mean 

Fold 
Change 

padj 

Mmp12 675.65 0.15 3.54E-03 
Cd53 554.58 0.16 1.18E-04 
Clec4a2 135.08 0.18 1.50E-03 
Tlr13 271.54 0.19 1.50E-04 
Ifit1bl1 216.46 0.19 5.50E-03 
Pid1 110.11 0.19 3.72E-04 
Ly86 179.78 0.20 5.32E-04 
Ms4a6d 816.17 0.21 7.37E-04 
6720427I07Rik 1033.65 0.21 1.34E-03 
Msr1 350.53 0.21 1.59E-03 
Selenop 733.44 0.21 8.07E-03 
Spic 270.69 0.21 2.63E-02 
Clec12a 131.60 0.22 4.53E-03 
Cxcl9 1402.28 0.22 1.90E-02 
Cd86 112.73 0.23 1.34E-03 
Cd84 222.88 0.23 2.97E-03 
Rnf130 186.35 0.23 2.40E-03 
Ctsc 1514.70 0.24 2.40E-03 
Tgtp2 394.20 0.24 2.95E-02 
Frmd4b 268.33 0.24 1.34E-03 
Ms4a4c 802.02 0.25 2.50E-03 
Slfn1 212.05 0.25 3.16E-03 
Slamf7 363.74 0.26 8.97E-03 
Slco1a5 294.14 0.26 3.00E-03 
Rgs2 116.32 0.26 1.47E-03 
Igsf6 179.76 0.26 1.66E-02 
Ap1s2 162.10 0.26 3.07E-03 
Mospd1 112.48 0.26 2.79E-03 
Slc40a1 102.76 0.26 4.12E-02 
Tmem26 102.37 0.27 5.71E-03 
Tlr7 153.81 0.27 6.57E-03 
Cd300ld 365.64 0.27 4.03E-03 
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Gm10800 421.45 0.27 3.67E-02 
Mmp1a 192.73 0.27 4.56E-03 
Eif3s6-ps1 413.44 0.27 3.40E-03 
Cytip 151.23 0.28 2.56E-03 
Ogfrl1 160.97 0.28 3.89E-03 
Marcks 380.26 0.28 4.88E-03 
Mmp13 736.54 0.28 1.32E-02 
Ccr5 424.97 0.28 2.40E-03 
Clec4a3 285.22 0.28 5.39E-03 
Havcr2 126.05 0.28 8.28E-04 
Ptprc 335.18 0.28 4.22E-03 
Xist 366.32 0.28 3.26E-03 
Aoah 108.02 0.29 4.61E-03 
Rnf144b 124.59 0.29 1.46E-03 
Srgn 948.09 0.29 2.67E-03 
Entpd1 317.62 0.29 1.46E-03 
Ms4a6b 325.18 0.29 2.68E-03 
Casp1 2547.76 0.29 3.20E-03 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 

 48 

Acsbg1 was more than 2.8-fold upregulated in cancer cells isolated from tumors in 
obesity, with an adjusted p value <0.0001. It was also 2.3-fold upregulated at endpoint, although 
this difference did not reach statistical significance (adjusted p value = 0.10). When we examined 
our bulk RNA sequencing results (Chapter 3), Acsbg1 was significantly upregulated in obese 
tumors at both midpoint and endpoint to similar levels as the mCherry positive cells. In bulk, 
obese tumors at midpoint, Acsbg1 was 2.6-fold higher than lean with an adjusted p value of 
0.0068. At endpoint, it was 1.67-fold upregulated in obese tumors with an adjusted p value of 
0.04. This confirmed that Acsbg1 upregulation in obese cancer cells was not a result of a 
differential response to the process of tumor digestion and dissociation.  

Acsbg1 is an acyl-CoA synthetase, a class of enzymes that is essential for long-chain 
fatty acid metabolism (Tang, Tsai-Morris, and Dufau 2001; Pei et al. 2003). Acyl-CoA 
synthetase enzymes catalyze the conversion of fatty acids to fatty acyl-CoAs through a two-step, 
ATP dependent reaction. Fatty acyl-CoAs can then move into the mitochondria, where they are 
oxidized to produce acetyl coAs, which enter the TCA cycle to ultimately generate ATP. The 
number of ATP molecules generated per fatty acyl coA depends on the carbon length of the fatty 
acyl molecule. Fatty acyl coAs can also participate in anabolic processes like membrane lipid 
synthesis, to support the expansion of biomass (Figure 4.4.3) (Grevengoed, Klett, and Coleman 
2014). Both of these processes are essential for cancer cell viability and tumor progression and 
suggest interesting mechanisms by which obesity-regulated Acsbg1 may potentiate breast cancer 
growth and progression. Importantly, none of the other acyl-CoA synthetase enzymes were 
differentially regulated with obesity at midpoint or endpoint, suggesting that Acsbg1 may play a 
unique role in obese cancer cells. 
 
 

 
 
Figure 4.4.3 Schematic depicting the function of Ascbg1 and fates of Fatty Acyl Co A 
species in the cell. 
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We validated Acsbg1 upregulation in obese cancer cells in an independent cohort by 
qPCR (Figure 4.4.4 A). Furthermore, we confirmed that the expression of Acsbg1 is enhanced at 
the protein level by Western Blot of bulk tumors (Figure 4.4.4 B). Additionally, we performed 
IHC to confirm Acsbg1 expression in situ and observed expansive expression of Acsbg1 in 
tumors from obese animals and sparse expression in tumors from lean animals (Figure 4.4.4 C 
and D). We hypothesize that the upregulation of this enzyme, which plays a critical role in long 
chain fatty acid metabolism, may allow cancer cells to more effectively utilize long chain fatty 
acids for energy production and to support the expansion of biomass, thereby potentiating tumor 
progression in obesity.  

 
 

 
 
Figure 4.4.4 Confirmation of Acsbg1 expression in lean and obese tumors. 

A. qPCR measuring gene expression of Acsbg1 in mCherry positive cells isolated from lean or 
obese animals. n=6 or 7 tumors per group. B. Western blot for Acsbg1 in bulk tumors from lean 
or obese animals or a cell line which expresses transgenic Ascbg1 (OE) C. 
Immunohistochemistry for Acsbg1 in a tumor from a lean animal at 2.5x. D. 
Immunohistochemistry for Acsbg1 in tumor from an obese animal at 2.5x. Data are presented as 
mean +/- standard error of the mean (SEM). Scale bars represent 100uM. *** p<0.001. 
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4.5 Summary 
 
 In this chapter, we developed a cancer cell specific approach to analyze the differences in 
gene expression between tumors in lean or obese tumors. We created a stable E0771 cell line that 
expresses mCherry fluorescent protein and employed FACS to separate cancer cells from other 
tumor-associated cell types before transcriptomic analysis.  Our goal was to identify early 
changes that may be involved in the underlying mechanisms that drive accelerated tumor 
progression in obesity, so we collected cells at both midpoint and endpoint. Surprisingly, there 
were few transcriptional differences between cancer cells isolated from obese or lean animals at 
endpoint, and therefore, we focused on the differences at midpoint. We identified Acsbg1, which 
was significantly and reproducibly upregulated in obese cancer cells, and we hypothesize that 
increased long chain acyl-CoA synthetase activity may contribute to accelerated tumor 
progression in obesity. The following chapter will focus on our work to investigate the roles of 
Acsbg1 in potentiating breast cancer tumor progression. 
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CHAPTER 5 The role of Acsbg1 in obesity accelerated breast cancer 
 
5.1 Introduction 
  
 In chapter 4, we developed a fluorescence-based labeling approach to isolate cancer cells 
from cellularly heterogeneous tumors in a murine model of obesity-accelerated triple negative 
breast cancer. We then performed transcriptomic profiling of the purified cancer cells to identify 
transcripts which were differentially regulated in obese compared to lean animals. The goal of 
this analysis was to identify candidate genes and pathways that may drive obesity-accelerated 
breast cancer progression. We identified an acyl-CoA synthetase, Acyl-CoA synthetase 
Bubblegum Family member 1 (Acsbg1), as being robustly upregulated in obese cancer cells 
early in the disease process. 
 Acsbg1 is a long-chain acyl-CoA synthetase (Acsl), a class of enzymes essential for long 
chain fatty-acid metabolism. Acyl-CoA synthetase enzymes comprise twenty-six members which 
are differentially regulated and display distinct patterns of tissue expression, preferred substrates, 
and subcellular localization (Ellis et al. 2010). Acsls activate long chain fatty acid species by 
catalyzing a two-step, ATP dependent reaction that results in the ligation of CoA to a fatty acid 
to produce a fatty acyl-CoA (Mashek, Li, and Coleman 2007; Lopes-Marques et al. 2018; 
Steinberg et al. 2000). Long chain fatty acyl-CoA species can then go on to participate in a 
number of cellular processes. For example, fatty acyl-CoAs can enter the mitochondria through 
the carnitine shuttle, where they undergo beta-oxidation to generate acetyl CoA to fuel the TCA 
cycle. Ultimately, this leads to the generation of ATP through oxidative phosphorylation. In 
addition to energy production, fatty acyl-CoAs can be directed to anabolic processes, like the 
synthesis of phospholipids, triacylglycerols and cholesterol, as well as post-translational 
acylation and transcriptional regulation (Grevengoed, Klett, and Coleman 2014) (Figure 5.1.1).  
 

 
Figure 5.1.1 Schematic depicting the activation of long chain fatty acids by Acsbg1 and 
potential fates of fatty acyl-CoA species. 

ATP

Long Chain Fatty Acids

Fatty Acyl-Co-A
Anabolic ProcessesCata

boli
c P

roc
es

se
s

Acsbg1

Phospholipids
Triacylglycerides
Cholesterol Esters

ATP

ADP

CoA



 

 52 

 Acsbg was first described in Drosophila melanogaster, and flies with mutations in Acsbg 
have elevations in very-long chain fatty acids and display evidence of neurodegeneration 
(Steinberg et al. 2000). The mammalian homolog, Acsbg1, was identified in both human and 
mouse and is highly expressed in brain and steroidogenic tissues. Acsbg1 activates long and very 
long chain fatty acids in neuronal cells, and in vitro, Acsbg1 deletion leads to decreased fatty 
acid beta oxidation (Pei et al. 2003). Similar to drosophila mutants, whole body Acsbg1 knock-
out mice have increased levels of some long chain fatty acids in testes, ovaries, and brain, and 
mutations in Acsbg1 have been implicated in the pathogenesis of the neurodegenerative disease, 
X-linked adrenoleukodystrophy (X-ALD) (Sheng et al. 2009).  

