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Abstract

Cancer is one of the leading causes of death worldwide, responsible for over half
a million deaths each year. There are multiple risk factors associated with the
development of cancer. Some of these risks include genetics, smoking, and most
recently, obesity (Lewandowska et al., 2019) (De Pergola & Silvestris, 2013). Research
has shown that obesity is linked to the promotion of fourteen different cancers, including
aggressive triple negative breast cancer (TNBC). Patients that are obese are more likely
to develop cancer (Park et al., 2014). In addition, if the patient is obese at the time of a
cancer diagnosis, they tend to have a larger tumor size and higher tumor grade
(Neuhouser et al., 2015; Thompson et al., 2021; Yang et al., 2011). According to the
world health organization, 41.9% of the world’s population is obese. While the link
between obesity and its impact on the clinical outcome of cancer has been made, the
mechanism by which obesity promotes cancer remains understudied, especially in
TNBC. TNBC is the deadliest form of breast cancer due to the limited amount of
treatment options and aggressive phenotype. The role of obesity in TNBC remains
understudied compared to estrogen receptor positive breast cancer. This work provides
insight into the role of obesity on the pathogenesis of TNBC. In this study deidentified
peritumor breast adipose tissue was obtained from breast cancer patients being treated
by the Edwards Comprehensive Cancer Center. Peritumor breast adipose tissue was
cultured in cell culture media for 24 hours, and media containing adipose tissue
secretions was collected. Peritumor breast adipose tissue obtained from patients with

BMIs > 30 were deemed high BMI adipose-derived secretome (ADS), conversely, BMI <

Xiv



30 was deemed low BMI ADS. TNBC MDA-MB-231 and MDA-MB-436 cells were
treated with high BMI ADS or low BMI ADS in serum free media. Cell migration and
invasion assays were performed on treated TNBC cells. Images were taken at time 0O,
and 24 hours to assay changes in cell migration with Image J software. Treated TNBC
cells were then processed for western blot analysis to determine changes in the levels
and activity of signaling pathways.

This work is the first to characterize the effects of BMI on human peritumor
adipose tissue on TNBC cells, demonstrating a novel new system for studying the effect
of obesity on peritumor ADS regulation of TNBC cell signaling and invasiveness. In
addition, we investigate the effect of BMI on the regulation of signaling and invasiveness
of TNBC cells by peritumor breast adipose tissue secreted factors. We hypothesize that
high BMI ADS has a stronger cancer promoting effect on TNBC cells than low BMI ADS
and this could in part underly the mechanism by which obesity promotes TNBC

progression.
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Chapter 1

Literature Review

Abstract

Cancer is the second most common cause of death worldwide, responsible for
over 600,000 deaths each year (Siegel et al., 2021). Breast cancer is the most common
cancer in women followed by lung and then colorectal cancer (CRC) (Siegel et al.,
2021). Triple-negative breast cancer is the deadliest form of breast cancer due to the
limited treatments available and the increased likelihood of metastasis. In addition,
colon cancer is one of the deadliest cancers, being the second most common cause of
death (Frezza et al., 2006). Obese women have a 20% greater chance of developing
(TNBC) compared to lean women. Epidemiologic studies on CRC reveal a 30-70%
increase risk of developing colon cancer in obese patients (Bardou et al., 2013). While
obesity and CRC have been linked, there is little literature published on this connection
as well as a knowledge gap in the potential mechanism. The literature establishing link
between obesity and breast cancer, including TNBC, is much more extensive. These
results indicate a causality between obesity and cancer development. The obesity-
cancer link is mediated by unique changes in the adipose tissue-derived secretome
(ADS) in obesity. Potential signaling factors whose levels are differentially expressed in
obese ADS compared with lean ADS that promote cancer include leptin, inflammatory
cytokines, cellular matrix proteins, extracellular microvesicles (MVs) and exosomes
(EXs). The signaling and cellular mechanisms induced in cancer cells by obese ADS

have not been fully elucidated, however prior reports have shown a role for mTOR



hyperactivity. In this review, we will discuss the literature and recent clinical studies
linking obesity to increased risk for colon and breast cancer and potential mechanisms
by which obesity-associated changes in metabolism promote mTOR signaling in cancer
cells.

Section 1:1 Clinical Studies

Obesity and Cancer link

One in 20 people will be diagnosed with colorectal cancer (CRC), with 90% of
those cases being in those over 50 years of age. Even with the advancements in
detection, CRC treatment has not advanced. CRC is one of the most difficult cancers to
treat leaving it with one of the highest morbidity rates (Van Cutsem et al., 2009). CRC is
the second leading cause of cancer related deaths, making it one of the deadliest
cancers in the United States. In colon cancer, 75-80% cases develop sporadically,
meaning they do not have a family history of CRC (Wang & Zhang, 2014). Primary risk
factors for breast and colon cancer include, older age, smoking, alcohol intake,
hormone replacement therapy, and obesity (Haggar & Boushey, 2009; Lukasiewicz et
al., 2021).

More than one-third (~40%) of the United States is obese (BMI > 30 kg/m?),
reaching epidemic proportions (Flegal et al., 2016; Hales et al., 2017; Pi-Sunyer, 2002).
Obesity occurs when the energy consumed is greater than the energy expended,
otherwise known as a nutrient overload. This is becoming more common in wealthy
countries and urban areas of developing countries (Calle & Thun, 2004). With these
numbers increasing each year, research into the effects of obesity in cancer is

paramount. Current studies show obesity is linked to 14 different cancers (Xu & Mishra,



2018) (see Table 1). In addition, a recent study has shown that the incidence rates of
these cancers in patients under 50 is currently on the rise (Ugai et al., 2022). In this
review we will focus on breast and colon cancer because they have high incidence rates
compared with other cancers and both have been linked to obesity. A case study in
Israel showed obesity was associated with a 53% higher risk of colon cancer in men
and a 54% higher risk in women (Levi et al., 2017). In addition, each 5kg/m? increase in
BMI was linked to a 5% increase in risk for CRC (Clinton et al., 2020). A recent study
(N=85,256 women) showed a positive association between early onset of CRC (media
age of 45) with obesity when analyzed by multivariable relative risk (RR) (P. H. Liu et
al., 2019). A meta-analysis of publications regarding obesity and breast cancer
outcomes showed that women who were obese had ~30% increase of CRC recurrence
and CRC mortality (Protani et al., 2010). Klintman showed obesity was statistically
significantly linked with increased risk for developing node positive ER positive breast
cancer (N = 35,412 postmenopausal women) (Klintman et al., 2022). In Appalachia,
nearly 50% of women with TNBC are obese (Vona-Davis et al., 2008). Obese women
have a 20% higher risk of developing TNBC compared with lean women (Sun et al.,
2017). Larger breast tumors (P = 0.02), higher breast cancer T stage (P=0.001), and
higher breast tumor grade (P = 0.01) is also statistically significantly associated being
overweight and obesity in women (N = 183) positively associated with being overweight.
Mowad et al (2013) showed obesity was significantly associated larger tumors (P =
0.02), a higher T stage (with explored the effects of obesity on 183 women with TNBC

(Mowad et al., 2013). They found that patients who were overweight or obese had



larger tumors (P = 0.02), a higher T stage (P=0.001), and they also had a higher tumor

grade (P = 0.01) (Mowad et al., 2013).

Figure 1

Timeline of Obesity and Breast Cancer Research

Obesity linked Obesity and Effect of
Obesity linked increased breast cancer obesity on
to mammary tumor size and disproportionately Obesity and breast tumor
carcinoma in lymph node affect African hormone micro-
| mice ‘ involve‘ament ‘ Americ|an women ‘ hypothesis environment
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cancer

Note. Timeline indicating the first link of obesity to breast cancer (1953) and the

advancements made to present day.



Figure 2

Timeline of Obesity and Colon Cancer Research
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PI3K/AKT,
MAPK,
Cyclin D

Note. Timeline indicating the first link of obesity to colon cancer (1964) and the

advancements made to present day.



Table 1

Link Between Obesity and Cancer

Cancer Type Reference:

Breast- (Calle & Thun, 2004),(Calle, 2007), (Avgerinos et al., 2019), (De Pergola &
Silvestris, 2013), (Jiralerspong & Goodwin, 2016), (Wolin et al., 2010)

Endometrium - (Calle & Thun, 2004), (Avgerinos et al., 2019), (De Pergola & Silvestris,
2013), (Wolin et al., 2010)

Renal- (Calle & Thun, 2004), (Avgerinos et al., 2019), (De Pergola & Silvestris, 2013),
(Wolin et al., 2010)

Esophageal- (Calle & Thun, 2004), (Avgerinos et al., 2019), (De Pergola & Silvestris,
2013), (Wolin et al., 2010)

Hepatocellular - (Avgerinos et al., 2019), (Wolin et al., 2010), (Marengo et al., 2016)
Pancreatic Adenoma- (Avgerinos et al., 2019), (Pothuraju et al., 2018)

Gastric Cardia - (Avgerinos et al., 2019) , (Li et al., 2012)

Meningioma- (Avgerinos et al., 2019), (Wolin et al., 2010)

Multiple Myeloma- (Avgerinos et al., 2019), (De Pergola & Silvestris, 2013), (Wolin et
al., 2010)

Ovarian- (Avgerinos et al., 2019), (Valladares et al., 2014)

Gallbladder- (Avgerinos et al., 2019), (Wolin et al., 2010)

Thyroid- (Avgerinos et al., 2019), (De Pergola & Silvestris, 2013), (Wolin et al., 2010),
(Matrone et al., 2020)

Prostate- (De Pergola & Silvestris, 2013), (Wolin et al., 2010)

Melanoma - (De Pergola & Silvestris, 2013), (Clement et al., 2017)

Leukemia- (De Pergola & Silvestris, 2013), (Wolin et al., 2010)

Lymphoma - (De Pergola & Silvestris, 2013), (Wolin et al., 2010), (Matos et al., 2016)
Colorectal - (Calle & Thun, 2004), (De Pergola & Silvestris, 2013), (Wolin et al., 2010),
(Bardou et al., 2013)

Note. Papers citing clinical and mechanistic links between obesity and cancer.



Section 1:2 Obesity-Associated Endocrine and Paracrine Signaling that Promotes
Breast and Colon Cancer
Obesity-mediated cancer risk is hypothesized to be mediated by endocrine

changes and altered paracrine interactions between adipose tissue (AT) and cancer
cells. Regarding endocrine changes, the levels of leptin, estrogen, thyroid stimulating
hormone, and T3 are increased in obesity (Pearce, 2012; Sidhu et al., 2000)
Conversely, adiponectin and testosterone are lower in obesity (Kelly & Jones, 2015; Xu
& Mishra, 2018). A study by Otake et al measured adiponectin in 124 men with
colorectal adenoma, early CRC, advanced CRC, and predisposed risk. They found that
low levels of adiponectin had a significant increase in the odds ratio in patients with an
increased risk of colorectal adenoma, linking low levels of adiponectin to an increased
risk of CRC (Otake et al., 2010). The effect of obesity on other hormones such as
testosterone have been linked to prostate cancer. In a study by Garcia-Cruz et al,
obesity induced low levels of testosterone in prostate cancer patients. These low levels
were linked to poor prognosis (Garcia-Cruz et al., 2012). These studies demonstrate the
effect obesity has on the endocrine system and how it relates to cancer.
Leptin; a Link Between Obesity and Cancer

Leptin is a 16 kDA protein encoded by the LEP gene (Munzberg & Morrison,
2015). In adults, leptin is released by adipose cells and gastric luminal cells
(Cammisotto & Bendayan, 2007). Leptin is primarily secreted by white adipose tissue
where it circulates in the blood freely (active form) or bound to protein (Obradovic et al.,
2021). The primary function of leptin is to diminish fat storage by signaling through the
Janus tyrosine kinase/signal transducer and activator of transcription (JAK/STAT)

pathway, an important regulator for energy homeostasis (Kelesidis et al., 2010). Leptin



induces signaling in the hypothalamus (ventral tegmental area) to reduce hunger and
regulate energy balance (Zhou & Rui, 2013). The role of leptin in suppressing hunger
has been confirmed in leptin deficient patients (Kleinendorst et al., 2020). Patients that
express lower levels of LEPR (leptin receptor) experience hyperphagia and obesity
(Kleinendorst et al., 2020). Leptin also regulates proinflammatory immune responses,
angiogenesis, and lipolysis (Obradovic et al., 2021). Leptin upon binding to its cell
surface leptin receptor signals through the JAK/STAT3 pathway, which primarily
regulates gene expression, and the phosphatidylinositol 3-kinase-related kinase (PI3K)
pathway which stimulates the phosphorylation of downstream targets that regulate
proliferation and cell growth. PI3K-mediated induction of mechanistic target of
rapamycin (mTOR) induces mTOR associated signaling that in turn regulates cell size,
proliferation and cell survival (Park & Ahima, 2014). Leptin by stimulating signaling
promotes the secretion of inflammatory cytokines such as tumor necrosis factor (TNF)
alpha and interleukin 6 (IL-6), promote vascular endothelial growth factor (VEGF),
hypoxia inducible factor 1a (HIF-1a), and increase expression of antiapoptotic proteins
such as x-linked inhibitor of apoptosis protein (XIAP). The positive association between
increased levels of leptin in obesity with increased levels of tumor necrosis factor (TNF)
alpha, and interleukin-6 (IL-6) have been confirmed in studies from different laboratories
(Dutta et al., 2012).