Acsbg1 expression has been linked to human breast cancer in a study that examined the 
gene expression of breast cancers compared to normal mammary tissue in a small cohort of 84 
women (Makoukji et al. 2016). However, the mechanistic role of Acsbg1 in promoting 
tumorigenesis or cancer progression has not been studied. Interestingly, other long chain acyl-
CoA synthetase enzymes have described roles in promoting tumorigenesis in several cancer 
types, including breast cancer. Acyl-CoA Synthetase 4 (Acsl4), for example, has been associated 
with colon, prostate, breast, and liver cancers (Cao et al. 2001; Maloberti et al. 2010; Monaco et 
al. 2010; Young et al. 2007; Sung et al. 2003). High expression of Acsl4 has been shown to 
promote colon cancer progression by inhibiting apoptosis, and in hepatocellular carcinoma, 
Acsl4 overexpression led to increased cell proliferation (Young et al. 2007; Cao et al. 2001). 
Furthermore, the administration of triacsin C, a potent inhibitor of  Acsl enzymes, induces cancer 
cell death in vitro and limits tumor progression in human xenograft models of lung cancer 
(Mashima et al. 2005; Tomoda et al. 1991). These studies support a potential role of long chain 
acyl-CoA synthetase activity in promoting tumor progression. Therefore, we hypothesize that the 
obesity-specific upregulation of Acsbg1 in breast cancer cells identified in Chapter 4 may 
represent one mechanism by which breast cancer is accelerated in obesity. The work presented in 
this chapter is aimed at understanding whether Acsbg1 upregulation in obesity contributes to 
obesity-accelerated tumor progression. Furthermore, we employ metabolomic and lipidomic 
approaches to assess the cellular function of Acsbg1 in tumors from obese mice. 
 
5.2 Generating a stable mE0771 cell line overexpressing Acsbg1. 
 
 Acsbg1 was robustly upregulated in E0771 breast cancer cells isolated from obese 
compared to lean animals (Chapter 4). We hypothesize that Acsbg1 upregulation may contribute 
to enhanced tumor growth in obesity by facilitating the activation of long chain fatty acids for 
energy production and by producing phospholipids and other essential lipid-containing species to 
support the accumulation of biomass. To test whether enhanced Acsbg1 expression can 
potentiate tumor growth in obesity in vivo, we used a lentiviral approach to produce mE0771 
cells which stably overexpress Acsbg1 or LacZ control. We transduced mE0771 cells with a 
construct obtained from a commercially available lentiviral gain-of-function expression library 
(X. Yang et al. 2011). The Acsbg1 gene was cloned into the pLX304-Blasticidin V5 vector, 
resulting in V5-tagged Acsbg1 protein. We selected infected cells with blasticidin to produce a 
stable population of Acsbg1 overexpressing cells, then confirmed Acsbg1 overexpression by 
Western blot (Figure 5.2.1 A).  
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Figure 5.2.1 Western blot of E0771 cells stably expressing LacZ control or Acsbg1. 

A. Immunoblot of E0771 cells that stably overexpress Acsbg1 in vitro. B. Immunoblot of V5 or 
Acsbg1 in lean or obese tumors from a pilot experiment. OE represents cultured Acsbg1 
overexpressing mE0771 cells.  
 

We then used mE0771 LacZ or Acsbg1 overexpressing cells in a pilot orthotopic 
experiment, similar to those described in Chapter 4, in which we implanted 50,000 cells per 
animal into lean or obese female B6 mice. We confirmed that Acsbg1 protein is overexpressed 
via immunoblot of bulk, homogenized tumors at endpoint. We distinguished the endogenous 
Acsbg1 from the exogenous protein by using antibodies specific for either the V5 tag or the 
Acsbg1 protein (Figure 5.2.1 B). As we have observed in Chapter 4, obesity induces Acsbg1 
expression in control cells, and we can detect V5-tagged Acsbg1 in both lean and obese tumors 
from stable Acsbg1 cells. Importantly, there is no V5 signal in the LacZ control tumors. 

Next, we implanted control or Acsbg1 overexpressing (Acsbg1 OE) cells into a second 
cohort of lean or obese animals. Importantly, the obese animals weighed significantly more than 
lean, with no difference in weight between the animals that received control or Acsbg1 OE cells 
(Figure 5.2.2 A) Tumors were larger in obese animals compared to lean, and cells that 
overexpress Acsbg1 formed tumors that were significantly larger than the control cells in obesity 
(Figure 5.2.2 B). There was no significant difference in tumor volume between the Acsbg1 OE 
and control tumors in lean animals, indicating that the role of Acsbg1 in potentiating tumor 
growth is specific to obesity.  
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Figure 5.2.2 mE0771 progression is accelerated in obesity with Acsbg1 overexpression. 

A. Body weights of animals fed a chow or high fat diet prior to injection (n=9-12 per group). B. 
Longitudinal tumor volume of control or Acsbg1 overexpressing tumors in lean or obese 
animals, measured with external calipers (n=9-12 per group). Data are presented as mean +/- 
standard error of the mean (SEM). **** p<0.0001. For panel B, group, time, and group by time 
p-values are denoted in the figure. *p<0.05 by post-hoc analysis at the final time point. 
 
5.3 Acyl-CoA synthetase activity is required for obesity-accelerated breast cancer 
 

The data we generated with Acsbg1 gain-of-function in mE0771 cells suggest that 
overexpression of this enzyme may be sufficient to enhance obesity-accelerated tumor growth. 
We were next interested in assessing whether Acsbg1 upregulation is required for obesity-
accelerated tumor growth. We used a lentiviral approach to produce a stable mE0771 cell line 
that expresses a short hairpin targeting Acsbg1 (Acsbg1 KD). After lentiviral transduction, we 
used puromycin to select for a stable population of cells which express the Acsbg1-specific short 
hairpin. Importantly, Acsbg1 is not expressed by mE0771 cells in vitro, so we confirmed the 
efficacy of the short hairpin via qPCR of tumors produced by these cells in vivo (Figure 5.3.1 A). 

We implanted Acsbg1 KD or control cells into lean or obese animals and followed tumor 
growth longitudinally. Importantly, the obese animals were significantly heavier than the lean, 
with no differences in body weight among the obese groups (Fig. 5.3.1 B) There was no 
significant difference in tumor volume between tumors that express a scrambled control or those 
expressing a short hairpin targeting Acsbg1 in lean or obese animals (Figure 5.3.1 C). This 
suggests that Acsbg1 expression alone is not required for obesity-dependent acceleration of 
tumor growth in this model. However, Acsbg1 is a member of a large class of enzymes with 
redundant roles, so we hypothesized that one or several other Acsl enzymes might compensate 
for the loss of Acsbg1 activity in Acsbg1 deficient cells. Interestingly, the expression of Acsl1, 
Acsl 3 and Acsl 4 all trended upward when Acsbg1 was knocked down in mCherry sorted cells 
(Figure 5.3.1 D). Of note, these enzymes were not upregulated by obesity in the mE0771 cells 
that we analyzed in our RNA sequencing experiments (Chapter 4).  
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Figure 5.3.1 Acsbg1 knockdown does not attenuate obesity-driven tumor growth. 

A. Acsbg1 expression by RT-qPCR of control or Acsbg1 KD tumors (n=3 tumors per group). B. 
Body weights of B6 animals on chow or HFD. (n=8-10 animals per group).  C. Tumor volumes 
of control or Acsbg1 KD tumors in lean or obese animals (n=8-10 animals per group). D. RT-
qPCR comparing the relative expression of long chain fatty acyl coA isoforms in mCherry 
positive cells isolated from control or Acsbg1 deficient tumors in obese animals. Data shown 
here represent mean +/- standard error of the mean (SEM).  ** p<0.01, ****p<0.0001. For panel 
C, group, time, and group by time p-values are denoted in the figure.  
 

We therefore employed a pharmacologic approach to test whether Acsbg1 activity may 
be compensated for by other acyl-CoA synthetase enzymes. We repeated the previous 
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experiment, but in addition to implanting control or Acsbg1 KD cells, we also treated animals 
with vehicle or triacsin C, a potent inhibitor of acyl-CoA synthetase activity (Figure 5.3.2 A) 
(Mashima et al. 2005; Tomoda et al. 1991). We administered triacsin C three times per week to 
achieve a dose of 2 mg/kg/week beginning on day 7 after implantation, when the tumors were 
palpable but not significantly different in volume. This treatment did not cause weight loss or 
other signs of toxicity (Figure 5.3.2 B). Neither Acsbg1 knockdown nor triacsin C treatment 
alone was sufficient to attenuate obesity-driven tumor growth. However, when tumors were 
deficient in Acsbg1 and animals were also treated with triacsin C, obesity-driven tumor 
progression was significantly attenuated (Figure 5.3.2 C). This suggests that other acyl-CoA 
synthetase enzymes can compensate for Acsbg1 activity when it is inhibited. Together, these 
findings support that acyl-CoA synthetase activity, preferentially through Acsbg1 but 
compensated for by other enzyme homologues, is required for obesity-driven tumor progression. 
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Figure 5.3.2 Acsbg1 knockdown with acyl-CoA synthetase inhibition attenuates obesity-
driven tumor progression. 

A. Schematic depicting the function of triacsin C. B. Body weights of animals fed chow or HFD 
(n=3-7 per group). C. Longitudinal tumor progression in obese animals with control or Ascsbg1 
KD tumors, treated with vehicle or triacsin C (n=3-4 per group). D. Tumor progression in lean 
animals with control or Ascsbg1 KD tumors, treated with vehicle or triacsin C (n=4-7 per group). 
Data shown here represent mean +/- standard error of the mean (SEM). ** p<0.01, **** 
p<0.0001 For panels C and D, group, time, and group by time p-values are denoted in the figure. 
**p<0.01 by post-hoc analysis at the final time point 
 
5.4 Obese Acsbg1 overexpressing tumors have altered metabolism. 
 
 Our in vivo data revealed that mE0771 cells which overexpress Acsbg1 form significantly 
larger tumors in obese animals. We hypothesized that Acsbg1 overexpression may potentiate 
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tumor growth by enhancing the ability of cancer cells to charge fatty acid species to act as 
substrates for beta oxidation. This would ultimately increase flux through the citric acid cycle to 
produce ATP through oxidative phosphorylation. We therefore assessed whether Acsbg1 
overexpressing cells confer an energetic advantage in vitro. We started by using the Cell Titer 
Glo kit to determine the relative amounts of ATP produced by control or Acsbg1 OE mE0771 
cells. In this system, cellular ATP is used as a substrate for luciferase enzymatic activity. Since 
ATP is required for bioluminescence, light measured by a plate reader is directly proportional to 
the amount of ATP contained in a cellular sample. Importantly, Cell Titer Glo is often used as an 
indicator of cell number, so it was essential to first determine whether Acsbg1 OE cells confer a 
proliferation advantage over control cells under basal conditions in vitro. We plated equal 
numbers of control or Acsbg1 OE cells and counted live cells by trypan blue exclusion at 24, 48, 
and 72 hours after plating. Acsbg1 OE cells did not promote increased proliferation under basal 
cell culture conditions (Figure 5.4.1 A). Despite no difference in cell number, after 24 hours, 
Acsbg1 overexpressing cells had increased ATP content as measured by luminescence (Figure 
5.4.1 B). 

Cells can generate ATP through mitochondrial oxidative phosphorylation or glycolysis. 
To determine the pathway through which ATP is produced by Acsbg1 OE cells, we utilized plate 
based respirometry to continuously measure the oxygen consumption rate (OCR) and 
extracellular acidification rate (ECAR) of control or Acsbg1 OE cells (Nadanaciva et al. 2012; 
Mookerjee et al. 2015). Specifically, OCR measures oxygen-dependent mitochondrial 
respiration, and the mitochondrial stress test is designed to assess the components of 
mitochondrial respiration by sequentially inhibiting complexes of the electron transport chain. 
The first step of the mitochondrial stress test is oligomycin treatment, which inhibits ATP 
synthetase. The decrease in OCR observed after oligomycin treatment represents cellular ATP 
production. Carbonyl cyanide-4 phenylhydrazone (FCCP) collapses the proton gradient across 
the mitochondrial membranes, allowing uninhibited electron flow through the electron transport 
chain. This results in enhanced OCR that reflects maximum mitochondrial respiration. Finally, 
rotenone and antimycin A are co-administered to inhibit complexes I and III to completely 
inhibit the electron transport chain. Any remaining oxygen consumption after the administration 
of rotenone and antimycin A represents non-mitochondrial respiration (Agilent Technologies, 
2019).  

We performed mitochondrial stress tests on Acsbg1 control and overexpressing cells in 
vitro and found that Acsbg1 overexpressing cells had increased ATP production, basal 
respiration, and maximal respiration (Figure 5.4.1, C-F) compared to control. This indicates that 
Acsbg1 overexpression increases flux through the electron transport chain, supporting our 
hypothesis that Acsbg1 activity ultimately produces energy by promoting mitochondrial 
respiration. We also performed glycolysis stress tests, which measure changes to ECAR in 
response to treatment with compounds designed to assess glycolytic activity. First, glucose is 
administered to activate glycolysis, which leads to an increase in ECAR. Next, oligomycin is 
administered to inhibit mitochondrial ATP production, shifting all energy production to 
glycolysis and enhancing ECAR. This represents maximal glycolytic capacity. Finally, a glucose 
analog, 2-deoxyglucose (2-DG) is administered to block glycolysis by competitively inhibiting 
hexokinase. Any extracellular acidification measured after the administration of 2-DG represents 
non-glycolytic acidification (Agilent Technologies, 2017). There was no difference in glycolysis 
or glycolytic capacity between Acsbg1 OE and control cells, further supporting the notion that 
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the differences in ATP that were measured under basal conditions were dependent on 
mitochondrial respiration and independent of glycolysis (Figure 5.4.1 G). 

 
 
 

 
 
 
Figure 5.4.1 In vitro, Acabg1 overexpressing cells have increased ATP compared to control 
cells via oxidative phosphorylation, not glycolysis. 

A. Cell number per well under basal in vitro conditions. B. Luminescence measured using the 
Cell Titer Glo kit. C. Mitochondrial stress testing of control or Acsbg1 overexpressing cells 
(n=10 wells per condition) D. quantification of basal respiration from C. E. Quantification of 
maximal respiration from C. F. Quantification of ATP production from C. G. Glycolysis stress 
testing of control or Acsbg1 overexpressing cells. *p<0.05, **** p<0.0001. 
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To comprehensively explore Acsbg1-dependant regulation of breast cancer metabolism, 
we next performed targeted, polar metabolomic analysis of control or Acsbg1 overexpressing 
tumors from lean or obese animals. We homogenized bulk tumors and extracted polar 
metabolites for analysis by liquid-chromatography mass spectroscopy (LC-MS) (Garcia-
Bermudez et al. 2018). 180 unique polar metabolites were detected using this technique.  

We performed principal component analysis of the metabolites identified in this 
experiment. As expected, tumors from lean or obese animals clustered separately, indicating that 
obesity can remodel the metabolome of these tumors. Of note, Acsbg1 OE tumors clustered 
separately from the control tumors in obesity but overlapped in the lean groups. We performed 
pathway enrichment analysis of the differentially abundant metabolites using MBROLE (López-
Ibáñez, Pazos, and Chagoyen 2016). Interestingly, the pathways which were differentially 
regulated with Acsbg1 overexpression in obesity, which included purine metabolism and the 
urea cycle, were distinct from the pathways regulated by obesity alone or by Acsbg1 
overexpression in lean animals. These results, along with our previous finding that Acsbg1 
modulation has no effect on tumor volume in lean animals, strongly supports our hypothesis that 
Acsbg1 has an obesity-specific role in promoting tumor progression (Figure 5.2.2 B and Figure 
5.4.2 A-C).  
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Figure 5.4.2 Acsbg1 overexpression reprograms the cellular metabolome in an obesity-
specific manner. 

A. Principal component analysis comparing the metabolomes of control or Acsbg1 
overexpressing tumors from lean or obese animals. B. Heatmap depicting the abundance of 
metabolites in Acsbg1 overexpressing or control tumors in lean or obese animals (p<0.05). C. 
Pathway enrichment analysis of significantly dysregulated metabolites from pairwise 
comparisons as labeled using MBROLE (p-value < 0.05). 
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We examined the specific metabolites which were significantly modulated in obese 
Acsbg1 overexpressing tumors compared to control. In support of our previous in vitro findings, 
ATP was more abundant in Acsbg1 OE tumors from obese animals compared to control. This 
confirms that Acsbg1 overexpression leads to enhanced energy production in vivo. Furthermore, 
all of the nucleotide triphosphates as well as phosphocreatine were more abundant in the Acsbg1 
OE tumors, suggesting that Acsbg1 overexpression has an important effect on high-energy 
phosphate pools (Fig. 5.4.2 B). Notably, glycerol-3-phosphate (G3P), an essential intermediate in 
phospholipid synthesis, was significantly more abundant in Acsbg1 overexpressing tumors in 
obese animals (Figure 5.4.2 B) (Yamashita et al. 2014). This suggests that Acsbg1 may play a 
role in lipid metabolism, which will be examined later in the chapter.  

We were particularly interested in understanding the potential role of phosphocreatine in 
the mechanism by which Acsbg1 promotes obesity-accelerated breast cancer. In muscle, a 
creatine kinase/phosphocreatine circuit has been described, whereby creatine is interconverted 
with phosphocreatine in juxtaposition with ATP/ADP interconversion, a reaction mediated by 
creatine kinase. This process can produce ATP in times of metabolic stress, like hypoxia, when 
energy demand outpaces the ability of cells to generate ATP through the canonical means 
(Bessman 1985; Kazak et al. 2015). Previous studies by our group have identified a crucial role 
of adipose tissue derived creatine in driving obesity-accelerated cancer growth in the E0771 
orthotopic tumor model. Furthermore, we have previously shown that blocking creatine import 
by knocking down the creatine transporter, Solute Carrier Family 6 member 8 (Slc6a8), in E0771 
cells can abrogate obesity-driven tumor growth (Ackerman 2020). Importantly, Slc6a8 
expression is upregulated in Acsbg1 overexpressing tumors compared to control in obese 
animals (Figure 5.4.3 A). These findings led us to hypothesize that Acsbg1-dependent tumor 
progression may require exogenous creatine.  

To test whether Acsbg1-dependent tumor progression in obesity requires exogenous 
creatine, we further modified Acsbg1-OE cells to also express a short hairpin that targets the 
creatine transporter, Slc6a8. We implanted these cells into lean or obese animals. All of the 
obese animals were significantly heavier than the lean, with no differences among the obese 
groups (Figure 5.4.3 B). As we have previously demonstrated, cells overexpressing Acsbg1 
produced tumors that were larger than controls, and blocking creatine transport through Slc6a8 
attenuated Acsbg1-dependent growth in obesity (Fig 5.4.3 C). These data suggest a role for 
exogenous creatine in Acsbg1 dependent tumor progression. 
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Figure 5.4.3 The import of exogenous creatine may promote Acsbg1 dependent tumor 
growth. 

A. Relative mRNA expression of Slc6a8 in lean or obese control or Acsbg1 overexpressing 
tumors (n=5 tumors per group). B. Body weights of animals fed a chow or high fat diet prior to 
injection (n=5-9 animals per group). C. Tumor volume of lean animals measured with external 
calipers (n=8-9 animals per group). D. Tumor volume of obese animals measured with external 
calipers (n=5-7 animals per group). Data are presented as mean +/- standard error of the mean 
(SEM) For panels C and D, group, time, and group by time p-values are denoted in the figure. 
*p<0.05, ****p <0.0001. 
 

These findings suggest a mechanism in which cancer cells in the obese microenvironment 
upregulate Acsbg1, which promotes ATP production through oxidative phosphorylation as well 
as enhanced import of creatine from the microenvironment through Slc6A8. Increased 
intracellular concentrations of both ATP and creatine support the production of phosphocreatine, 
which may promote tumor progression by ensuring a means to maintain anabolic processes 
(Figure 5.4.4). 
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Figure 5.4.4 Schematic of a proposed mechanism by which exogenous, adipocyte-derived 
creatine may support Acsbg1 dependent tumor growth.  

5.5 Analyzing the effects of Acsbg1 overexpression on lipid metabolism in tumors from 
lean and obese animals. 

 
 Based on the previously reported function of Acsbg1 as a long-chain fatty acyl-CoA 
synthetase, we hypothesize that the increase in ATP production through oxidative 
phosphorylation we described in the previous section may be dependent on enhanced lipid 
metabolism. To test this hypothesis, we analyzed tumors derived from Acsbg1 overexpressing or 
control mE0771 cells that were orthotopically implanted into lean or obese animals. We isolated 
RNA from these samples and used RT-qPCR to assess the relative expression of a panel of 
enzymes involved in lipid metabolism, including lipid oxidation. Many genes involved in lipid 
oxidation were significantly upregulated with Acsbg1 overexpression in obesity (Figure 5.5.1). 
These data reveal that elevated Acsbg1 fatty acyl-CoA activity may promote lipid oxidation, in 
part by upregulating the mRNAs of enzymes required to process fatty-acyl-CoA species for 
energy production. 
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Figure 5.5.1 qPCR of genes related to lipid oxidation. 

Data are displated as mean relative mRNA expression (n=5 tumors per group) Data represent 
mean relative expression +/- standard error of the mean (SEM). ***p<0.001, ****p<0.0001. 
 

In addition to assessing the effects of Acsbg1 on energy production, we were interested in 
identifying possible substrates and products of Acsbg1 as well as the fates of Acsbg1-charged 
fatty acyl species. We performed unbiased lipidomic profiling on bulk tumors isolated from 
control or Acsbg1 overexpressing tumors from lean or obese animals using LC-MS. We filtered 
our results to only include lipid species which had a background signal less than 20% of the 
pooled mean signal. 3,344 distinct lipid species were detected by LC-MS that met this criterion. 
We then filtered these data to identify species with a coefficient of variance below 30% for each 
group. This reduced our list of candidates to 844 species. The most abundant classes of lipids 
detected were plasma membrane species, like phosphatidylcholines and 
phosphatidylethanolamines. Cholesterol esters and sphingomyelin species were detected at low 
levels. Importantly, acyl-CoA species, which are the direct products of acyl-CoA synthetase 
enzymes like Acsbg1, cannot be detected by this method (Table 5.5.1).  
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Table 5.5.1 List of lipid classes detected by LC-MS. 