A study by Stattin et al used logistic regression analysis to link high levels of
leptin with increased colon cancer risk (odds ratio 2.72) (Stattin et al., 2004). A more
recent study solidified these results by demonstrating that two leptin (LEP) single

nucleotide polymorphisms (SNP) significantly correlated with CRC in women (Chun et



al., 2018). Endo et al hypothesized that leptin stimulates the growth of colon cancer by
inducing growth factor signaling pathways in colon cancer cells (published in 2010)
(Endo et al., 2011). They showed increased colon cancer cell proliferation in obese
mice compared with obese mice lacking leptin. This result linked leptin to the
proliferation of colorectal cancer cells in obesity via stimulation of WNT and increased
activation of STAT3 (Endo et al., 2011). Leptin could also promote cancer in obesity by
contributing to chronic low-level inflammation in AT in obesity. In Landman et al, Leptin
was shown to be released in response to endotoxin treatment (used to induce
inflammation) in rhesus monkeys (Landman et al., 2003). The higher levels of
inflammation in AT in obesity is due to adipocyte hypertrophy. The hypertrophied
adipocytes secrete higher levels of chemoattractants, leading to an increase in
macrophage infiltration. In addition, rapid AT expansion does not allow for proper
angiogenesis, leading to hypoxia, apoptosis, and cell stress in AT (Zatterale et al.,
2019). These cellular changes stimulate the release of chemoattractant molecules such
as leptin and eotaxin from AT that recruit additional inflammatory cells to AT in obesity
(Francisco et al., 2018). Leptin also induces signaling that promotes the differentiation
of naive T cells into proinflammatory Th1 cells in humans and mice (Perez-Perez et al.,
2020; Procaccini et al., 2010). High levels of leptin have also been correlated with lower
activity of T regulatory cells (Zeng & Chi, 2013). Specifically, leptin inhibits the
expansion of T regulatory cells (De Rosa et al., 2007). Collectively, leptin promotes
cancer progression through two mechanisms. In the direct pathway, leptin (100 ng/mL)
acts directly on breast tissue (Juarez-Cruz et al., 2019). In the indirect pathway, leptin

promotes low level inflammation in obesity by regulating T regulatory cells, stimulating



inflammatory cells, and promoting the synthesis and release of proinflammatory
cytokines. Leptin is also able to stimulate angiogenesis, which in turn can promote
growth of cancer (Bouloumie et al., 1998). In order to perform these functions, leptin

acts in a paracrine and endocrine fashion (Vona-Davis & Rose, 2007) (figure 3).
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Figure 3

Leptin Release from Adipose Tissue in Low BMI and High BMI Conditions

BMI <30 BMI > 30

Systemic circulation Systemic circulation

endocrine Paracrine : _
endocrine Paracrine

Note. Low BMI = BMI <30. High BMI = BMI >30 Leptin is a hormone released from
adipose tissue and has the capability to act on nearby adipose cells (yellow) in a
paracrine fashion. Leptin is also able enter circulation to elicit effects in distance tissues,

acting in an endocrine fashion. In high BMI patients, leptin release is increased.
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Based on these detrimental effects of leptin, pharmacological inhibitors that bind
and antagonize the LEPR have been created. Otvos et al explored the effect of LEPR
inhibitors on the progression of breast cancer in mouse xenograft models.
Intraperitoneal treatment of mice with LEPR inhibitors reduced breast tumor size (Otvos
et al., 2011). While these inhibitors showed promising results, there are a multitude of
different LEPR expressed with different interaction sites, making pharmacological
targeting difficult (Otvos et al., 2011). Otovos et al tested the effect of pure LEPR
antagonists (Allo-Aca, Aca1, and D-ser) and the results showed that these LEPR
blockers did not have side effects. These compounds showed great success in cancer
reduction and treatment in cachexia. However, resistance was developed. With this
great preclinical success, this begs to question why these inhibitors are not used more
in clinic. While many studies have shown that leptin plays a role in increased invasion
and migration of cancer cells, the concentrations frequently used in experiments are
significantly higher (100-400ng/mL)(Bowers et al., 2018) than those within obese patient
serum (30-70ng/mL)(Kazmi et al., 2013). Leptin clearly has a role in obesity and caner,
but the significance of its role is under question. Obese AT secretes a multitude of other
factors that have also been shown to play a significant role in the advancement of
cancer, suggesting that leptin alone is not solely responsible.

Obesity-Stimulated Adipocyte Secretome

In obesity, adipose tissue (AT) is dysfunctional with increased levels expression
and secretion of proinflammatory cytokines (such as IL-6, TNF-a, IL-8, monocyte
chemoattractant protein-1 (MCP-1), leptin, extracellular proteins, free fatty acids, and

extracellular vesicles (EVs) (Table 2) (Camino et al., 2020). The levels of circulating

12



tumor necrosis factor alpha (TNF alpha) and the proinflammatory cytokine interleukin 6
(IL-6) are also higher in obese compared with lean subjects (Ellulu et al., 2017). In
obese patients IL-6 serum levels are 7.69 +/- 5.06 pg/mL, and serum levels in normal
BMI patients is 1.28 +/- 0.85 pg/mL (Roytblat et al., 2000). A recent study explored the
association between adipocyte size and the complexity of the adipocyte secretome
(Skurk et al., 2007). Human adipocytes were divided into 4 fractions. The results
showed that the fraction which held the larger adipocytes secreted more factors such as
leptin, IL-6, IL-8, monocyte chemoattractant protein 1, and granulocyte colony-
stimulating factor (Skurk et al., 2007). These findings provided further evidence that
obesity influences the adipocyte secretome and that such changes are associated with
adipocyte hypertrophy.

The release of EVs by AT in the tumor microenvironment could be a new
mechanism linking obesity with cancer progression. EVs are lipid-bilayers that contain
intracellular lipids, proteins, and nucleic acids (Doyle & Wang, 2019). EVs are formed
via two pathways, direct budding from the cellular membrane or via the endosomal
pathway (Clement et al., 2017). EVs have several subtypes that are differentiated by
their formation, release pathways, but most of all, their size (Doyle & Wang, 2019). EV
subtypes are exosomes, microvesicles, ectosomes, oncosomes, and apoptotic bodies
(Doyle & Wang, 2019; Yokoi & Ochiya, 2021). Upon being released from cells, EVs
induce signaling in other cells that can change cellular function (thus a new paracrine
mechanism) (Kim & Kim, 2021; Robado de Lope et al., 2018). The number and
composition of EVs is influenced by changes in cellular stress (such as hypoxia) in the

EV releasing cell (King et al., 2012). Breast cancer cells in hypoxic conditions have
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been shown to release higher numbers of EVs. These vesicles also contained higher
levels of miR-210 (King et al., 2012). Thus, it is possible that obesity-stimulated
adipocyte dysfunction influences the profile of EVs being released from AT. This
hypothesis is supported by a report showing that obesity uniquely regulated the release
of exosome-like vesicles from AT. As stated previously, exosomes are a subtype of
extracellular vesicles (Yokoi & Ochiya, 2021). These exosome-like vesicles were taken
up by macrophages that then induced increased secretion TNF-alpha and IL-6 (Deng et
al., 2009). Prior reports have also linked adipocyte EVs with the progression of
melanoma. The first report showed that adipocyte derived EVs induce signaling in
human melanoma cells that stimulated cancer cell migration and invasiveness (Lazar et
al., 2016). Human isolated exosomes added to melanoma cell lines had an increased
migration and invasion as compared to controls. This migration was caused by
exosome induce signaling in melanoma that stimulated fatty acid oxidation, which in
turn promoted the increased migration (Lazar et al., 2016). This finding demonstrates
the effect obesity has on AT secretions. These alterations occur throughout the body,
showing that this may be a mechanism behind the link between obesity and other
cancers. In addition, AT derived EVs have also been reported to stimulate
angiogenesis, and immune tolerance in melanoma (Clement et al., 2017; Ekstrom et al.,
2014). Interestingly, melanoma promoting AT-derived EVs were released from AT in the
subdermal layer of the skin (Ekstrom et al., 2014). In addition to melanoma, AT-derived
EVs have been linked to chemoresistance in CRC. In the plasma of obese CRC
patients, serum exosomes express higher levels of microsomal triglyceride transfer

protein (MTTP) (Zhang et al., 2022). This protein is a known inhibitor of ferroptosis. To
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show this effect on CRC, the authors co-cultured adipocyte exosomes and CRC cancer
cell lines. Cancer cell lines co-cultured with CRC cell lines showed decreased sensitivity
via GSH to ferroptosis inducer erastin. This suggests adipocyte derived exosomes
interfere with ferroptosis via MTTP over-expression (Zhang et al., 2022).

Obesity also influences AT by stimulating increases in adipocyte number
(hyperplasia) and adipocyte hypertrophy (enlargement of adipocyte size) (Parlee et al.,
2014). Hypertrophic adipocytes are lipid-laden, dysfunctional and undergo cell death
that contributes to low grade inflammation and fibrosis in AT in obesity (Fuster et al.,
2016). Adipose tissue fibrosis is due to a multitude of factors. The first being an
increase in the release of collagen IV into the extracellular matrix (ECM) (Ruiz-Ojeda et
al., 2019). The increase of collagen IV makes the ECM more rigid (Khan et al., 2009).
Fibrosis is also shown to be due in part to hypoxia. The hypoxic condition of obese AT
upregulates hypoxia-inducible factor 1 alpha (HIF1a) which in turn promotes fibrosis
(Halberg et al., 2009). The higher levels AT inflammation in obesity is accompanied by
higher numbers of inflammatory cells in AT in obesity (Zatterale et al., 2019). It is
becoming more known that adipocytes are not the only cells within AT. Single cell RNA
sequencing on mouse and human subcutaneous fat demonstrated the heterogeneity of
adipose tissue such as mesenchymal stem cells, mural stem cells, adipocytes, vascular
cells, lymphatic endothelial cells, macrophages, etc. (Deutsch et al., 2020; Emont et al.,
2022). Macrophages are the most abundant inflammatory cell in AT in obesity—
however—reports show the numbers of CD8+ T cells in AT are also increased in
obesity (Zatterale et al., 2019). These cells can undergo fundamental changes due to

inflammation, leading to alterations in their secretions. These obesity-driven changes in
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AT lead to an obesity-specific AT derived secretome (ADS) (Clement et al., 2017; Lazar
et al., 2016; Thompson et al., 2021).

Exosomes are extracellular vesicles that are composed of cytoplasm enclosed by
a lipid bilayer (Schorey et al., 2015). They are 30-100nm in size and primarily
responsible to cell to cell communication (Schorey et al., 2015). More recently,
exosomes have been shown to not just affect nearby cells, but to be able to regulate
distant microenvironments (Zhang & Yu, 2019). The role exosomes play in cancer is
becoming more evident. Exosomes are frequently released by all cells in the body,
however, cancer cells release more exosomes as compared to normal healthy cells
(Zhang & Yu, 2019). Exosomes contain many different RNAs, miRNAs, proteins, and
DNA, that can regulate the tumor microenvironment (Zhang & Yu, 2019). Further,
exosomes released from cancer cells can transfer cancer promoting genes and proteins
to non-cancer cells. This mechanism was demonstrated in CRC cells. Demory-Beckler
et al isolated exosomes from CRC cell lines DKs-8, DLD-1, and DKO-1. These
exosomes were found to carry mutant KRAS oncogene, known to promote CRC
(Demory Beckler et al., 2013). Exosomes with KRAS mutations were stained with 1,1’
dioctadecyl-3,3,3’,3'- tetramethylindodicarbocyanine, 4-cholorbenzensulfonate salt
(DIiD). Exosomes with the KRAS mutation were quickly engulfed into the non-cancer
cells, which could in turn induce oncogenic signaling in normal cells (Demory Beckler et
al., 2013). Exosomes not only influence other cancer cells, but are able to also influence

the tumor microenvironment (Zhang & Yu, 2019).
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A study by Gesierich et al demonstrated the effect of exosomes on angiogenesis.
D6.1A is a key protein that is stimulates the formation of new blood vessels in
endothelial cells. D6.1A is a rat homolog tetraspanin, commonly secreted by tumor
cells, however, Gesierich et al demonstrated that D6.1A was found to be secreted within
exosomes as well, influencing the endothelial cells within the tumor microenvironment in
pancreatic tumor cell line over expressing D6.1A (Gesierich et al., 2006). The NOTCH
ligand delta-like 4 (Dll4) also promotes angiogenesis via overexpression by tumor cells
(Sheldon et al., 2010). Sheldon et al showed that DIl4 can be incorporated into tumor
released exosomes and influence endothelial cells within the tumor microenvironment to
promote angiogenesis (Sheldon et al., 2010). HUVEC cells treated with exosomes
containing DIl4 demonstrated higher levels vessel formation via imaging and CD31
analysis (Sheldon et al., 2010). In addition, exosomes have also been shown play a role
in drug resistance by expelling cytotoxic drugs (Safaei et al., 2005). Ostrowski et al
demonstrate the mechanism by which exosomes are secreted. Short hairpin-mediated
RNA knock down of five Rab proteins (Rab2b, Rab9a, Rab5a, Rab27a, and Rab27n)
prevented exosome release from Hela cells (Ostrowski et al., 2010). Blocking the
release of exosomes can potentially serve as a therapeutic potential for cancer patients.

Exosomes clearly play a large role in the progression of cancer. This begs to
question what is the role obesity plays in the formation and contents of exosomes? A
high fat diet results in alterations lipid composition of exosomes (Kumar et al., 2022).
Dysfunctions in adipose tissue caused by obesity also leads to dysregulated assembly
and packaging of AT derived exosomes (Kwan et al., 2021). Obesity does not only

affect the formation of exosomes but also affects its contents. A recent mouse study
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showed that obesity alters the miRNA profile in plasma exosomes. They found
exosomes have increased levels of miR-122, miR-192, miR-27a-3p, and miR-27b-3p
(Castano et al., 2018). These alteration within the exosomes lead to insulin resistance in
lean mice treated with obese derived exosomes (Castano et al., 2018). In addition,
obese adipocytes have higher levels of miR-802-5p. Higher levels of this micro-RNA are
linked to increased oxidative stress (Kwan et al., 2021). The hypoxic conditions found in
obesity also play a role in the cargo of exosomes (Kwan et al., 2021; Sano et al., 2014).
Sano et al demonstrated this mechanism by performing proteomic analysis on
exosomes derived from adipocytes cultured in hypoxic conditions. In exosomes
released from hypoxic AT, proteins such as acetyl-CoA carboxylase, glucose-6-
phosphate dehydrogenase, and fatty acid synthase were increased (Sano et al., 2014).
The role of obese AT derived exosomes in obesity in cancer progression needs to be
studied.

The specific factors in ADS that induce signaling in cancer cells include leptin,
adiponectin, pro-inflammatory cytokines (such IL-6), extracellular factor collagen IV and
extracellular vesicles (EVs) (Camino et al., 2020). Overall, these studies show that
obesity leads to increased exosome secretion, increased expression of proteins such as
MTTP, and promote invasion and migration in cancer. However, a more recent study
implicates a core pathway responsible for the increased invasion and migration, the

mTOR pathway (Thompson et al., 2021)
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Table 2

Components of Adipose Derived Secretome

Adipose Derived Secretome

Reference:

MCP1

Activin A

Resistin

RANTES

Serpin E1

IGF-1
Lysophosphatidic Acid
VEGF

IL-1B

(Nosalski & Guzik, 2017)
(Oikonomou & Antoniades, 2019)
(Wolf, 2004)
(Madani et al., 2009)
(Vachher et al., 2020)
(Lengyel et al., 2018)
(Pages et al., 2001)
(Schlich et al., 2013)

(Pardo et al., 2012)

Extracellular Vesicles (Deng et al., 2009), (Liu et al., 2012), (Kim & Kim, 2021)

- IL-6

- TNFa

- siRNA

- microRNA

- DNA

- Lipids

- Sphingolipids

- Phosphatidylserine

Note. Proposed contents of ADS.
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Section 1:3 Obesity-Associated Nutrient Changes that Stimulate mTOR
Hyperactivity
1. mTOR Complex

Mechanistic target of rapamycin (mTOR) is a kinase that is a member of the
phosphatidylinositol 3-kinase-related kinase family (PI3K). MTOR is a part of two
separate protein complexes that are activated in two different locations in the cell. The
outer lysosomal membrane is the site of mMTOR complex 1 (mTORC1) activation (Betz &
Hall, 2013). MTORC1 is recruited to the lysosome by its interaction with RAGA and
RAGB. Once recruited to the lysosome mTORC1 kinase activity is induced by RHEB
(Carosi et al., 2022). Conversely, mTOR complex 2 (mTORC2) activity localizes to the
cytoplasm facing side of the plasma membrane (Zoncu et al., 2011). Active mTORC2
will also bind with ribosome (Zinzalla et al., 2011). The two mTOR complexes are
composed of different regulatory and signaling proteins and thus the regulation and
function of MTORC1 is different than mTORC2 (figure 4). MTORC1 is composed of
mTOR, raptor, Gbetal, and deptor (Yip et al., 2010). Raptor functions as a key
scaffolding protein for mTOR. As a scaffolding protein, it assists in recruitment and
phosphorylation of ribosomal protein S6 kinases (S6K) and eukaryotic translation
initiation factor 4E binding protein (e4EBP) (Nojima et al., 2003; Schalm & Blenis,
2002). G protein beta subunit-like (Gbetal) is a scaffolding protein, that is needed for
mTOR kinase activity (Kim et al., 2003). DEP domain containing mTOR interacting
protein (deptor) is a regulatory protein that inhibits the kinase activity of mTOR
(Morales-Martinez et al., 2021). MTORC2 is composed mTOR, rictor, GbetaL, proline

rich protein 5 (PRRS5) (known to be elevated in breast and colorectal cancers), deptor,

20



and stress activated protein kinase interacting protein 1 (SIN1) (Oh & Jacinto, 2011). In
mTORC?2 rictor and SIN1 plays a large role the phosphorylation of the protein kinase C
(PKC) family (Cameron et al., 2011; Sarbassov et al., 2004). PKC alpha acts to regulate
cellular proliferation, apoptosis, differentiation, motility, and inflammation (Nakashima,
2002). MTORC2 and mTORC1 play a dynamic and involved role in each other’s
regulation. For instance, mMTORC2 phosphorylates AKT at serine 473 (Oh & Jacinto,
2011). Upon being phosphorylated by mTORC2, AKT will promote the activation of
mTORC1 (Oh & Jacinto, 2011). AKT phosphorylates tuberous sclerosis complex 2
(TSC2) and PRAS40. TSC2 and PRAS40 are negative regulators of mTORC1. Once
these proteins are phosphorylated, mTORCH1 is free to act out its function as a kinase
(Dan et al., 2014). Phosphorylated AKT will also phosphorylate the SIN1 component of
mTORC2 activating complex 2 in a positive feedback loop (Yang et al., 2015). SIN1
acts to regulate mTOC2 in a few ways, the first being the regulation of mMTORC2
formation being. The second way SIN1 regulates mTORC2 function is through the
recruitment of mMTORC2 substrates such as AKT. SIN1 also acts to directly receive P13k
signaling to then in turn activate mTORC2 through its pleckstrin homology domain (PH
domain) (Yuan & Guan, 2015). While mTORC?2 is regulated by growth factors, SIN1,
and PI3K signaling, mTORC1 is primarily regulated by nutrients such as branch chained
amino acids (such as leucine), glucose, and growth factors, (Oh & Jacinto, 2011; Yuan
& Guan, 2015).

Under normal conditions mMTORC1 regulates cell growth, protein translation, lipid
synthesis, organelle biosynthesis, and autophagy (Sabatini, 2017). On the other hand,

mTORC2 regulates cell shape (by regulating actin filaments), cell survival, and cell
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metabolism (Oh & Jacinto, 2011). In simple terms, mTORC1, by responding to nutrients
and growth factors, coordinates nutrient availability with changes in cell growth
(Sabatini, 2017). The pathway by which the essential amino acid leucine stimulates
MTOR has been characterized and involves two leucine sensing proteins. In the Leucyl-
tRNA synthetase (LRS) pathway, leucine upon binding to LRS stimulates the hydrolysis
of RagD-GTP to RagD-GDP, which in turn mediates the recruitment of mTOR to the
lysosome—the site of mMTORC1 activation (Zoncu et al., 2011). In the Sestrin 2
pathway, the binding of leucine to Sestrin 2 disrupts Sestrin 2 binding to GATORZ2,
which in allows GATOR? to stimulate mTORC1 activity (Wolfson et al., 2016). It is
postulated that higher levels of circulating leucine in obesity could mediate increases in
mTORC1 hyperactivity in cancer cells and in other tissues such as adipose tissue,
muscle, liver, and pancreas (Khamzina et al., 2005; Laplante & Sabatini, 2012; Saxton
& Sabatini, 2017b; Shigeyama et al., 2008; Tremblay et al., 2007; Um et al., 2004; Yuan
et al., 2017). While leucine is higher in obesity, it is not the only nutrient that is

increased in obesity.
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Figure 4

Composition of mTOR Complex 1 and Complex 2

mTORCA1 mTORC2

PRAS40
MLST8
g I
TSG PNTRG1
Cell growth Cell survival

Note. MTOR is formed by a series of proteins complexing together. MTORC1 structure
is shown as well as the cellular read out of mMTORC1 activity, phosphorylated ribosomal
S6 (PS). We used phospho-S6 (S235/236) as a readout of mMTORC1 activity in chapter
2. Upon activation, MTORC1 promotes cellular growth. MTORCc2 read out is PNDRGH1.