 

Class #Lipids 
detected 

Phosphatidylcholine 254 
Phosphatidylethanoamine 153 
Lysophosphatidylcholine 63 
Triacylglycerols 56 
Diacylglycerols 51 
Acyl Carnitines 40 
Phosphatidylglycerols 40 
Sphingomyelin 37 
Phosphoitidylnositols 36 
Phosphotidylserines 27 
Ceramides 24 
Lysophosphatidylethanol 12 
Monoacylglycerols 10 
phSM 10 
Cholesterol Esters 9 
Hex1Ceremides 8 
Hex2Ceremides 5 
Hex3Ceremides 3 
SPH 2 
Coenzyme 2 
Anandamide 1 
Phosphatidylmethanol 1 
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We then used principal component analysis to assess the overall lipidomic landscape of 
the samples. As expected, samples isolated from lean animals of both groups were distinct from 
the obese samples. When we analyzed the significantly modulated lipids by heatmap, most lipid 
species were downregulated by obesity and few were modulated by Acsbg1 expression (Figure 
5.5.2). 

 

 
 
 
 
Figure 5.5.2 Lipid species differentially regulated in obese Acsbg1 overexpressing tumors 
compared to control. 

A. Principal component analysis of the lipids identified by unbiased lipidomics in control or 
Acsbg1 OE tumors in lean or obese animals. B. Heatmap of significantly modulated lipids. 
 

We next analyzed the degree of saturation of the lipid species that were significantly 
regulated by Acsbg1 overexpression in obesity compared to control tumors. The polyunsaturated 
fatty acid species were most highly modulated, being both up and downregulated by Acsbg1 
overexpression (Figure 5.5.3).  
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Figure 5.5.3 Polyunsaturated fatty acid species were most differentially modulated in 
Acsbg1 OE tumors compared to control in obesity . 

Data represent the number of species in each category which were significantly different (p<0.5) 
in Acsbg1 overexpressing tumors compared to control in obese animals. The direction of change 
is indicated by the color of the bar. 
 
 Since there were relatively few overall changes in lipid abundance based on Acsbg1 
expression, we moved from a global approach to a more targeted approach by examining specific 
lipid classes and species that were modulated by Acsbg1 in obesity. Acyl-CoA species are the 
immediate downstream product of acyl-CoA synthetase enzymes, like Acsbg1. However, these 
species were not detected in any of the samples by our mass spectrometry method. This likely 
represents a technical limitation of the lipid isolation and detection methods of this study rather 
than a biological finding. We hypothesize that one important fate of these acyl-CoA species 
charged by Acsbg1 is transport into the mitochondria through the carnitine shuttle. Carnitine 
palmitoyltransferase I (Cpt1) converts acyl-CoAs to acyl-carnitine species as they are transported 
through the outer and inner mitochondrial membranes (Qu et al. 2016). Acyl-carnitine species 
were detected in this analysis, so we used these to infer the types of lipid species that may be 
regulated by Acsbg1 activity. 

The acyl-carnitine species that were significantly upregulated by Acsbg1 expression were 
20:4 and 22:4 species (Figure 5.5.4). The major 20:4 unsaturated lipid species found in nature is 
arachidonic acid, an omega-6 polyunsaturated fatty acid. The major 22:4 polyunsaturated species 
found in nature is docosatetraenoic acid, commonly called adrenic acid, another omega-6 
polyunsaturated fatty acid. Both arachidonic and adrenic acid are downstream of linoleic acid 
metabolism: linoleic acid can be desaturated to form arachidonic acid, which is then elongated to 
produce adrenic acid. Importantly, dietary linoleic acid, an essential fatty acid, represents more 
than 28% of the lipid in the standard obesogenic, high fat diet fed to these animals (Research 
Diets D12492). Linoleic acid is the most commonly consumed polyunsaturated fatty acid in 
human diets (Whelan and Fritsche 2013). It is the major fatty acid species in soybean oil, a 
common additive in fried and processed foods. The estimated consumption per capita of soybean 
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oil in the United States increased more than 1000 fold during the 20th century, leading to a 
concomitant increase in linoleic acid consumption. (Blasbalg et al. 2011). 

Since 20:4 and 22:4 acyl-carnitines are present in higher abundance in Acsbg1 
overexpressing tumors, we hypothesize that obesity-sensitive E0771 may upregulate Acsbg1 to 
enhance the metabolism of lipids that originate from the diet. This may also contribute to the 
apparent obesity specific function of Acsbg1. Ongoing studies are aimed at examining the role of 
dietary fatty acids in the mechanism of Ascbg1-associated tumor progression (Chapter 6). 

 
 

 
Figure 5.5.4 Acyl-carnitine species differentially regulated by Acsbg1 in obesity 

In addition to identifying potential substrates of Acsbg1 in this breast cancer model, we 
were interested in understanding the downstream fates of the fatty acids which were 
differentially charged by Acsbg1. Besides entering the mitochondria for energy production via 
beta-oxidation, fatty acyl-CoA species can also become incorporated into other lipid containing 
molecules that are essential to support increased biomass. We probed our unbiased lipidomics 
analysis for lipid-containing molecules that may be downstream of Acsbg1 activity by 
specifically examining those which exhibited differential abundance in Acsbg1 overexpressing 
tumors compared to control. Interestingly, a number of cholesterol esters were upregulated in 
both lean and obese tumors that overexpressed Acsbg1. These include cholesterol esters of 22:2, 
22:3, 24:1, and 24:2 species (Figure 5.5.5).  
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Figure 5.5.5 Cholesterol ester species that are differentially regulated in Acsbg1 
overexpressing tumors in obesity. 

In keeping with our hypothesis that Acsbg1 preferentially charges 22:4 and 20:4 fatty 
acids, most of the mono, di, and triacylglyceride species which were more abundant in Acsbg1 
overexpressing tumors contained 22:4 and 20:4 fatty acid tails (Figure 5.5.6 and Figure 5.5.7).  
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Figure 5.5.6 Monoacylglyeride and diacylglyceride species that are differentially regulated 
in Acabg1 overexpressing tumors in obesity. 

A. Fold change of monoacylglyceride and diacylglyceride species that are higher in abundance in 
Acsbg1 overexpressing tumors in obesity. B Fold change of monoacylglyceride and 
diacylglyceride species that are lower in abundance in Acsbg1 overexpressing tumors in obesity.  
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Figure 5.5.7 Triacylglyceride species that are differentially regulated in Acsbg1 
overexpressing tumors in obesity. 

A. Fold change of triacylglyceride species that are higher in abundance in Acsbg1 
overexpressing tumors in obesity. B and C. Fold change of triacylglyceride species that are lower 
in abundance in Acsbg1 overexpressing tumors in obesity. 
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Furthermore, we examined the most abundant lipid species that contribute to 

phospholipid synthesis: phosphatidylcholine, phosphatidylglycerol, and 
phosphatidylethanolamine species. Consistent with our previous findings, many of the 
differentially abundant species contain 22:4 and 20:4 fatty acids (Figure 5.5.8). Together, these 
findings suggest that Acsbg1 may preferentially charge fatty acids of 22:4 and 20:4 species to 
support the production of essential molecules for lipid storage and membrane synthesis. 
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Figure 5.5.8 Phospholipid species which are upregulated in Acsbg1 OE tumors in obesity. 

A. Fold change of phosphatidylethanolamine species that are upregulated in Acsbg1 OE cells in 
obesity. B. Fold change of phosphatidylcholine species that are upregulated in Acsbg1 OE cells 
in obesity. C. Fold change of phosphatidylglycerol species that are upregulated in Acsbg1 OE 
cells in obesity 
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Finally, we sought to establish whether Acsbg1 may be relevant for obesity-associated 

breast cancer in humans. We analyzed a published cohort of more than 400 human breast cancer 
samples with paired gene expression and clinicopathologic data. (Toro et al., 2016). The purpose 
of this study was to identify gene expression signatures that are associated with obesity in human 
breast cancer. We identified a significant association between Acsbg1 expression and worse 
tumor grade. Additionally, among overweight and obese women, Acsbg1 expression was 
significantly associated with a triple-negative, basal tumor subtype, which portends a worse 
prognosis compared to luminal A cancers (Figure 5.5.8 A and B). 

 
 

 
 
Figure 5.5.9 Acsbg1 expression is associated with worse tumor grade and tumor subtype in 
human breast cancers 

A. Acsbg1 expression in human breast tumors by tumor grade (grade 1, n=88; grade 2, n=156; 
grade 3, n=178). B. Acsbg1 expression in human breast tumors by tumor subtype in overweight 
or obese women (Luminal A, n=141; Luminal B, n=26; Her2, n=33; Basal, n=68). *p<0.05 
 
5.6 Summary 
 
 In chapter 4, we used RNA sequencing to identify Acsbg1, an enzyme which was 
significantly upregulated in cancer cells isolated from obese compared to lean tumors at an early 
time point in the disease progression. Acsbg1 is an enzyme with an important role in long-chain 
fatty acid metabolism, and we hypothesized that Acsbg1 may uniquely allow cancer cells to 
utilize long chain fatty acids to promote ATP production and support increased biomass through 
the production of lipid containing molecules.  

To test this hypothesis, we produced stable cell lines which overexpress or knockdown 
Acsbg1 and performed orthotopic experiments in a model of obesity-accelerated breast cancer. 
We found that enhanced Acsbg1 expression increased tumor volume in an obesity specific 
manner. The inhibition of Acsbg1 by a short hairpin was not sufficient to attenuate obesity-
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driven tumor growth. However, Acsbg1 inhibition along with broad Acsl inhibition with a 
pharmacologic inhibitor, triacsin C, was effective in reducing obesity accelerated tumor growth. 
This indicates that Acsl activity, preferentially through Acsbg1, but compensated by other family 
members, is required for obesity-accelerated tumor progression, 

We went on to assess the effects of Acsbg1 overexpression on cellular metabolism and 
found that high Acsbg1 expression led to increased intracellular ATP, higher basal and maximal 
respiration, and increased mitochondrial ATP production. Furthermore, Acsbg1 overexpressing 
tumors in obesity had increased phosphocreatine abundance, and Acsbg1-dependent tumor 
progression is supported by exogenous creatine transport through the creatine transporter, 
Slc6a8. This suggests a role for the creatine-phosphocreatine shuttle in the mechanism of Acsbg1 
accelerated tumor growth. 
 We used unbiased lipidomic analysis to investigate the types of lipids modulated by 
enhanced Acsbg1 activity. 22:4 and 20:4 fatty acids, which likely represent arachidonic and 
adrenic acids respectively, were incorporated into acyl-carnitine species which were 
overrepresented in Acsbg1 overexpressing tumors in obesity. This suggests that arachidonic and 
adrenic acids may be the preferred substrates for Acsbg1. Furthermore, 22:4 and 20:4 lipid side 
chains were more abundant in cholesterol esters, phospholipids, and triacylglyceride species 
isolated from these tumors. This supports the hypothesis that in addition to undergoing beta 
oxidation for ATP production, fatty acids charged by Acsbg1 may also go on to become 
incorporated into lipid containing molecules required to support biomass accumulation. 
 
 

 
 
Figure 5.6.1 Schematic of the proposed role of Acsbg1 in obesity-accelerated tumor growth. 

 
Finally, we analyzed a published dataset of paired gene expression and clinicopathologic 

data from a cohort of more than 400 human breast cancer samples and found that Acsbg1 
expression is associated with worse tumor grade. Furthermore, in overweight and obese 
individuals, Acsbg1 expression is associated with more aggressive tumor subtype, suggesting 
that Acsbg1 may play a role in the pathogenesis of human breast cancer. 

The findings presented in this chapter describe a novel role for Acsbg1 in promoting 
obesity-accelerated tumor progression in a model of obesity-driven breast cancer. Acsbg1 is 
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specifically upregulated in cancer cells in obesity and drives enhanced oxidative 
phosphorylation, likely through fatty acid oxidation. Furthermore, we hypothesize that Acsbg1 
upregulation allows cancer cells to take unique advantage of arachidonic and adrenic fatty acids, 
which are downstream products of the metabolism of linoleic acid, a major component of 
obesogenic diets. The following chapters will discuss our ongoing and future directions as well 
as the overall implications of this work as it fits into our understanding of human disease.  
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CHAPTER 6 Discussion 
 
 The goal of this thesis was to better understand the mechanisms that drive adverse breast 
cancer outcomes in obesity, with a particular focus on elucidating the pathways that may link the 
adipose rich tumor microenvironment in obesity with accelerated tumor growth. Since obesity is 
a multi-factorial disease which cannot be fully recapitulated in vitro, we chose to use diet-
induced models of obesity in immunocompetent female animals to study this connection. We 
used the triple negative E0771 orthotopic model of murine breast cancer and started this project 
by characterizing morphological differences in tumors that arise in lean or obese animals. E0771 
tumors were significantly larger in obese animals compared to lean. This difference in size can 
likely be attributed to enhanced proliferation, since obese tumors had increased EdU 
incorporation relative to lean. Importantly, there was no difference between lean or obese tumors 
in assays of apoptosis, like cleaved caspase 3 immunohistochemistry. This suggests that 
inhibition of apoptosis is not a major contributing factor in promoting obesity-related growth. In 
addition to being highly proliferative, obese tumors were more hypoxic than lean. Finally, obese 
tumors contained larger and more abundant lipid droplets than lean tumors. 

After carefully phenotyping the tumors, we began our molecular studies by performing 
RNA sequencing on tumors isolated from lean or obese animals. This bulk approach was 
complicated by the presence of tumor-associated, but non-cancerous cell types within the bulk 
tumor, such as immune cells and adipocytes. The most highly regulated pathways were immune 
related, and the specific genes that were most differentially expressed between tumors in lean 
and obese animals were genes which are highly expressed by immune cells and adipocytes. 
Ultimately, it was impossible with this approach to determine whether the differences in gene 
expression we identified were related to cancer cells or other tumor-associated cell types. This 
highlighted the need to develop a method to enrich for cancer cells before analysis. We chose to 
employ a florescence-based method to achieve cancer cell specific analysis. We developed a 
stable cell line that expresses mCherry fluorescent protein for use in orthotopic experiments, 
allowing us to use FACS to isolate cancer cells from the bulk tumor before analysis.  

After validating that this approach was effective in separating cancer cells from non-
cancer cell types in the bulk tumor, we performed RNA sequencing of mCherry positive cancer 
cells isolated from tumors from both lean and obese animals. Importantly, we chose to collect 
samples from endpoint, when the tumors were drastically different in volume, as well as from 
midpoint, when the tumors had not yet diverged in size, with the goal of identifying early 
changes that were drivers of the obesity-accelerated phenotype. We identified Acsbg1, a long-
chain fatty acyl-CoA synthetase, as significantly upregulated in obese cancer compared to lean 
cancer cells at both midpoint and endpoint. We performed gain and loss of function experiments 
to assess the contribution of Acsbg1 to obesity-driven breast cancer and determined that Acsbg1 
overexpression is sufficient to potentiate obesity-driven breast cancer. While Acsbg1 knockdown 
alone did not impede obesity related cancer progression, a combinatorial approach which utilized 
both Acsbg1 knockdown and a pharmacologic inhibitor of acyl-CoA synthetase enzymes led to 
significantly attenuated tumor growth. This suggests that other acyl-CoA synthetase enzymes 
may compensate for loss of Acsbg1 function and that the role of these enzymes is essential for 
obesity-driven tumor growth. Importantly, modulating Acsbg1 expression had no effect on tumor 
growth in lean animals, demonstrating that Acsbg1 has an obesity-specific role in tumor growth.  

We performed metabolomic analysis to further probe the mechanisms by which Acsbg1 
overexpression may contribute to tumor progression in an obesity-specific manner. We found 
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that Acsbg1 overexpression led to increased ATP content compared to control tumors from 
obese animals. In vitro, we also measured an increase in ATP content by Cell Titer Glo and 
plate-based respirometry. This increase in ATP was accompanied by increased basal and 
maximal mitochondrial respiration. The previously described function of Acsbg1 is to charge 
long-chain fatty acids to active, fatty acyl-CoA species. We hypothesize that overexpression of 
Acsbg1 leads to increased transport of long-chain fatty acyl-CoA species into the mitochondria, 
where they undergo beta oxidation to produce acetyl-CoA that enters the citric acid cycle. Our 
ongoing in vitro experiments are aimed at testing this by blocking fatty acyl-CoA transport into 
the mitochondria through the carnitine shuttle. We are taking a pharmacologic approach by 
treating Acbsg1 overexpressing cells with etomoxir, an inhibitor of CPT1, the rate limiting step 
in this process. Additionally, we are employing a genetic approach to knockdown CPT1 in 
Acsbg1 overexpressing cells. We will then use these double-modified cells in an orthotopic 
experiment in lean and obese animals.  We expect that reducing lipid transport into the 
mitochondria in Acsbg1 overexpressing cells will diminish Acsbg1-dependent tumor 
progression, demonstrating that mitochondrial lipid oxidation is essential for the function of 
Acsbg1 in obesity. 

We used untargeted lipidomics to identify the types of lipid species which were 
differentially abundant in Acsbg1 overexpressing tumors compared to control in lean and obese 
animals. We found that in obesity, the fatty acid containing molecules which were upregulated 
with Acsbg1 overexpression were those that most likely contained arachidonic and adrenic acid 
side chains. Arachidonic and adrenic acids are sequential products of linoleic acid metabolism, a 
major lipid component in the obesogenic diet. This raises the possibility that Acsbg1 
overexpression leads to increased tumor growth in obesity by allowing cancer cells to better 
utilize the specific fatty acid species which are in high abundance when animals are fed this 
lipid-rich diet formulation. We hypothesize that this major dietary component may play a causal 
role in promoting Acsbg1 dependent tumor growth, and ongoing experiments are focused on 
testing this hypothesis by inducing obesity with diets that are calorically matched but differ in 
lipid composition. We have worked to develop a high-fat diet formulation which is matched to 
the standard high fat diet in total lipid content by percentage, but with linoleic acid levels 
matched to the chow or low-fat control diets. If Acsbg1 works specifically by charging products 
of linoleic acid metabolism, we expect obese animals fed low linoleic acid diets to have 
attenuated tumor progression, despite Acsbg1 overexpression. To confirm this mechanism, we 
are also working in vitro to treat Acsbg1 overexpressing cancer cells with labeled linoleic, 
arachidonic, and adrenic acids and plan to use LC-MS to determine the fates of those lipid 
species in Acsbg1 overexpressing cells. We expect to see significantly enhanced cell 
proliferation and increased labeling of arachidonic and adrenic fatty acid containing 
phospholipids and other lipid-containing molecules in Acsbg1 overexpressing cells compared to 
control.  

In this study, we also identified a role for exogenous creatine in Acsbg1-dependent tumor 
growth in obesity. Not only was the creatine transporter upregulated with Acsbg1 overexpression 
in obese tumors, but phosphocreatine was significantly more abundant in obese, Acsbg1 
overexpressing tumors. When we knocked down the creatine transporter in cells that overexpress 
Acsbg1, tumor growth was attenuated in obesity. We hypothesize that the interconversion of 
creatine and phosphocreatine plays an essential role in maintaining high-energy phosphate levels 
to support the demands of rapid proliferation. We are currently working to confirm the role of 
phosphocreatine in promoting Acsbg1-dependent tumor growth by using cyclo-creatine in vivo 
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to inhibit creatine kinase, the essential enzyme responsible for interconverting creatine and 
phosphocreatine. We expect that cyclo-creatine treatment will significantly inhibit Acsbg1-
dependent tumor progression in vivo. 

Improved methods of early detection as well as significant advances in treatment have led 
to marked improvements in breast cancer prognosis. However, breast cancer remains a major 
cause of mortality in the United States and around the world. Obesity is a significant risk factor 
for worse breast cancer outcomes, and therapeutic strategies aimed at breaking the connection 
between obesity and breast cancer may lead to effective treatments to improve outcomes in this 
high-risk patient population. Here, we comprehensively described a murine model of obesity-
accelerated breast cancer as well as the transcriptional changes in the cancer cells associated with 
obesity at both early and late time points in the disease progression. Using this strategy, we 
identified a novel role for Acsbg1 in promoting tumor growth in an obesity-specific fashion. We 
performed metabolic and lipidomic studies to further probe the mechanism by which this enzyme 
promotes tumor growth in obesity. Finally, we found a significant association between Acsbg1 
expression and worse tumor grade in human breast tumors; and among overweight and obese 
patients, Acsbg1 was associated with a more aggressive tumor subtype. Further work will be 
directed at defining the downstream mediators of Acsbg1 dependent growth, developing human-
derived models of obesity-driven tumor progression, and evaluating the role of Acsbg1 in other 
types of obesity-associated cancers, like pancreatic, colorectal, and hepatocellular carcinomas.  
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CHAPTER 7  Future directions 
 
7.1 Introduction 
 
 The overarching goal of the work described in previous chapters was to better understand 
the mechanisms that drive obesity-accelerated tumor progression in an orthotopic murine model 
of breast cancer. We chose to employ transcriptomic approaches to identify a candidate enzyme, 
Acsbg1, and went on to perform gain and loss of function experiments to assess its role in 
obesity-driven E0771 growth in vivo. We also performed metabolomic and lipidomic analyses to 
better understand the function of Acsbg1 and its contribution to obesity accelerated cancer.  In 
addition to the approaches described in previous chapters, there are several other, complementary 
strategies that one might employ to better understand the connection between obesity and breast 
cancer. This chapter will describe some of the future directions that could expand upon the 
findings presented thus far. 
 