Once stimulated, mTORc2 promotes cell survival.
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Obese individuals also have higher levels of glucose. The increase in glucose could
be another link between obesity and mTORC1 activity, given that glucose promotes the
activation of mTORC1 (Sanguesa et al., 2019). The upregulation of mMTORC1 activity in
tissues could in part be mediate by obesity-associated complications like fatty liver
disease, insulin resistance, type 2 diabetes, and some cancers such as
postmenopausal breast and colon cancers (Calle & Kaaks, 2004; Calle & Thun, 2004;
Collaborators et al., 2017; Laplante & Sabatini, 2012; Park et al., 2014; Saxton &
Sabatini, 2017b; Um et al., 2004; Zoncu et al., 2011). Fatty liver disease occurs due to
an imbalance in triglycerides in the liver. MTOR regulates genes that regulate lipid liver
metabolism (Feng et al., 2022). Further solidifying its role in obesity is the role mTOR
plays in insulin signaling. The increased consumption of nutrients in obesity leads to an
over activation of mMTORC1, which then causes an increase in the phosphorylation of
insulin receptor substrate (IRS) leading to the development of insulin resistance (Yoon,
2017). In type two diabetes and cancer, increased nutrients result in hyper activation of
mTOR. Dysregulation of this signaling pathway leads to alterations in metabolism of
glucose, potentially fueling cancer (Mao & Zhang, 2018). In addition, mMTORC2 role in
cancer is becoming more evident (Kim et al., 2017; Masui et al., 2014). In recent
studies, high expression of mTORC2 key component RICTOR, is linked to poor overall
survival in several cancer types such as, bladder cancer, non-small-cell-lung cancer,
and esophageal gastric cancer (D. Zhao et al., 2020).

2. Nutrient Regulation

a. Leucine Pathway
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Prior reports show leucine is elevated in the plasma of humans who are obese
(She et al., 2007). The exact mechanism behind why branched chain amino acids
(BCAA), specifically leucine, are elevated is not fully known. One hypothesis is
increased consumption of food. Another explanation is obese patients exhibit increased
protein catabolism due to insulin resistance, leading to increases in serum BCAA (She
et al., 2007). Obesity is also associated with a defect in the catabolism of leucine.
Reduced leucine catabolism in obesity is connected to reduced expression of leucine
catabolizing enzymes— branched chain amino acid aminotransferase (BCAT)
(mitochondrial form) and branched chain alpha-keto acid dehydrogenase (BCKDC)(She
et al., 2007). Obese rats exhibit significantly decreased levels of BCAT and BCKDC in
AT and liver, and significantly higher levels of plasma BCAA. These results, however,
did not hold true in muscle tissue (She et al., 2007). This study, while in rats, holds a
potential mechanism for why leucine and other BCAA are increased within obesity.

Leucine is not only important for protein synthesis, but it can also regulate
pathways that are relevant to obesity such as mTOR hyperactivity (Dodd & Tee, 2012).
Leucine has also been linked to the release of leptin via the mTOR pathway (Lynch et
al., 2006). Once stimulated by amino acids, mTOR regulates mRNA levels of leptin
(Lynch et al., 2006). Rats fed a leucine deprived diet showed decreased levels of leptin
(Lynch et al., 2006). This suggests that leucine stimulates leptin expression and release
into the plasma. This novel link between obesity and reduced expression of leucine
metabolizing enzymes was discovered in initially in obese Zucker rats (She et al., 2007).
Similarly, a genomics study conducted in obese mice and humans showed that obesity

is associated with decreased expression of BCAA catabolic pathway proteins (M. Zhou
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et al., 2019). Our group and others have shown that increased leucine uptake by cells
promotes the activity of mTORC1 (Dodd & Tee, 2012; Lynch et al., 2003; Thompson et
al., 2021). We have recently provided mechanistic evidence that this aspect of leucine
signaling is upregulated in cancer cells in response to obese ADS (Thompson et al.,
2021). Estrogen receptor positive breast cancer cells were treated with lean (BMI <30)
and obese (BMI > 30) ADS. Leucine uptake assays showed that obese ADS induced
greater leucine uptake by breast cancer cells than lean ADS (Thompson et al., 2021).
In addition, it was shown that the levels of LAT1 remained unchanged in response to
treatment with lean or obese adipose derived secretome. LAT1 kinetic studies showed
that obese ADS acted on breast cancer cells to increase the affinity of LAT1 for leucine,
which in turn stimulated greater leucine uptake by breast cancer cells treated with
obese compared with lean ADS (Thompson et al., 2021). Thus, obesity not only
increases the levels of leucine in plasma, but it also stimulates cancer cells to absorb
more leucine, resulting in mTOR hyperactivity. A recent paper published in nature gave
insights into how leucine, and other branch chained amino acids such as arginine
stimulate mMTORC1. The findings suggest that leucine and arginine interact with different
proteins that control the translocation of mMTORC1 to the surface of the lysosome, the
site of MTORC1 activation (Vellai, 2021). Leucine inhibits SAR1B and SESTRIN 2,
while arginine inhibits CASTOR1, which confers RAG proteins that ability to recruit
mTORC1 to the surface of the lysosome, which is the trigger for mMTORC1 activation. In
addition to leucine and arginine, there are 10 additional amino acids that have been

linked to the activation of mMTORC1 (Takahara et al., 2020). Of these 10 amino acids,
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the majority of them are transported by the L-Type amino acid transporter 1 (LAT1),
which links this amino acid transporter to mTORC1 activity (Zhao et al., 2015).
b. Leucine Uptake by Cells via L-Type Amino Acid Transporter 1 (LAT1)

The high affinity leucine transporter, LAT1, is the primary leucine transporter
expressed by cancer cells. LAT1 has been shown to have increased expression in
breast cancer, non-small cell lung cancer, biliary tract cancer, pancreatic cancer, renal
cancer, and prostate cancer (Higuchi et al., 2019). We and others have shown LAT1 is
regulated by transcriptional and posttranscriptional mechanisms. The aryl hydrocarbon
receptor (AHR), MYC, and the Notch pathways stimulate increases in LAT1
transcription in different cancer cell types (Salisbury & Arthur, 2018). An elegant study
by Tomblin et al showed that TCDD, a known ligand of AHR, stimulated increases in
LAT1 mRNA (Tomblin et al., 2016). The increase was suppressed by the AHR
antagonist CH-223191 (Tomblin et al., 2016). Within the LAT1 gene is an AHR
response element, explaining its regulation (Tomblin et al., 2016). In addition to this
pathway, LAT1 expression is activated by MYC through binding to E box elements on
the LAT1 gene (Yue et al., 2017). Regarding posttranslational regulation, LAT1 protein
is stabilized upon its binding to its chaperon protein, CD98 (Salisbury & Arthur, 2018).
The binding of LAT1 to CD98 is mediated by disulfide bonds between LAT1 and CD98
(Scalise et al., 2018). CD98 also mediates translocation of LAT1 to the cell membrane
where exchanges with amino acids to promote mTOR activity (Salisbury & Arthur, 2018;
Wang & Holst, 2015). LAT1 mediates leucine uptake by the intestinal epithelium,
placenta, and the blood brain barrier (Singh & Ecker, 2018). In addition to leucine, LAT1

mediates the uptake of phenylalanine, tyrosine, L-DOPA, histidine, methionine, and
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tryptophan (Salisbury & Arthur, 2018). Of these, methionine is known to stimulate
mMTOR (Takahara et al., 2020). LAT1 is overexpressed in many cancers (Hafliger &
Charles, 2019). These cancers include; bladder cancer (Xie et al., 2013), bone cancer
(Koshi et al., 2015), gliomas (Haining et al., 2012), liver cancer (Ohkame et al., 2001),
pancreatic cancer (Kaira et al., 2012), esophageal cancer (Kobayashi et al., 2005),
gastric carcinoma (Ichinoe et al., 2015), head and neck cancer (Toyoda et al., 2014),
kidney cancer (Betsunoh et al., 2013), melanoma (Shimizu et al., 2015), prostate cancer
(Segawa et al., 2013), thyroid cancer (Hafliger et al., 2018), breast cancer (Furuya et
al., 2012), and colorectal cancer (Hayase et al., 2017). LAT1 overexpression in cancer
is postulated to contribute to the progression and survival of cancer cells by mediating
the uptake essential amino acids that in turn support cancer cell metabolism (Sato et al.,
2021), protein synthesis (Kanai, 2022) and mTOR signaling (Rosilio et al., 2015). LAT1-
via leucine has also been shown to promote cancer drug resistance (Sato et al., 2021).
This is also true for the estrogen receptor modulator, tamoxifen (Saito et al., 2019; Sato
et al., 2021). Resistance to tamoxifen is thought to be due to adaption to nutrient stress
via LAT1 (Saito et al., 2019). The exact mechanism by which LAT1 mediates
chemoresistance is not fully known, however, it is hypothesized that LAT1 mediates the
absorption of chemotherapy drugs into the cancer cells (J. Zhang et al., 2020). LAT1
overexpression in cancer is postulated to mediate the high metabolic demands of
cancer and to provide amino acids for the synthesis of proteins and to support mTOR
hyperactivity (Singh & Ecker, 2018). Recent studies show high expression of LAT1 is
observed in 72.4% of CRC patients and this high expression was associated with

increased depth of invasion and venous invasion (Hayase et al., 2017). While the
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mechanism is not known, it could be due to LAT1 stimulation of the mTOR pathway,
which in turn decreases the expression of miR-144. A decrease in the expression of
miR-144 is association with metastasis and venous invasion in CRC (lwaya et al.,
2012). Another study demonstrated that breast cancer cells treated with leucine have
increased protein levels of AKT and mTOR signaling (Singh et al., 2011). With this
information, LAT1 has become a significant target for anti-cancer therapy. To this end,
JPH203 is highly selective LAT1 antagonist that has been tested in a phase | cancer
trial (Okano et al., 2020)(figure 5). The maximum tolerated dose within patients is 60
mg/m? however, grade 3 liver dysfunction is seen in one patient at this dose. Disease
control was seen at doses between 12 — 25 mg/m? (Okano et al., 2020). Other than high
dose liver dysfunction, JPH203 is well tolerated, phase Il clinical trials a 25 mg/m? dose

will be recommended.
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Figure 5

Mechanism of Action of LAT1 inhibitor JPH203

Cancer Cell

Note. Branch chained amino acids (BCAA) enter the cancer cell through the L-type
amino acid transporter 1 (LAT1). Upon entry, BCAA act to stimulate the mTOR pathway
leading to downstream effects such as phosphorylation of ribosomal protein S6. In the
presence of JPH203 a competitive antagonist, BCAA acids entry into the cell is

reduced, thus leading to reductions in mTOR signaling.
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c. Glutamine Pathway

The amino acid glutamine plays an important role in cancer because it
contributes to the synthesis of proteins and nucleic acids in rapidly proliferating cells
(Choi & Park, 2018). Glutamine is unique because it becomes a condition essential
amino acid in cancer cells. Further, in cancer cells glutamine is converted to alpha
ketoglutarate to replenish for the TCA cycle, which in turn sustains ATP in rapidly
dividing cells (Duran & Hall, 2012). Prior reports also show that glutamine acts through
two pathways to support mTOR hyperactivity in cancer cells. In one pathway, glutamine
increases mTORC1 activity by promoting cellular uptake of leucine by cancer cells
through L-Type Amino Acid Transporter 1 (LAT1) (Hayase et al., 2017). Mechanistically,
LAT1 functions as an amino acid exchanger, that exports glutamine out of the cell as it
transports leucine into the cell (Saito & Soga, 2021). Interestingly, cancer cells that
overexpress glutamine transporters showed increased leucine uptake—and this was
mechanistically linked to intracellular glutamine driving LAT1-mediated amino acid
exchange of intracellular glutamine for extracellular leucine (Saito & Soga, 2021).
Recent papers however show glutamine itself can activate mTOR—in the absence of
extracellular leucine (Jewell et al., 2015). Interestingly, intracellular leucine and
glutamine induce mTOR through different signaling pathways. As noted above, leucine
works through RAG GTPases to stimulate the recruitment of mTOR to the outer
membrane of the lysosome (Takahara et al., 2020). However, glutamine induction of
MTORC1 is RAG GTPase independent (Meng et al., 2020). Glutamine stimulated
mTORC1 translocation to the lysosome in RagA and RagB knock out cells via v-

ATPase (Jewell et al., 2015). In HEK293 cells, authors reduced the expression of v-
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ATPase via short interfering RNA against v-ATPase. When v-ATPase is reduced,
glutamine is no longer able to activate mTORC1 (Jewell et al., 2015). ARF1 plays a
role in the trafficking of mMTORC1. Treatment of HEK293 cells with ARF1 inhibitor
brefeldin A (BFA), inhibited glutamine stimulation of mMTORC1 (Jewell et al., 2015). This
suggests ARF1 is also linked to glutamine stimulation of mMTORCA1.

Amino acids are not the only nutrients that play a role in mTOR stimulation
(Sanguesa et al., 2019). Glucose has recently been shown to play a role in the
stimulation of this pathway. High glucose uptake is exhibited by cancer cells due to their
high energy needs, thus supporting increase in cell growth, survival, and metastasis
(Duan et al., 2014). Glycolysis is the primary mechanism for energy in cancer cells,
making glucose the primary metabolic source for cancer growth (Duan et al., 2014).
Early studies involving glucose and cancer demonstrated glucose plays a large role in
the motility of cancer cells (Beckner et al., 1990). In melanoma cells treated with
glucose free media, migration was decreased by 75%. In addition, hyperglycemia has
been linked to increased mortality of many cancers such as bladder, pancreatic,
endometrial, breast, and CRC (Li et al., 2019). In a recent study by Han et al,
endometrial cell cancer lines were treated with low (1mM), normal glucose (5mM) and
high glucose (25mM) (Han et al., 2015). Results indicated that high levels of glucose
stimulated cell growth as well as phosphorylation of the mTOR readout ribosomal
protein S6 (Han et al., 2015). Another paper showed in rat pancreatic islet cells that

glucose can lead to mTOR activation (Gleason et al., 2007).
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The mTOR signaling pathway integrates multiple signaling cascades such as
PI3K/AKT, TSC1/TSC2/RHEB, LKBL/AMPK, and VAM6/Rag GTPases (Zou et al.,
2020). In addition, mTOR controls cancer cell metabolism by altering the expression
and activity of various key metabolic enzymes (Mossmann et al., 2018). For example,
mTORC1 will stimulate the phosphorylation of S6K1 and 4EBP, these two proteins in
turn phosphorylate and activate several substrates to then promote mRNA translation
(Saxton & Sabatini, 2017a). For instance, through this pathway, mTORC1 stimulates
cell survival and increases cellular proliferation by regulating FOXO1/3a transcription
factors, and GSK3 beta (Saxton & Sabatini, 2017a). In Roulin et al, mTOR knockdown
in colon cancer cell lines HT29 and LS174T demonstrated decreased proliferation via
3H-Thymidine incorporation (Roulin et al., 2010). The PI3K/PTEN/Akt/mTORC1
pathway also increases the expression of the matric metallopeptidase 9 enzyme (MMP-
9) in human hepatocellular carcinoma (Chen et al., 2009). MMP-9 is an enzyme that
plays a crucial role cancer cell invasiveness (Zou et al., 2020). MMP-9 is a zinc
dependent metalloenzyme that degrades extracellular matrix components, allowing for
invasion of cancer cells (Mondal et al., 2020). In addition to mMTORC1, mTORC2-
mediated stimulation of AGC kinase family members (Protein kinase A, PKG, PKC) via
phosphorylation has been linked to cancer progression (Oh & Jacinto, 2011).
Considering this, mTOR inhibitors that target mMTORC1 and mTORC2 have become an
ever-growing field of study.

Section 1:4 Pharmacological mTOR Inhibitors
The critical role of mTOR within cancer progression had provided the premise for

the development and production of mTOR inhibitors such as everolimus, and
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sapanisertib. Everolimus is also approved as prophylaxis therapy to prevent renal
transplant rejection (McMahon et al., 2011). Upon entering the cell, everolimus binds to
the intracellular protein FKBP-12, and this drug-FKB12 complex in turn binds to and
inhibits mMTORC1 (Houghton, 2010) (figure 4). Everolimus is FDA approved for the
treatment of advanced clear cell renal cell carcinoma (Coppin, 2010). In colon cancer,
patients treated with bevacizumab and everolimus showed reduced VEGF and mTOR
activity (Altomare et al., 2011). This combined therapy was tolerable, however side
effects included: hypertension, fistula/abscess, mucositis, azotemia, and
rhabdomyolysis (Altomare et al., 2011). More serious side effects included;
gastrointestinal hemorrhage, bowel perforation, prolonged QT interval, and
thrombocytopenia (Houghton, 2010). Sapanisertib inhibits TORC1 and TORC2 and has
been reported to induce tumor cell apoptosis (Voss et al., 2020). Sapanisertib has been
in phase 1 clinical studies for treatment of renal cancer, endometrial cancer and bladder
cancer (Voss et al., 2020). Unfortunately, sapanisertib has side effects such as blood
creatinine elevation, mucosal inflammation, thrombocytopenia, nausea, and vomiting,
making this drug difficult to tolerate (Voss et al., 2020). Resistance to mTORC1
inhibitors is associated with the loss of negative feedback loops, which in turn increases
the phosphorylation and activation of AKT (Rozengurt et al., 2014). Further, mTORC1
inhibitors only partially inhibit mMTOR pathways—thus residual mTOR activity can also
contribute to low drug efficacy (Zou et al., 2020). Normal cells are also dependent on
mTOR activity and thus off target effects are also possible when treating patients with
everolimus (Xie et al., 2016). Second generation mTOR inhibitors were created with the

hopes to inhibit mMTOR more strongly, and to also inhibit mMTOR in complex 2. The
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difference between first and second generation mTOR inhibitors is that the first
generation inhibitors inhibit the FRB domain of mTOR while second generation inhibit
mTOR kinase domain (Zhou & Huang, 2012). Many of these drugs, such as dactolisib,
are still in clinical studies, however, they are showing serious side effects in rodent
models. These side effects include, elevated blood glucose, and elevated liver enzymes
(Netland et al., 2016). Sole mTORC2 inhibitors do not exist, however, inhibition of
mTORC2 signaling suppressed the growth of PTEN null prostate cancer in mice
(Guertin et al., 2009). MTOR inhibitors in combination with drugs such as tamoxifen and
fulvestrant have shown contradicting effects in clinical trials. In some trials these
combinations improve survival (Schmid et al., 2019). However, other studies show no
therapeutic benefit of adding mTOR inhibitors (Yi et al., 2019). These findings indicate
that further research needs to be done into this pathway to identify new upstream

regulators and downstream effectors of the mTORC1 and mTORC2 pathways.
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Figure 6

Mechanism of Action of mTOR Inhibitor Everolimus

Cancer Cell

Note. Everolimus enters the cancer cells and binds to FKBP-12. Branch chained amino
acids (BCAA) enter the cancer cell through the L-type amino acid transporter 1 (LAT1).
Upon entry, BCAA act to stimulate the mTOR pathway through PI3K/AKT. PI3K is
unable to phosphorylate and activate mTOR due to the binding of the everolimus FKBP-

12 complex, preventing phosphorylation of downstream proteins such as ribosomal

protein S6.
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Effect of Exercise on Cancer

One of the most recommended treatments in cancer with no side-effects is
exercise. In healthy adults, physical activity was associated with lower risk of developing
multiple cancers. This cancers include, esophageal cancer, liver cancer, lung cancer,
kidney cancer, gastric cardia cancer, endometrial cancer, myeloid leukemia, myeloma,
head and neck cancer, CRC, and breast cancer (Moore et al., 2016). Exercise also
helps prevent the recurrence of certain cancers like breast (Holmes et al., 2005),
prostate (Kenfield et al., 2011), and CRC (Meyerhardt et al., 2006). In terms of adipose
tissue, exercise has a fundamental effect on its composition. Exercise has been shown
to decrease AT mass, reduce adipose hypertrophy, and reduce AT inflammation
(Honkala et al., 2020). This was shown in a study by Honkala et al. This group showed
that in patients with insulin resistance, exercise increased glucose uptake in adipose
tissue and a decreased expression of CD36 (Honkala et al., 2020). CD36 is known to
mediate fatty acid induced metastasis of gastric cancer (Pan et al., 2019). This
suggests that exercise makes fundamental changes to AT and thus can change the
secretions of AT. This mechanism is seen in a paper written by Jones et al. Female
mice were fed a high fat diet and inoculated with MDA-MB-231 breast cancer cells
(Jones et al., 2010). Half of the mice had to exercise. Results from this study indicated
that mice that performed exercise had high intertumoral hypoxia as measured by HIF-
1(a marker of hypoxia (Jones et al., 2010). In addition, results showed alterations in the
tumor microenvironment, making tumor tissue appear more like healthy tissue (Jones et

al., 2010). This was due to increased vascularization within the tumor (Jones et al.,

37



2010). This study linked exercise to favorable alterations in the tumor
microenvironment. Two studies by Tartibian et al in patients looked at the benefit of 25-
30 minutes of exercise in healthy patients (Tartibian et al., 2015; Tartibian et al., 2011).
They found that patients who exercised every day had decreased blood levels of
inflammatory markers IL-6, TNF-alpha, and CRP (Tartibian et al., 2015; Tartibian et al.,
2011). Contrary to these results, a similar test in breast cancer patients showed that
exercise had limited effect on inflammatory cytokines and only saw a decrease in IL-6
(Jones et al., 2013). This study, however, did not invoke a time or type of exercise
program in their study, the Tartibian study did. This could be a possible explanation for
the different findings.

Exercise not only regulates the tumor microenvironment and the expression of
inflammatory markers, but it also plays a role in mTOR signaling. In Bae et al, induced
obesity in Sprague-Dawley rats via a high fat diet. Rats were then succumbed to a
dietary change and moderate intensity treadmill training. Results showed that dietary
changes and exercise significantly decreased levels of mMTORC1 activity (Bae et al.,
2016). In addition, another study demonstrated that obese Sprague-Dawley rats that
underwent 4 weeks of exercise training were able to significantly reduce mTOR
signaling (Rivas et al., 2009). Long term exercise suppressed the activation of mTOR
(Agostini et al., 2018). The mechanism of this is through the activation of adenosine
monophosphate-activated protein kinase (Agostini et al., 2018). Due to the cellular
stress that occurs during exercise, AMPK becomes phosphorylated. Phosphorylation of
AMPK in turn inhibits mTOR (Agostini et al., 2018). The tumor microenvironment

consists of fibroblasts, blood vessels, immune cells, and extra-cellular matrix (Meurette

38



& Mehlen, 2018). Based on the results of these studies, inhibition of mMTOR with
exercise can prevent cancer cell proliferation and progression with no side effects.
Section 1:5 Other Signaling Pathways, Beyond mTOR, that Might Link Obesity
With Cancer Progression

The NOTCH pathway, under normal conditions is crucial for development,
however, hyperactivation has proven to be oncogenic (Lobry et al., 2014). More
recently, NOTCH has been implicated in mediating crosstalk between tumor and the
tumor microenvironment (Meurette & Mehlen, 2018). The NOTCH receptor is located on
the cellular membrane. Upon ligand binding, the NOTCH receptor is activated and
undergoes S2 cleavage by ADAMs10. After S2 cleavage, the activated NOTCH
receptor then undergoes S3 cleavage by gamma secretase to creates the NOTCH
intercellular domain (NICD) (Kopan, 2012). NICD then translocate to the nucleus where
it regulates its target genes such as HES1, HEY1, MYC, and p21 (Borggrefe & Oswald,
2009). Activated NOTCH acts to repress p27, thus promoting CRC cell proliferation
(Hristova et al., 2013). To prove this, Hristova et al knocked down NOTCH1 in CRC
cancer cell line CaCO2.NOTCH knock down lead to an increase in p27 expression, and
decreased cell proliferation by Brdu analysis (Hristova et al., 2013). Sonoshita et al
demonstrated that NOTCH activation increased migration of in human primary colon
cancer cells (Sonoshita et al., 2011). In addition, NOTCH activation in human primary
CRC cells promoted a cancer stem cell phenotype (Lu et al., 2013).