7.2 Proteomic profiling of obesity-driven breast cancer 
 
 This project involved unbiased transcriptional profiling of an orthotopic model of breast 
cancer to identify candidate genes that may be involved in driving cancer progression in obesity. 
A complementary strategy would be to perform unbiased profiling of the proteome of cancer 
cells from tumors in lean or obese animals. Similar to our transcriptomic approach, analyzing the 
proteome of cancer cells in a heterogeneous tumor would require a cell-specific labeling 
technique. Our group has utilized bio-orthogonal noncanonical amino acid tagging (BONCAT) 
in other contexts to enable cell type specific proteomic analysis, and this approach can be applied 
in cancer cells in vivo. 

The principle of the BONCAT method is based on the specificity of the methionyl tRNA 
synthetase (metRS). MetRS specifically charges methionine to its cognate tRNA for 
incorporation into a growing polypeptide. Importantly, the wildtype metRS will not recognize 
and charge the azide-containing methionine analog, azidonorleucine (ANL). However, with a 
single amino acid mutation, L274G, in the sequence encoding metRS, the modified protein will 
recognize and charge ANL to the methionyl tRNA. This leads to the formation of azide-
containing polypeptides with ANL in place of methionine. In a heterogenous sample, like bulk 
tumor, the only proteins that will contain azide-tagged side chains will be those produced by the 
L274G metRS modified cell type. These proteins can then be isolated using a copper catalyzed 
click-chemistry reaction with alkyne containing beads and analyzed by LC-MS. (Link et al. 
2006; Erdmann et al. 2015; Ngo et al. 2009; Mahdavi et al. 2016; Liu et al. 2017) 

We plan to produce E0771 cancer cells which express the metRS L274G protein and use 
these cells to perform an orthotopic experiment in lean and obese animals, similar to those 
described in chapters 3 and 4. We will then treat tumor-bearing animals with ANL through 
feeding or intraperitoneal injection, and only the modified cancer cells will be able to incorporate 
ANL into nascent proteins. We will isolate those azide-tagged proteins from a bulk sample using 
click chemistry with alkyne conjugated beads and analyze those azide-containing proteins using 
LC-MS. This will allow us to achieve cancer cell specific proteomic labeling in vivo (Figure 
7.2.1A).  

Previous studies from our group have clearly demonstrated that the presence of a tumor is 
sufficient to shift the gene expression profiles of the surrounding adipose; however, it is not clear 
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which signals from the cancer cells mediate this crosstalk. The BONCAT technique described 
above is particularly powerful because it will allow us to identify not only the intracellular 
proteome, but also polypeptides produced in cancer cells that were secreted into the 
microenvironment to signal to adjacent cell types in a paracrine manner. Furthermore, this 
technique would allow us to identify cancer-derived peptides in the blood or distant organs, 
which may elucidate the role of cancer-derived proteins in establishing a metastatic niche, for 
example (Figure 7.2.1 B). 

 
 

 
 
Figure 7.2.1 Schematics of L274G metRS BONCAT method. 

A. L274G metRS expressing E0771 cells will be produced and used in an orthotopic experiment 
in vivo to achieve cancer cell specific proteomic labeling. B. Cancer-derived secreted proteins 
can be isolated from the tumor, the microenvironment, and distant sites. 
 

We have initiated the early stages of this project by utilizing a lentiviral approach to 
produce a stable mE0771 cell line which expresses the L274G metRS protein, and we have 
confirmed in vitro that we can achieve specific labeling with ANL containing medium. Our next 
steps are to develop an in vivo protocol to robustly label cancer cells in an orthotopic mouse 
model in vivo, then to use LC-MS to identify and compare the proteomes of cancer cells in lean 
and obese animals.  
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7.3 Cell barcoding 
 
 Another approach is to exploit the inherent heterogeneity of the E0771 cell line to 
identify genetic variations that predispose cells to be sensitive or resistant to obesity. 
Importantly, E0771 is not a clonal cell line, and we have established more than 30 distinct cell 
lines derived from the parental E0771. We have performed basic phenotyping in vitro and have 
established that the clonal cell lines have a range of growth rates and responses to adipocyte 
conditioned medium. (Figure 7.3.1 A) Additionally, we have tested a small subset of the clonal 
cell lines in vivo and found that there are a range of responses to obesity in vivo. Clonal line 19, 
for example, did not exhibit obesity-accelerated tumor growth. Paradoxically, clonal line 4 had 
slower growth in obese animals (Figure 7.3.1 B). This finding demonstrates that some, but not all 
of the cells derived from the E0771 parental cell line are sensitive to accelerated growth in 
obesity. If we are able to identify and compare those cells lines which are more or less 
responsive to obesity, we may be able to identify the genetic differences that underlie these 
responses. We envisage a forward genetics approach whereby we utilize genetic barcodes to 
label each clonal cell line. We can then pool the lines and perform orthotopic experiments in lean 
and obese animals. At endpoint, we will isolate tumors from lean and obese animals and use 
DNA sequencing to identify the barcodes, and thus the specific clonal lines, which are more or 
less abundant in tumors isolated from obese animals. Finally, we will compare the genomes of 
these resistant and sensitive lines to identify mutations in genes that may drive a response to 
obesity (Figure 7.3.2). We can also use transcriptomic, metabolomic, and proteomic approaches 
to compare resistant and sensitive cell lines. 
 
 

 
Figure 7.3.1 E0771 clones have a range of responses in vitro and a pilot in vivo experiment.  

A. Cell number of selected cell lines after 24 hours of treatment with the indicated amount of 
mammary adipocyte conditioned medium. B. Longitudinal tumor volume of selected clonal cell 
lines in lean or obese animals (n=2 animals per group). 
 
 



 

 84 

 
 
 

 
 
Figure 7.3.2 Schematic of barcoding experimental plan 

 
 
7.4 Human-derived models. 
 

All of the work described here and in previous chapters has relied on a mouse model of 
obesity-accelerated breast cancer. No one model can completely recapitulate human disease; 
thus, we are working to establish human-derived models to confirm and expand upon our 
findings. Specifically, we are establishing both an orthotopic model utilizing immortalized 
human-derived cell lines and a patient-derived xenograft (PDX) model of obesity-accelerated 
breast cancer. 

One challenge associated with developing a human-derived mouse model is establishing 
obesity in an immunocompromised host. The NOD.Cg Prkdcscid Il2rgtm1Wjl/ 
SzJ (NOD/SCID/Gamma, or NSG) mouse strain is a commonly used model in human derived 
cancer studies; however, NSG mice are more resistant to obesity and its comorbidities than 
C57BL6/J mice. Therefore, we adapted a protocol of high-fat diet feeding to generate female 
NSG animals with significantly higher body weight than chow control, which can be attributed 
to an accumulation of fat mass, as measured by echo MRI (Behan et al. 2013) (Figure 7.4.1 A-
C). 

 

Heterogeneous 
cell line

Individually 
barcoded 

clonal cell lines Orthotopic injections

Isolation of gDNA 
from tumors

Comparison of 
barcode abundance

Lean

Obese



 

 85 

 
Figure 7.4.1 Diet induced obesity in female NSG animals. 

A. Body weights of female NSG animals fed 60% high fat diet (n=13 or 14 animals per group). 
B. Lean mass of animals in A at sacrifice after 14 weeks of high fat feeding. C. Fat mass of 
animals in A at sacrifice after 14 weeks of high fat feeding. **p<0.01, ****p<0.0001. 
 

Having established a model of diet-induced obesity in female NSG animals, the next step 
is to identify an immortalized human-origin cell line which displays obesity-accelerated growth 
in vivo. We will then use lentiviral methods to modulate Acsbg1 in these lines to determine 
whether Acsbg1 plays a similar role in driving obesity-associated tumor progression in human 
derived cell lines. Furthermore, we will establish an obesity-accelerated model of breast cancer 
from a PDX model, further enhancing the relevance of our findings to human disease. Finally, 
we will perform transcriptomic analysis of tumors generated from these studies to identify 
additional candidate genes and pathways that may link obesity and breast cancer. 
 
7.5 Single-cell RNA sequencing 
 

In this study and in the aims described above, we have focused on analyzing the 
neoplastic cells located in heterogeneous E0771 tumors. Our preliminary data suggest that many 
other cell types, like immune cells, fibroblasts, and adipocytes, make up a significant proportion 
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of the cell types in this environment (Chapters 3 and 4). Another series of future studies will be 
focused on better understanding how non-malignant, tumor-associated cell types may contribute 
to tumor growth in this model of obesity-accelerated breast cancer. Tumor immune cells have 
well established pro- and anti- tumor effects, and we know that the immune system is 
dysregulated in obesity, providing a strong rationale for studying the role of immune cells in the 
accelerated tumor progression in this model. I hypothesize that there are significant shifts in the 
numbers and phenotypes of immune and other non-cancer cell types within the tumor in obesity 
and that these shifts may play a significant role in promoting obesity-accelerated tumor 
progression. We will perform single-cell RNA sequencing on tumors isolated from lean or obese 
animals. This approach will allow us to identify unique cell populations within the tumor as well 
as shifts in gene expression within those populations in obesity.  
 
7.6 Models of other obesity-accelerated cancers 

 
This study has been entirely focused on investigating the mechanisms that drive obesity-

driven progression in breast cancer. However, obesity is a significant risk factor for many other 
cancer types in both men and women (Chapter 1), and we hypothesize that our findings may be 
applicable to other obesity-driven cancer types, like pancreatic cancer, hepatocellular carcinoma, 
melanoma, and colorectal cancer. Specifically, we plan to assess the role of Acsbg1 in other 
obesity-dependent cancers both in vitro and in vivo with gain and loss of function experiments. 
In addition to probing the effects of modulating Acsbg1, we plan to use some of the methods 
previously described, namely RNA sequencing, to identify changes associated with obesity in 
these cancer types. We can then compare these datasets to identify an obesity-associated gene 
expression signature that may be more broadly associated with obesity across many cancer types. 

The first step in this series of studies is to produce models of obesity-driven cancer for 
each of these cancer types. We have identified murine cell lines derived from a variety of 
obesity-associated tumor types that display increased cell viability when exposed to adipocyte 
conditioned media (Figure 7.6.1). This suggests that these cell lines may also be obesity sensitive 
in vivo. 

 

 
 

Figure 7.6.1 Cell viability of a panel of cancers treated with adipocyte conditioned medium. 