There are two families of NOTCH ligands, delta like (DII1, DII3, Dll4) and serrate
(Jagged1, and Jagged?2) (D'Souza et al., 2010). Similar, to NOTCH, NOTCH ligands are

transmembrane proteins expressed on the surface of neighboring cells (Kopan, 2012).
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The specific ligand that has been most strongly linked to cancer is Jagged 1 (JAG1)
(Xiu et al., 2020). Increased JAG1 expression has been linked to poor clinical
prognosis in hepatocellular carcinoma, gastric carcinoma, TNBC, and CRC
(Kunanopparat et al., 2021; Reedijk et al., 2008; Sugiyama et al., 2016; Yeh et al.,
2009). In addition, increased expression of JAG1 is linked to increased tumor
vasculature, leading to an increase in tumor growth (Pedrosa et al., 2015). These
cancers are also linked to obesity (Table 1). Despite this link, the research linking
obesity and JAG1/NOTCH signaling is limited. Our study is the first to demonstrate a

strong link between obesity and increased JAG1 expression in TNBC (figure 7).
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Figure 7

High BMI ADS Stimulates JAG1/Notch Activity

High BMI (>30) Adipocyte Near by TNBC cells
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Note. High BMI adipocyte secretes adipokines, cytokines, leptin and exosomes that act
on nearby TNBC cells. ADS acts on TNBC cells to induce signaling that regulates gene
expression. Increased levels of JAG1 protein are then expressed. Increased JAG1
binds to its receptor NOTCH on a nearby cancer cell. Upon stimulation notch undergoes
S2 cleavage to release notch intracellular domain (NICD). NICD then moves to the

nucleus to act on its target genes, which in turn promotes the progression of cancer.
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Conclusion

The link between obesity and increased cancer risk, poor clinical outcomes,
increased metastasis, and poor responsiveness to cancer therapy, coupled with the
high rates of obesity, translates to a clinical need for better cancer therapy in obesity
(Park et al., 2014). The discovery that obesity increases circulating leucine and
stimulates leucine uptake via LAT1 by cancer cells will foster the design of new
therapies that selectively suppress leucine-mTOR signaling in obesity. While current
LAT1 inhibitors seem to be well tolerated, phase 2 clinical trials are still underway
(Okano et al., 2020). The selective inhibition of LAT1 in cancer will require a deeper
mechanistic understanding of how LAT1 is uniquely regulated in cancer in obesity.
There are no current studies into the effect of JPH203 on levels of other amino acid
transporters such as LAT2 or LAT3. However, it could be possible that LAT1 blockers
may lead to increased expression of LAT2 or LAT3. In addition, LAT1 is crucial for
normal brain function, such as the transport for thyroid hormone and essential amino
acids into the brain, and to mediate transport of L-dopa across the blood-brain barrier.
This suggests targeting of LAT1 needs to be tissue specific to avoid serious side effects
(Singh & Ecker, 2018). Based on our prior report showing that obese ADS increases
LAT1 affinity for leucine in cancer cells (Thompson et al., 2021), we postulate that this
increase in affinity may be due to phosphorylation of LAT1 via the obese adipose
secretome. Thus, targeting LAT1 phosphorylation might be a way to selectively inhibit
LATA1 activity in cancer cells in obesity. Further, obesity-mediated regulation of nutrient

transport might not only apply to LAT1, and thus the activity of other transporters (such
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as glutamine) transporters might also be uniquely regulated in cancer in obesity. Due to
nutrient overlap it may never be possible to inhibit mMTOR enough by solely targeting
nutrient pathways. There is some evidence that changing the levels of substrates

(nutrients) by exercise does have an anticancer effect (Jones et al., 2010).
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Chapter 2
In Breast Cancer, a High (> 30) Body Mass Index is Associated with Changes in
Peritumor Breast Adipose Tissue that Increases the Migration and Invasiveness

of Triple-Negative Breast Cancer Cells

Cora E. Miracle', Chelsea Thompson', Krista Denning, Rebecca Russell, Logan

Lawrence, Mary Legenza, Jacy Baxter!, Paige Vanaman', Travis Salisbury’

Abstract

Breast cancer remains the most common cancer in women with multiple risk factors
including smoking, genetics, environmental factors, and obesity. Smoking and obesity
have been shown to be the top two risk factors for development of breast cancer, with
smoking increasing the risk of development by 21% (Jones et al., 2017) and obesity by
20-40%, respectively (Munsell et al., 2014). This link has been established in the
luminal estrogen receptor-positive breast cancer but remains understudied in triple-
negative breast cancer (TNBC). TNBC is a breast cancer subtype characterized by the
absence of estrogen and progesterone and HER2 receptors (Kumar & Aggarwal, 2016).
Accounting for 10-20% of all breast cancers (Kumar & Aggarwal, 2016), TNBC is the
deadliest breast cancer subtype. The 5 year survival rates for patients with TNBC are 8-
16% lower than the 5 year survival rates for patients with estrogen receptor-positive
breast tumors (Howard & Olopade, 2021). In addition, TNBC patients have early relapse
rates (3-5 years after diagnosis) (Naik et al., 2019). Thus, new therapies are needed for

TNBC that are efficacious in obesity (Howard & Olopade, 2021). Exploration into the link
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between obesity and TNBC could potentially lead to new therapeutic intervention. In this
paper, we show that peritumor breast adipose derived secretome (ADS) from patients
with a high (>30) BMI is a stronger inducer of TNBC cell migration, invasiveness and
JAG1 expression than peritumor breast ADS from patients with low (< 30) BMI.
1. Introduction

Breast cancer is the most common cancer in women worldwide with incidence rates
expected to increase by 40% by the year 2040 (Arnold et al., 2022). Breast cancer is
divided into four molecular subtypes: Luminal A, Luminal B, HER2+, and Triple Negative
Breast Cancer (TNBC). TNBC is the deadliest breast cancer subtype as it does not
possess the estrogen receptor (ER+), progesterone receptor (PR+), or HER2. The
absence of these markers hinders the ability for clinical intervention. In addition, TNBC
is known to have a high heterogeneity making it even more difficult to treat (Yin et al.,
2020). While TNBC largely remains understudied compared to ER/PR+ breast tumors, it
still accounts for 10-20% of breast cancer diagnoses (Kumar & Aggarwal, 2016). TNBC
tends to occur in premenopausal women under 40 years old (Morris et al., 2007), and
disproportionately occurs in women of color (Prakash et al., 2020). The survival after
metastasis of TNBC is only 13.3 months (Chue & La Course, 2019). The factors that
pre-dispose these women to such a deadly illness are currently under studied. Recently,
clinical studies have shown a link between TNBC and obesity (Pierobon & Frankenfeld,
2013; Sun et al., 2017). One study showed that women who had been diagnosed TNBC
were more likely to be overweight/obese (odds ratio =1.89) (Trivers et al., 2009).
Further, a clinical study showed that of 183 TNBC patients, 63.7% were obese (Mowad

et al., 2013). These clinical studies show a link between obesity and TNBC however the
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mechanisms by which obesity promotes the progression and incidence of TNBC are
unclear.

Obesity affects one in every three adults in the United States, with the prevalence
rising each year. While obesity is commonly linked with diabetes and metabolic disease,
obesity has also been linked to fourteen different cancers, including breast cancer.
Those patients who are obese at the time diagnosis have been shown to have
increased tumor grade, larger tumor size, poor prognosis, and increased risk of
metastasis (Neuhouser et al., 2015; Thompson et al., 2021; Yang et al., 2011). The
reason for this could be because obesity causes pathological changes within adipose
tissue (AT) that in turn alters the levels of factors that are released from AT (Funcke &
Scherer, 2019; Lengyel et al., 2018; Park et al., 2014). AT is an endocrine organ due to
the numerous proteins and hormones it secretes. The secretions that are released from
AT are referred to as being the adipose derived secretome (ADS). The complete set of
factors in the ADS is unknown, however obesity changes the levels of adiponectin,
leptin, adipokines, and cytokines in ADS. Prior studies have shown that ADS induces
signaling in luminal ER breast cancer cells that promotes breast cancer cell migration
and invasiveness. Based on these findings, we hypothesized that in obesity peritumor
breast ADS acts on TNBC cells to induce signaling that promotes the migration and
invasiveness of TNBC cells.

Recently, we published that peritumor breast AT obtained from women undergoing
therapy for breast cancer secreted factors that induced signaling in luminal ER positive
breast cancer cells that increased cancer cell migration and invasiveness. In this study,

we extend those findings by showing peritumor breast ADS from breast cancer patients
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with BMIs > than 30 is a stronger inducer of TNBC cell migration and invasiveness and
signaling compared with peritumor breast ADS from women with BMIs < than 30. This
new finding shows that high (> 30) BMI induces changes in AT in the breast tumor
microenvironment that leads to a cancer promoting ADS that acts on TNBC cells to
stimulate cancer cell migration and invasiveness. This finding supports the hypothesis
that targeting AT in obesity might be a new way to suppress the progression of TNBC.
2. Results
a. High (>30) BMI peritumor ADS Increases the Invasion and Migration of TNBC
Cells

To investigate the role obesity plays in TNBC, we examined the effect of breast
peritumor ADS on the migration and invasion of MDA-MB-231 and MDA-MB-436 TNBC
cells. We hypothesized that the association of obesity with worsening of TNBC
(Neuhouser et al., 2015; Thompson et al., 2021; Yang et al., 2011) is mediated by
increased migration and invasiveness of TNBC cells in obesity. Freshly isolated breast
peritumor AT samples (~100 mg) obtained from women with breast cancer were
carefully cut into 5 equally sized pieces and cultured in serum free cell culture medium
for 24 hours. The AT conditioned medium (termed ADS) was then collected and applied
to TNBC cells to investigate the effects on TNBC cell migration and invasion. We
analyzed the effect of BMI on TNBC cell by comparing responses induced by ADS from
BMI > 30 with BMI < 30, which provided insight into the effect of obesity on TNBC cell
migration and invasiveness. To assay migration, we applied peritumor breast ADS to
MDA-MB-231 and MDA-MB-436 TNBC cells and quantified the migration of cancer cells

across a “scratch” in a cell monolayer (wound healing assay). Results showed that at 24
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hours post treatment, TNBC cells treated with high (> 30) BMI ADS migrated 1.2-1.4-

fold faster than TNBC cells treated with low (< 30) BMI ADS (Figure 8 A and B).
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Figure 8

The effect of BMI on the migration of TNBC cells
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Note. Peritumor breast adipose tissue (AT) was obtained from women with breast
cancer. Pieces of AT were cultured from 24 h. After the culture, the media were
collected and centrifuged to remove tissue debris. The cleared media, which is the
peritumor AT-derived secretome (ADS) was diluted 1:10 in media with 0.1% FBS and
placed on TNBC cells for 24 h for migration (wound healing) (a, b). (a) representative
images wound healing assay, (c) invasive activity was determined by Boyden Chamber

Assay (see methods for details). Significant induction by BMI > 30 compared with BMI <
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30, based on Student’s t-test analysis, is indicated by *p < 0.05, and **** p < 0.001 (n=
4). The data are shown as the mean + SEM (error bars).

Next, we sought to investigate the effect of BMI on peritumor breast ADS on
TNBC cell invasiveness. To this end, the invasion of TNBC cells through a basement
membrane towards cell culture medium containing peritumor ADS was analyzed using
the Boyden Chamber assay (please see methods for details). MDA-MB-231 and MDA-
MB-436 were plated on top of the membrane insert with peritumor breast ADS used as
the chemoattractant in the lower chamber. The results showed that high (> 30) BMI
induces greater (1.4-fold) TNBC cell invasiveness compared with low (< 30) BMI (Figure

9).
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Figure 9

Effect of High BMI on the Invasion of TNBC.
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Note. Peritumor adipose tissue was obtained as described in figure 8. ADS was diluted
1:10 in media with 0.1% FBS and placed on TNBC cells for 24 h for invasion assay. (A)
invasive activity was determined by Boyden Chamber Assay (see methods for details).
Significant induction by BMI > 30 compared with BMI < 30, based on Student’s t-test
analysis, is indicated by **** p < 0.001 (n= 4). The data are shown as the mean £+ SEM

(error bars).
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b. Correlation of BMI to invasive potential

To better ascertain the effect of BMI on TNBC cell invasiveness, we plotted BMI relative
to fluorescence units from the invasion assay. We found that in MDA-MB-231 TNBC
cells, the invasion rate trended to an increased as the BMI increased (Figure 10) (r
=0.8116) (R? = 0.6587) (P-value =0.0499). In MDA-MB-436 cells, this correlation was

not statistically significant but showed a trend (r = 0.1344) (0.01807) (P-value = 0.8293).
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Figure 10

The Association of BMI With TNBC Cell Invasive Activity
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Note. A) A correlation between patient BMI and TNBC invasive activity (RFU values
taken from the invasive assay shown in Figure 1) Pearson r (0.8116) R? (0.6587) P-
value = (0.0499) Pearson r = (0.1344). R? (0.01807). P-value = (0.8293). RFU =

Relative Fluorescence Units
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c. High (>30) BMI Peritumor ADS Stimulates Increases in JAG1 Expression in
TNBC Cells

Our functional data established that BMI induces changes in peritumor breast AT
to stimulate TNBC cell migration and invasion with high (> than 30) BMI having a
stronger effect than low (< 30) BMI. We hypothesize this BMI effect is mediated by
peritumor breast ADS inducing signaling in TNBC cells that is more robust in response
to high (> than 30) compared to low (< than 30) BMI. To investigate this hypothesis, we
treated MDA-MB-231 and MDA-MB-436 with peritumor breast ADS over a range of
BMI’s (Figure 14 - Figure 20). We used antibodies that detect JAG1, HES1, phospho-
ERK (Thr202/Tyr204), total ERK, phospho-NF-KB p65 (Ser536), total NF-KB, phospho-
S6 (Ser235/236) and total S6 to probe cell extracts from TNBC cells treated with ADS
for changes in JAG1/NOTCH, NF-KB, ERK, and mTOR complex 1 signaling,
respectively. In MDA-MB 231 the pathways that showed significant increases in cells
treated with ADS with a BMI > 30 were JAG1 (P-value =0.0094) and ERK (P-value
=0.0149) (figure 11-14). However, in MDA-MB-436, there was no significant increase in
the proteins and phospho-proteins associated with pathways mentioned above. Despite
no significant increases, there was a trend to an increase in the signaling of the mTOR

pathway (P-value = 0.0885).
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Figure 11

The Effect of BMI on JAG1/NOTCH Pathway in MDA-MB-231 TNBC Cells
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Note. The method by which peritumor breast ADS from women with breast cancer was
isolated and placed on TNBC cells for western blot studies is indicated in the legend of
Figure 1. For western blot analysis, relative levels of proteins were calculated as the

densitometric signal for a protein divided by the densitometric signal for B-actin loading
control. *Indicates a significant (P < 0.05) increase in the levels of JAG1 in response to

BMI > 30 (n = 6) compared with BMI < 30 (n = 5), as analyzed by Student’s t-test. All

data are mean + SEM.
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Figure 12

The Effect of BMI on JAG1/NOTCH Signaling in MDA-MB-436 TNBC Cells.
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Note. The method by which peritumor breast ADS from women with breast cancer was
isolated and placed on TNBC cells for western blot studies is indicated in the legend of
Figure 1. For western blot analysis, relative levels of proteins were calculated as the
densitometric signal for a protein divided by the densitometric signal for B-actin loading
control. Statistical analysis, by Student’s t-test, showed BMI had no effect on the

expression of the proteins in the western blot experiment. All data are mean + SE



Figure 13

The Effect of BMI on ERK Signaling in MDA-MB-231 TNBC Cells.

MDA-MB-231
A B. p-ERK
BMI < 30 BMI > 30 915 | j‘:L
E 310
-----i-————-P-ERK B
i 0.5
0.0-

T
BMI<30 BMI>30

et
= s e e o TOWIERK

Note. The method by which peritumor breast ADS from women with breast cancer was
isolated and placed on TNBC cells for western blot studies is indicated in the legend of
Figure 1. For western blot analysis, relative levels of proteins were calculated as the
densitometric signal for a protein divided by the densitometric signal for B-actin loading
control. *Indicates a significant (P < 0.05) increase in the phosphorylated ERK in
response to BMI > 30 (n = 6) compared with BMI < 30 (n = 5), as analyzed by Student’s

t-test. All data are mean + SEM.
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Figure 14

The Effect of BMI on ERK Signaling in MDA-MB-436 TNBC Cells.
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Note. The method by which peritumor breast ADS from women with breast cancer was
isolated and placed on TNBC cells for western blot studies is indicated in the legend of
Figure 1. For western blot analysis, relative levels of proteins were calculated as the
densitometric signal for a protein divided by the densitometric signal for B-actin loading
control. Statistical analysis, by Student’s t-test, showed BMI had no effect on the

expression of the proteins in the western blot experiment. All data are mean + SEM



Figure 15

The Effect of BMI on NFKB Signaling in MDA-MB-231 TNBC Cells
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Note. The method by which peritumor breast ADS from women with breast cancer was
isolated and placed on TNBC cells for western blot studies is indicated in the legend of
Figure 1. For western blot analysis, relative levels of proteins were calculated as the
densitometric signal for a protein divided by the densitometric signal for B-actin loading
control. Statistical analysis, by Student’s t-test, showed BMI had no effect on the

expression of the proteins in the western blot experiment. All data are mean £+ SEM



Figure 16

The Effect of BMI on NFKB Signaling in MDA-MB-436 TNBC Cells
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Note. The method by which peritumor breast ADS from women with breast cancer was
isolated and placed on TNBC cells for western blot studies is indicated in the legend of
Figure 1. For western blot analysis, relative levels of proteins were calculated as the
densitometric signal for a protein divided by the densitometric signal for B-actin loading
control. Statistical analysis, by Student’s t-test, showed BMI had no effect on the

expression of the proteins in the western blot experiment. All data are mean + SEM



Figure 17

The Effect of BMI on mTOR Signaling in MDA-MB-231 TNBC Cells
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Note. The method by which peritumor breast ADS from women with breast cancer was
isolated and placed on TNBC cells for western blot studies is indicated in the legend of
Figure 1. For western blot analysis, relative levels of proteins were calculated as the
densitometric signal for a protein divided by the densitometric signal for B-actin loading
control. Statistical analysis, by Student’s t-test, showed BMI had no effect on the

expression of the proteins in the western blot experiment. All data are mean £+ SEM
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Figure 18

The Effect of BMI on mTOR Signaling in MDA-MB-436 TNBC Cells
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Note. The method by which peritumor breast ADS from women with breast cancer was
isolated and placed on TNBC cells for western blot studies is indicated in the legend of
Figure 1. For western blot analysis, relative levels of proteins were calculated as the
densitometric signal for a protein divided by the densitometric signal for B-actin loading
control. Statistical analysis, by Student’s t-test, showed BMI had no effect on the

expression of the proteins in the western blot experiment. All data are mean + SEM



d. Correlation of BMI to Increases in JAG1 and ERK Signaling

Given the findings that showed MDA-MB-231 cells treated with peritumor breast
ADS from high (> 30) BMI have higher JAG1 expression and ERK activity than cells
treated with peritumor ADS from low (< 30) BMI, we assayed the potential for a
correlation of BMI with JAG1 and ERK signaling. We found that as BMI increases the
protein levels of JAG1 increased (figure 19) (P-value = 0.0488) (Pearson r = 0.6046) (R?
= 0.3655). However, there was no correlation between BMI and protein levels of
phosphorylated ERK (P-value = 0.6602) (Pearson r = -0.1498) (R?= 0.4758). In MDA-
MB-436 there was a trend towards an increase in stimulation of the mTOR pathway. We
found that in MDA-MB-436 cells, BMI was significantly correlated with protein levels of
the mTOR complex 1 readout phosphorylated ribosomal protein S6 (P-value = 0.0188)

(Pearson r = 0.6898) (R? = 0.4578).
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Figure 19

The Association of BMI with JAG1
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Note. Correlation between BMI and western blot densitometric signals for JAG1 and
ERK from the western blot experiments shown in Figure 11 and 13. JAG1 Pearson r
(0.6046), R? (0.3655). P-value = (0.0488). (ERK Pearson r (-0.1498) R? (0.02243)). P-

value = (0.6602).
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Figure 20

The Association of BMI with pS6
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Note. Correlation between BMI and western blot densitometric signals for pS6 from the

western blot experiments shown in Figure 18. PS6 Pearson r (0.6898), R? (0.4758). P-

value = 0.0188.
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3. Discussion

This study is the first to demonstrate that high (> 30) BMI is associated with
peritumor breast ADS having a stronger effect on the migration and invasiveness of
TNBC cells. This finding provides new insight into the mechanism by which obesity is
significantly associated with worsening of TNBC that was reported in clinical studies.
This is significant, given that TNBC is the most aggressive breast cancer subtype and
our findings viewed with clinical studies showing that obesity is associated with
worsening TNBC collectively supports the hypothesis that obesity promotes the
aggressiveness of TNBC by promoting TNBC cancer cell migration and invasiveness
(Figure 11 and Figure 9). While MDA-MB-231 has increased migration and invasion,
MDA-MB-436 only have increased migration in response to high (> 30) BMI. This finding
indicates that the effect of obesity on TNBC cells is dependent on the
genetics/mutations in TNBC cells. It also shows that different genes and pathways in
TNBC cells mediate increases in TNBC cell migration and invasiveness, given that
increases in MDA-MB-436 migration occurred without a corresponding increase in
MDA-MB-436 invasiveness in response to high (>30) BMI. To further provide a strong
association between BMI and MDA-MB-231 invasiveness, we plotted BMI compared
with relative florescence units and found that increasing BMI is associated with
increases in florescence. Given that increased fluorescence units in the Boyden
Chamber Assay is a readout of higher invasiveness our finding showing that it is
statistically significantly associated with increasing BMI provides further evidence that

high BMI is positively linked with increasing TNBC cell migration and invasiveness. This
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finding is the first to statistically link increasing BMI with increased invasion rate of
TNBC cells.

After we established a link between increased invasiveness and BMI, we sought
to investigate the activity of signaling pathways in TNBC cells that are fundamental to
the progression of TNBC breast cancer and if such pathways are responsive to
differences in BMI. The JAG1/Notch pathway promotes the progression of TNBC cells
in part by stimulating the migration and invasiveness of TNBC cells. We and others
have directly linked the activity of JAG1 signaling with the migration and invasiveness of
TNBC cells, including MDA-MB-231 cells. Further, higher levels of JAG1 and associated
NOTCH1 signaling in TNBC tumors significantly reduces the survival rates of women
with this aggressive breast cancer subtype (Reedijk et al., 2005). Therefore, finding that
among the pathways we assayed, JAG1 was significantly responsive to BMI in
response to high (>30) BMI compared with low (< 30) in MDA-MB-231 breast cancer
cells provides a new insight into how obesity might induce the invasiveness of TNBC
cells. Of interest, is that we previously showed that BMI induced higher mTOR signaling
in luminal ER positive breast cancer cells. The mTOR pathway however is not
responsive to BMI in TNBC cells. This finding is not unexpected, given that luminal and
TNBC cancer cells have different gene mutations and that JAG1-NOTCH signaling has
stronger link with TNBC compared with luminal breast cancer.

As noted above, MDA-MB-231 cells are more responsive to changes in BMI than
MDA-MB-436 cells. Specifically, increases in JAG1, phospho-ERK and invasiveness in
response to high (> 30) BMI occurred in MDA-MB-231 cells but not MDA-MB-436 cells.