****p<0.0001 Data here represent mean +/- standard error of the mean (SEM). n=4 wells per 
group. 
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The next step is to develop in vivo orthotopic models of each of these tumor types in lean 

and obese animals. We have started this process with a cell line derived from the 
KrasLSL.G12D/+; Pdx Cretg/+ (KC) model of pancreatic ductal adenocarcioma (PDAC) 
(Hingorani et al. 2003; Torres et al. 2013). Importantly, this orthotopic model involves surgical 
implantation of cancer cells into the pancreas, so we would be unable to measure tumor growth 
logitudinally with digital calipers as we did with E0771 tumors. Instead, we plan to use in vivo 
imaging (IVIS) to detect luciferase activity in these tumors over time. In this model, luciferase 
ativity is proportional to the size of the tumor. In a pilot experiment with luciferase-expressing 
KC cells, we found that tumors in obese animals grew to be significantly larger than in lean, 
suggesting that this may be a suitable model for obesity-accelerated pancreatic cancer (Figure 
7.6.2). We plan to use similar approaches to produce in vivo models for a panel of obesity-
sensitive cancers. 

 

 
Figure 7.6.2 Luciferase activity detected by IVIS in orthotopic KC tumors in lean or obese 
animals over time. 

Data here represent mean +/- standard error of the mean (SEM). *p<0.05, ** p<0.01. 
 
7.7 Summary 
 
 The previous chapters described experiments aimed at better understanding the 
connection between obesity and breast cancer progression. Notably, these studies relied heavily 
on unbiased transcriptomic profiling of cancer cells isolated from tumors in lean or obese 
animals to determine candidate genes and pathways involved in this process. Using this 
approach, we identified an undescribed role for Acsbg1 in potentiating obesity-accelerated tumor 
progression in the orthotopic E0771 model. To further expand our work, we propose several new 
projects employing complementary approaches that would continue to enrich our understanding 
of the mechanisms underlying the connection between obesity and breast cancer. These projects 
include cell-type specific proteomic profiling, cell barcoding, single-cell RNA sequencing, and 
human-derived in vivo models, as well as expanding our findings to other types of obesity-
associated cancers. 
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CHAPTER 8 MATERIALS AND METHODS 
 
Cell culture  
 Unless otherwise noted, all cells were maintained in RPMI 1640 medium (Thermofisher) 
supplemented with 10% FBS (Gemini) and 1% penicillin/streptomycin (Thermofisher). Cells 
were incubated at 37°C with 5% CO2 and passaged to maintain 40-80% confluence.   
 
Preparing a stable mCherry+ E0771 cell line 
 The mCherry plasmid was prepared by Benjamin Ostendorf in the laboratory of Dr. 
Sohail Tavazoie at The Rockefeller University by modifying the Phiv-Luc-ZsGreen (Addgene 
39196) and replacing the ZsGreen1 reporter with mCherry. HEK-293T cells were plated at 70% 
confluence in a 10 cm plate and co-transfected for 16 hours with 10ug mCherry+ plasmid DNA, 
4 ug VSVG, and 8ug PsPax2 packaging vectors in 10mL serum and antibiotic free optiMEM 
(Thermofisher) with Fugene. Medium containing lentiviral particles was collected and filtered 
through a 0.4 µM filter. Parental E0771 cells were plated at 150,000 cells per well in a 6-well 
plate. The next morning, the media was changed to 100% viral supernatant with 8uM polybrene 
(Sigma-Aldrich) and the cells were incubated for 24 hours before being replenished with normal 
growth medium. The infected cells were expanded to 15 cm plates and mCherry+ cells were 
selected using FACS. A bulk fraction of mCherry+ cells was collected and passaged to form the 
mE0771 cell line.  
 
Fluorescence Activated Cell Sorting (FACS) 
 Tumors were dissected and dissociated according to the manufacturer’s instructions using 
the mouse tumor dissociation kit (Miltenyi). Cells were suspended in FACS buffer (PBS, 1% 
BSA, 0.1% 1M HEPES pH 7.4) and stained for live cells using DAPI exclusion. FACS was 
performed by the Rockefeller University Flow Cytometry Resource Center.  
 
Mice 
 Female C57Bl6/J mice were purchased from the Jackson Laboratory (stock: 0664) at 6 
weeks of age. They were maintained in The Rockefeller University Center for Comparative 
Bioscience Center. Unless otherwise noted, they were fed standard rodent chow diet, Pecola 
Rodent Diet 2.0 (Labdiets), and irradiated water, ad libitum. They were housed 4 animals per 
cage with standard enrichment. 
 
Necropsy 

Mice were euthanized at humane endpoint or the indicated time. Blood was collected 
using cardiac puncture and serum was isolated by centrifugation at 2000g for 15 minutes. 
Tumors were dissected and weighed, then bisected. One half was flash frozen, the other half was 
placed into a histology cassette and fixed using 10% neutral buffered formalin. The 4th 
mammary pads adjacent and contralateral to the tumor were collected. 
  
High Fat feeding experiments 
 At 6 weeks of age, female C57BL6/J animals were randomized to continue a standard 
chow diet or switched to a diet comprising 60% calories from fat (Research diets, D12450J). The 
standard obesogenic diet contains 25g soybean oil, 20g lard, 72.8g sucrose per 1055.05g of diet. 
Animals were monitored bi-weekly for weight gain. After 8-10 weeks, animals on a high-fat diet 
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that reached a weight above 28.5 g were considered obese and were included in future studies of 
diet-induced obesity. 
 
Injections 
 For E0771 orthotopic injections, cells were maintained in culture as normal. On the day 
of injection, cells were trypsinized using 0.5% trypsin (Gibco) and quenched with equal volume 
of standard, FBS containing medium. They were counted using trypan blue exclusion and the 
Countess II automatic cell counter (Thermofisher). 50,000 cells per animal were resuspended in 
100 microliters per animal of serum and antibiotic free RPMI 1640 medium (Thermofisher) with 
equal volume phenol-red free growth factor reduced matrigel (Corning) and kept on ice until 
injection. The cell mixture was transferred to prechilled 27g insulin syringes by first removing 
the plunger of the syringe, then using a micropipette to place the cell mixture into the barrel of 
the syringe and replacing the plunger. 100 microliters of the cell mixture were injected into the 
left, fourth mammary gland of anesthetized lean or obese animals. 
 
Tumor measurements 
 Subcutaneous, orthotopic mammary tumors were monitored twice weekly using digital 
calipers beginning on 7 days post injection. Tumor volume was calculated using the following 
formula: volume (mm3) = 0.5 x length x (width2) where length is defined as the largest diameter 
and width is perpendicular to length. Animals reached humane endpoint when the tumor 
exceeded 1.5cm in the largest diameter or the tumor ulcerated through the skin. 
 
Generation of a stable Acsbg1 OE mE0771 cell line 

PLX-304 plasmids containing V5-tagged Acsbg1 or LacZ control were obtained from an 
ORF expression library (X. Yang et al. 2011). Lentivirus was prepared by cotransfecting HEK-
293T cells with 10ug of the PLX-304 vector, 4ug VSVG (Addgene 8454) envelope protein and 
8ug psPax2 (addgene 12260) with fugene in serum, antibiotic, and phenol-red free optiMEM 
medium (Thermofisher) overnight. After 16 hours the medium was changed to standard RPMI 
1640 with 10% FBS and 1% penicillin/streptomycin. Lentivirus containing supernatant was 
collected and filtered through a 0.45 µM filter. 150,000 E0771 mCherry+ cells per well were 
plated in a 6-well plate. The next day, the growth medium was replaced with 100% lentiviral 
medium containing 8µM polybrene overnight. After 16 hours, the viral medium was replaced 
with growth medium for 24 hours. The growth medium was replaced with medium containing 20 
ug/ml blasticidin. Selection was considered complete when a plate of uninfected mCherry+ 
E0771 cells were killed.  Overexpression was confirmed by immunoblot for V5 tag and Acsbg1. 
 
Generation of a stable Acsbg1 KD mE0771 cell line 
 The pLKO.1 cloning plasmid was purchased (Addgene, 8453) and linearized by 
treatment with the restriction enzymes EcorI and Age1. Oligos encoding a non-targeting 
scrambled control (CTCAAGCCTGACTGGTCAAAG) or short hairpin targeting Acsbg1 
(GCGCCTCAAAGAATTAATCAT) were ligated into the empty vector using T4 ligase. 
Lentivirus was prepared by cotransfecting HEK-293T cells with 10ug of the pLKO.1 vector, 4ug 
VSVG (Addgene 8454) envelope protein and 8ug psPax2(addgene 12260) with fugene in serum, 
antibiotic, and phenol-red free optiMEM medium (Thermofisher) overnight. After 16 hours the 
medium was changed to standard RPMI 1640 with 10% FBS and 1% penicillin/streptomycin. 
Lentivirus containing supernatant was collected and filtered through a 0.45 µM filter. 150,000 
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E0771 mCherry+ cells per well were plated in a 6-well plate. The next day, the growth medium 
was replaced with 100% lentiviral medium containing 8µM polybrene overnight. After 16 hours, 
the viral medium was replaced with growth medium for 24 hours. The growth medium was 
replaced with medium containing 2mg/mL puromycin. Selection was considered complete when 
a well of uninfected cells were killed. The knockdown efficiency was determined by qPCR and 
of mCherry+ cells sorted from tumors. 
 
Triacsin C administration 
 Triacsin C was purchased from Cayman Chemical (10007448). 1g of lyophilized powder 
was dissolved in 1mL DMSO. The concentrated stock was then dissolved 20x in sterile, normal 
saline, and sterile filtered. Triacsin C or vehicle control was delivered to animals via 
intraperitoneal injection three times per week to achieve a dose of 2mg/kg/week. Animals were 
monitored 3 times weekly for weight loss and signs of toxicity. 
 
RNA isolation and cDNA synthesis 
 Tissues and cells were homogenized in 1 mL Triazol (Qiagen). Tissues were 
homogenized using the biolyzer (Qiagen). 200uL chloroform was added. After brief vortexing, 
samples were incubated at -20°C for at least 20 minutes, up to overnight. They were then 
centrifuged at 4°C for 15 minutes. The aqueous layer was transferred to an RNAse free 
microcentrifuge tube, and an equal volume of sterile 70% ethanol was added to precipitate 
nucleic acids. This mixture was applied to RNeasy columns (Qiagen) and the RNA was purified 
according to the manufacturer’s instructions, with on-column DNAse digestion. RNA was eluted 
in RNAse free water and was quantified using the nanodrop (Thermofisher). RNA was stored at -
80°C until use. cDNA was synthesized using the High Capacity Reverse Transcriptase Kit 
(Thermofisher) according to the manufacturer’s protocol. qPCR was performed using a 384 well 
format, the Quantstudio 6 Flex Real-Time PCR System (Thermofisher) and power Sybr green 
mastermix (Life Technologies). 18S or TBP was used as an internal control and relative 
concentration was determined by using the delta-delta Ct method. 
 
RNA Sequencing 
 RNA sequencing was performed by the Rockefeller University Genomics Resource 
Center. RNA was isolated as above, and RNA integrity was assessed using the bioanalyzer 
(Agilent technologies). Samples with RIN above 8 were considered acceptable for library 
production, which was performed by the Rockefeller University Genomics Resource Center. 
Paired-end, ribosomal-RNA depleted RNA sequencing was performed using the Illumina HiSeq 
2500.  The data generated were aligned to the mouse genome (mm10) and analyzed using the 
DeSeq2 platform from Bioconductor. 
 
 
Immunoblots 
 Tumor samples were homogenized using the Tissuelyser (Qiagen) with sterile beads and 
RIPA buffer supplemented with protease and phosphatase inhibitors. Protein quantification was 
determined by BCA assay and 20ug protein was resuspended in Laemmli buffer and heated at 
95°C for 10 minutes. Samples were loaded in 4-20% gradient tris-glycine precast gels (Biorad) 
and resolved using 120V. The protein was then transferred to PDVF membranes on ice at 100V 
for 90 minutes. Transfer was verified using Ponceau red staining. The blots were then blocked 



 

 91 

using superblock (Thermofisher) for 1 hour at room temperature. After blocking, the membranes 
were treated with primary antibodies overnight at 4°C. Blots were washed with TBS-0.1% tween 
and then treated with a secondary-HRP conjugated antibody at 1:10,000 dilution for 1 hour at 
room temperature. Blots were treated with Western Lighting Plus ECL (PerkinElmer) and 
imaged using Bio-Rad Gel doc (Biorad). Quantification of images was performed using imageJ. 
 
ATP quantification 
 Cell Titer Glo assays were performed using a 96well plate format. 5,000 E0771 cells 
were plated per well of a 96 well plate. Before treatment, they were serum starved for 1 hour, 
then treated as indicated in serum-free medium. ATP was quantified using the Cell-Titer-Glo kit 
(Promega) according to the manufacturer’s instructions and luminescence was quantified using a 
plate reader.  
 
Cell proliferation assays 
 150,000 E0771 cells were plated into each well of a 6 well tissue culture plate. They were 
then treated as indicated and counted using trypan blue exclusion and the Countess II automatic 
cell counter (Thermofisher).  
 
Immunohistochemistry 
 At the time of sacrifice, tumor samples were placed in histology cassettes and were fixed 
in 10% buffered formalin with shaking overnight at 4°C. The cassettes were washed three times 
in PBS and transferred to 70% ethanol. The fixed samples were then paraffin embedded, cut, and 
placed onto slides by the Laboratory of Comparative Pathology at Memorial Sloan Kettering 
Cancer Center. The slides were deparaffinized using xylene and rehydrated using decreasing 
concentration of ethanol. Antigen retrieval was performed using 10mM sodium citrate and 
0.05% tween. Endogenous peroxidase activity was quenched using 1% hydrogen peroxide. The 
slides were blocked with 5% donkey serum for 30 minutes and incubated with primary antibody 
at 1:200 dilution overnight at 4°C. The slides were incubated with secondary antibody at 1:500 
dilution for 1 hour at room temperature. The stain was then revealed using 3,3′-
Diaminobenzidine (DAB) and hydrogen peroxide. The slides were counterstained using 
hematoxylin. The slides were dehydrated using increasing concentrations of ethanol and 
mounted with permount. 
 
Imaging and quantification of slides 
 Sections were imaged using the Axioplan2 imaging upright microscope (Zeiss) located in 
the Rockefeller University Bio-imaging Resource Center. Representative images were taken at 
4x, 10x, 20x, and 40x. For quantification of p-HH3 and cleaved caspase 3, and lipid droplets, 
several representative 20x images were taken per slide. Positive cells were counted using imageJ 
and the average was plotted as an individual value. For EdU incorporation, the number of 
positive cells was counted using imageJ and represented as a percentage of the number of DAPI 
positive foci. 
 
Cryosectioning and Oil-Red-O 
 During necropsy, tumor samples were frozen in Tissue-Tek Optimal Cutting Temperature 
compound (VWR). Frozen blocks were delivered to the Laboratory of Comparative Pathology, 
where they were cryosectioned and oil-red-o staining was performed.  
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Metabolomics and lipidomics 
 Tumor samples were flash frozen in liquid nitrogen during necropsy. 100 ug of sample 
was homogenized in prechilled 500ul LC-MS grade methanol (Sigma) and 250 ul LC-MS grade 
water using pre-filled bead mill tubes (Fisher scientific) and the tissuelyzer homogenizer 
(Qiagen) until fully homogenized. 400uL pre-chilled LC-MS grade chloroform containing 
50mM Metabolomics Amino Acid Standard (Cambridge isotope labs) was added. Samples were 
vortexed and centrifuged to separate the organic and aqueous phases. The top, polar phase was 
collected for polar metabolite analysis and the bottom, organic layer was collected for lipidomic 
analysis. Both fractions were dried using a speedvac located in the laboratory of Dr. Kivanç 
Birsoy at The Rockefeller University. The dried samples were stored at -80°C until use. Targeted 
polar metabolomics and untargeted lipidomics were performed by The Rockefeller University 
Proteomics Resource center using LC-MS. 
 
EdU incorporation 
 Two hours prior to sacrifice, animals received 25 mg/kg EdU via intraperitoneal 
injection. Animals were sacrificed and dissected. Sections of tumor were placed in histology 
cassettes and fixed in 10% neutral buffered formalin overnight at 4°C. The next day, the 
cassettes were washed three times in PBS and transferred to 70% ethanol. The samples were 
processed by the laboratory for comparative pathology at Memorial Sloan Kettering. The slides 
were deparaffinized and permeabilized following the protocol for immunohistochemistry. EdU 
was detected using the Click-It EdU alexa fluor 647 kit (Thermo fisher). Nuclei were stained 
with incubation of 100ng/mL DAPI for 10 minutes at room temperature. The slides were 
mounted with ProLong Gold mounting medium (Thermofisher). Alexa 647 and DAPI were 
imaged using the Rockefeller University Bioimaging Resource Center. 
 
Adipocyte conditioned medium experiments  
 5,000 cells of the indicated cell line were plated per well of a 96-well plate and incubated 
under standard conditions overnight. Medium was changed to adipocyte conditioned medium for 
24 hours. The MTT assay was performed using the manufacturer’s instructions (Sigma). 
 
Oxygen consumption and Extracellular Acidification rate measurements 
 Oxygen consumption rate and extracellular acidification rates were measured using a 96 
well format XF96 Extracellular Flux Analyzer (Seahorse Biosciences). 30,000 cells per well 
were plated 16 hours before the assay. Mitochondrial or glycolysis stress tests were performed 
according to the manufacturer’s instructions. Oxygen consumption rate or extracellular 
acidification rate was normalized by cell count staining using NucBlue Reagent (Thermofisher). 
 
Human tumor analysis 

Analysis was performed by the Rockefeller University Bioinformatics Resource Center. 
Gene expression (previously processed with Partek Genomics Suite 6.6) and clinical information 
for each sample was obtained from Gene Expression Omnibus, using the series 15matrix file of 
the GSE78958 dataset. Gene expression for each sample was quantile normalized for analysis. 
Gene expression level changes between groups were tested with one-way ANOVA, followed by 
post-hoc testing with Tukey’s honestly significant test. The p-values for each comparison were 
adjusted with a Bonferroni correction. 
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Statistics 
For longitudinal tumor volume experiments, a linear mixed effects model for repeated 

measures was used to analyze data with fixed effects for group, time, and group-by-time 
interaction. An unstructured covariance matrix was used to model the changes in variances over 
unequally spaced measurements. A compound symmetry covariance matrix was used in the 
Acsbg1 KD experiment because it had insufficient degrees of freedom to estimate separate 
variances and covariances. Post-hoc testing was performed between select groups of interest at 
the last time point of each experiment. Cube root transformation was applied to skewed tumor 
volume distributions prior to analysis and chosen over log transformation to deal with tumor 
volume measurements of 0 mm3.Residual plots were examined to evaluate the validity of model 
assumptions. Data analysis was performed using Proc Mixed in SAS Studio version 3.8. For all 
analyses, * p< 0.05, ** p<0.01, *** p<0.001, **** p<0.0001 

For RT- qPCR experiments, data was analyzed via one-way ANOVA (one-factor three or 
more groups), or t-test (one-factor two groups). * p< 0.05, ** p<0.01, *** p<0.001, **** 
p<0.0001. 
 
List of primary antibodies 
 
Antigen Company Product Number Application Dilution 
Actin Gene-Tex 109639 Western Blot 1-10,000 
Acsbg1 Thermofisher MA5-25104 Western Blot 

IHC 
1-1,000 
1-200 

Hif-1a Cell Signaling 36169T Western Blot 1-1,000 
Cleaved-caspase3 Cell Signaling 9664 IHC 1-200 
Phosphohistone H3 Millipore 05-636 IHC 1-200 
Perilipin -1 Santa Cruz 47320 IHC 1-200 
 
List of qPCR primers 
 
Target Forward sequence Reverse Sequence 
Slc6a8 GTGTGGAGATCTTCCGCCAT CCCGTGGAGAGCCTCAATAC 
TBP GGGTATCTGCTGGCGGTTT TGAAATAGTGATGCTGGGCACT 
Acsbg1 ACTCGCAAACCAGCTCCTTA CCGGGTTGTCCATAGTGCTT 
18s CGATGCTCTTAGCTGAGTGT GGTCCAAGAATTTCACCTCT 
Slc27a4 TGAGATGGCCTCAGCTATCTG TGCCCGATGTGTAGATGTAGAA 
Klf16 ATCCTGGCCGATCTGAGAGG GTGCGAAGACTTGTAATAGGCT 
Acads CGTAGAGCTCTCGGTGTTCG AGGTAATCCAAGCCTGCACC 
Cebpd GAACCCGCGGCCTTCTAC GAAGAGTTCGTCGTGGCACA 
Dgka GATGAACAGATTTTGCCAGGGA GTAGCAGTACACATCACTGAGAC 
Pla2g7 CTTTTCACTGGCAAGACACATCT CGACGGGGTACGATCCATTTC 
Epsti1 CTGGGCTTGCAGCAAAACC CTGCCTCTCCATCTTGGGG 
Acads CGTAGAGCTCTCGGTGTTCG AGGTAATCCAAGCCTGCACC 
Acadm TGACAAAAGCGGGGAGTACC GCACCCCTGTACACCCATAC 
Acadl CCGCCCGATGTTCTCATTCT CGCCATGTTTCTCTGCGATG 
Acadvl GTAGCCTCCATCCGAAGCTC CAGGCCCCCATTACTGATCC 
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Hadha TGCATTTGCCGCAGCTTTAC GTTGGCCCAGATTTCGTTCA 
Hsd17b10 GGCTTGGTCGCGGTAGTAAC CCTCTGAGTCAGGTACATCCA 
 
List of cell lines 
 
Cell line Cell type origin 
E0771 Murine mammary carcinoma CH3 biosystems 
KPC Murine PDAC S. Tavazoie lab 
UN-KC-6141 Murine PDAC S. Batra lab 
B16F10 Murine melanoma S. Tavazoie lab 
Hepa 1-6 Murine hepatoma ATCC 
MC38 Murine colorectal carcinoma S. Tavazoie lab 
HEK-293T Human embryonic kidney ATCC 
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