We hypothesize that the different responses to BMI in TNBC cells are mediated by the
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different genetic background of the two TNBC cell lines (Table 3). In this regard, MDA-
MB-231 cells possess a KRAS mutation while MDA-MB-436 cells do not. KRAS
mutations are more commonly found in premenopausal women with TNBC (Paranjape
et al., 2011). In addition, pre-menopausal women who are obese tend to develop TNBC
(Pierobon & Frankenfeld, 2013). This mutation could play a role in cancer
aggressiveness seen in young obese TNBC patients and it might also explain why
MDA-MB-231 cells are more responsive to BMI compared with MDA-MB-436 cells.
MDA-MB-231 cells are a more heterogenous population that tends to express more
cytokine receptors than MDA-MB-436 cells and that could also explain why MDA-MB-
231 cells are more responsive to BMI (Norton et al., 2015) (Shen et al., 2020). While the
specific receptors in TNBC cells that mediate the effects of BMI remain to be fully
characterized prior studies show that cytokines in ADS are important paracrine factors
in other cell models and thus differentially expressed cytokine receptors on MDA-MB-

231 compared with MDA-MB-436 are good targets to investigate in future studies.
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Table 3

Comparison Between TNBC Cell Lines

MDA-MB-231 MDA-MB-436
e Human cell line e Human cell line
e 51-year-old white female with lung e 43-year-old white female with lung
metastasis metastasis
e Breast mammary gland e Breast mammary gland
e Adenocarcinoma e Adenocarcinoma
e Tumorigenic e Not tumorigenic
e Express WNT7B oncogene e Express WNT7B oncogene
e EGF and TNF alpha expression e Tubulin and actin expression
e KRAS mutation
e Heterogenous population

Note. Difference between two different subtypes of TNBC cell lines.

Collectively, the findings of this study extend prior studies showing that high (> 30)
BMI that occurs in obesity is a risk factor for worsening TNBC. We show a new
mechanistic link between BMI, peritumor breast ADS and increases TNBC cell
migration and invasiveness. Our finding that the increase in MDA-MB-231 migration and
invasiveness is associated with increases in JAG1 is a new finding and provides
mechanistic evidence to study the role of JAG1 as a pathway that mediates the cancer
promoting effects of obesity on TNBC. Finding that MDA-MB-231 are more responsive
to BMI than MDA-MB-436 provides a model to study mechanisms in TNBC cells that
confer them responsive to peritumor ADS. Collectively, this study has provided new

insight into the mechanistic links between obesity and TNBC cancer.
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4. Methods
4.1 Cell Culture and Reagents:

Triple negative breast cancer cells (MDA-MB-231, MDA-MB-436) were
purchased from American Type Culture Collection (ATCC). Cells were cultured in
DMEM/F12 media supplemented with 10% Fetal Bovine Serum (FBS) and Penicillin
Streptomycin (P/S) antibiotics (P/S). Media, P/S, and FBS were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). The incubator was set at 37 degrees Celsius with
5% CO2.

4.2 Breast Peritumor AT Derived Secretome:

De-identified peritumor breast AT patient samples were obtained from Edwards
Comprehensive Cancer Center at Cabell Huntington hospital in Huntington, West
Virginia. Peritumor breast AT (~ 100 mg) (figure 21) was gently cut into five equal
pieces using sharp surgical scissors, and clean AT pieces (5 pieces/5 mL) were
cultured for 24 hours at 37°C/5% C02. Media conditioned by peritumor AT was collected
and briefly (~ 5 minutes) centrifuged to pellet tissue debris. Cutting, rinsing and tissue
culture were done in serum free cell culture media (RPMI/F12). AT conditioned medium
(termed the adipose derived secretome (ADS)) was diluted 1:10 in DMEM/F12/0.1%
fetal bovine serum and applied to TNBC cells (figure 22). The 1:10 dilution dilutes
potential harmful metabolites that might leach out from AT in cell culture. Patients with a
BMI > 30 were categorized as obese, and those with a BMI < 30 were categorized as

lean.
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Figure 21

Patient Derived Peri-Tumor Adipose Tissue

Note. Patient with breast cancer undergoes lumpectomy. Tumor is removed along with
surrounding adipose tissue about 5-10cm away. Tumor is removed. Result is ~100 mg

of peri-tumor adipose tissue.
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Figure 22

Formation of Adipose Derived Secretome
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Note. Patient peritumor adipose tissue is rinsed and cut into 5 equally sized pieces.

Adipose pieces cultured in phenol red free DMEM for 24 hours. After 24 hours media is

collected in an Eppendorf tube and deemed adipose derived secretome (ADS). ADS at

10% is then added to cells.
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4.3 Western Blot Analysis

TNBC cells (MDA-MB-231, MDA-MB-436) were plated in 60 mm dishes and
allowed to reach confluency. Cells were treated with 10% ADS for 24 hours. Cells were
lysed in 400 uL 1X Radio-Immunoprecipitation Assay (RIPA) buffer supplemented with
protease and phosphatase inhibitors (Cell Signaling Technology, Danvers, MA, USA).
Cells were incubated with RIPA buffer for 5 minutes then transferred to microtubes. Cell
lysates were sonicated for 15 seconds on ice. Cell lysates were boiled for 10 minutes in
Lamelli buffer plus B-mercaptoethanol prior to SDS-PAGE. Proteins were transferred to
polyvinylidene difluoride membranes (Bio-Rad Laboratories, Hercules, CA). Membranes
were incubated in primary antibody overnight (3-actin dilution 1:5000, NFKB 1:1000
dilution, P-NFKB 1:1000 dilution, PS6 dilution 1:1000, Total S6 dilution 1:1000, P-ERK
1:1000 dilution, Total ERK, 1:1000 dilution, Jagged-1 1:500 dilution). Membranes were
washed three times at five minutes per wash in 1X Tris Buffered Saline 0.1% Tween 20
(TBST). Blots were incubated with secondary antibody (1:2000) for 2 hours at room
temperature while rocking, and then rinsed three times with TBST (ten minutes per
rinse). Proteins were detected using chemiluminescence (Bio-Rad Laboratories,
Hercules, CA, USA). All proteins were normalized to loading control B-Actin. Bands
were quantified using image lab software. Antibodies were purchased from cell
signaling technologies (Danvers, MA, USA).
4.6 Migration Assay (Wound Assay)

MDA-MB-231 and MDA-MB-436 cells were plated in 60 mm dishes and allowed

to reach 100% confluency. Once cells reached 100% confluency, cells were washed
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with 1 mL of PBS. A 200 uL pipet tip was then used to create a cross section wound
and cells were treated with ADS. Images of cells within the center of the cross section
were taken at time 0 and 24 hours with a Leica Microscope. Area of the gap was
calculated using image J program. Fold change was calculated from the area of the gap
measured at time 0 and time 24 hours.
4.7 Invasion
Boyden Chamber from Millipore sigma were used (St. Louis, MO, USA) (CA #:

ECMS508). Fifty thousand cells were plated in the top chamber membrane in serum free
media. DMEM/10% FBS supplemented with 10% ADS was placed in the lower chamber
as the chemoattractant. After 24 hours, cells that migrated from upper chamber to the
lower chamber through the Matrigel-based membrane insert were rinsed and stained
following the Boyden Chamber Protocol provided in invasion Kit.
4.9 Statistical Analysis

Two-tailed paired and unpaired t-tests were used to determine statistically significant
differences between to two groups. One-way ANOVA was used when comparing more
than two groups. Statistics were done using Graph-pad Prism.
5. Conclusions

This study shows that in women with breast cancer high (>30) BMI is associated
with increased TNBC cell migration and invasiveness. This BMI effect is transduced
through peritumor AT secreted factors. The TNBC cell response to BMI, however, is
dependent on the genetic background of the TNBC cells. In our study, the TNBC cell
line with a KRAS mutation and high expression levels of cytokine receptors was more

responsive to BMI compared with the TNBC cell line with normal KRAS and lower
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expression of cytokine receptors. Our results support the hypothesis that worsening
TNBC progression in obesity is in part mediated by changes in peritumor breast AT
secreted factors that act on TNBC cells to induce increased cancer cell migration and
invasiveness. Further, this BMI effect could in part be mediated by increases in JAG1-

NOTCH signaling in a subset of TNBC cells.
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Chapter 3

The Effect of High (>30) BMI Peritumor Breast ADS on mTOR Signaling in TNBC

Cells

1. Introduction

The importance of high (>30) BMI peritumor breast adipose tissue on the tumor
microenvironment was shown in Chapter 2. Our results followed the clinical pattern
seen in obese patients, indicating the critical importance for continuation of this study. In
this chapter, we aim to explore what factors are in the peritumor breast (ADS) and
measure their effects on the stem cell marker CD44 and the mTOR pathway in TNBC
cells.
CD44

Breast cancer stem cells (BCSC) are a small population within the breast tumor

that have the ability to self-renew and proliferate. These cells are mainly responsible for
tumor initiation, migration, drug resistance and recurrence (X. Zhang et al., 2020).
Breast cancer stem cell markers are expressed on the cell surface of BCSC. One of the
key BCSC markers for TNBC cancer is the stem cell marker CD44. CD44 is a
transmembrane protein commonly expressed on the surface of cancer stem cells.
Hyaluronan, CD44 ligand, binds to CD44 and stimulates cell proliferation, cell survival,
and cell motility (Chen et al., 2018). Chekhun et al examined 132 patients with breast
cancer of different molecular subtypes (Chekhun et al., 2015). They found CD44 has

been correlated with metastatic lymph node involvement as well as basal like status
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(TNBC). CD44 is responsible for cell-to-cell communication and has been shown to
activate the mTOR pathway. A study recently showed that anti-CD44 antibodies
inhibited mMTOR signaling, indicating a role of CD44 in the stimulation of mMTOR
(Gadhoum et al., 2016).
mTOR

Mammalian target of rapamycin (mTOR) is a cytoplasmic protein kinase that
plays a large role in cell growth, cell survival, and metabolism (Hua et al., 2019). This
role is played across multiple organs and cells within the body. MTOR genetic mutations
are found in 60% of tumors that have increased activity of this pathway (Engelman,
2009). In TNBC, mTOR has also been shown to contribute to resistance to drug therapy
(Khan et al., 2019). The activity of mTOR is stimulated by growth factors, amino acids
and glucose (Guerrero-Zotano et al., 2016). Obesity is considered a nutrient overload
state, however, the direct connection between obesity and increases in mTOR signaling
in TNBC has not been published. With this knowledge, mTOR inhibitors such as
everolimus and sirolimus, have been used clinically to treat estrogen receptor positive
(ER+) breast cancer in conjunction with endocrine therapy (Schmid et al., 2019).
Unfortunately, mTOR inhibitors have significant side effects which limit their use for
cancer therapy. The adverse side effects of mTOR inhibitors include cytopenia,
stomatitis, interstitial lung disease, lymphocele, dyslipidemia, and poor wound healing
(Chang & Barbas, 2021). Dyslipidemia can serve as a deadly side-effect as those who
are obese are at a higher risk of cardiovascular events, adding additional dyslipidemia
from mTOR inhibitors, this risk is increased even more, potentially leading to heart

attack and death. The cause of these side effects is not fully known but could be due to
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the prevention of clonal T cell expansion by mTOR inhibitors (Millan et al., 2006). If we
discover factors within ADS that are responsible for the increased mTOR signaling in
TNBC, we can target these factors individually, and thus prevent the adverse side
effects seen with mTOR inhibitors. Based on previous literature, we hypothesized that
the key factors known to be increased in obesity; IL-6, Leptin, and extracellular vesicles,
may play a role in stimulating the activity of the mTOR pathway in TNBC cells.
Interleukin 6

IL-6 is primarily linked to auto-immune disease, multiple sclerosis, and
rheumatoid arthritis. This pro-inflammatory cytokine is also known to induce the
formation of Th17 cells (Kimura & Kishimoto, 2010). Naive CD4+ T cells differentiate to
Th17 cells due to IL-6 signaling through STAT3 (Harbour et al., 2020). Th17 or T helper
17 cells assists in host protection against microbes and aids B cells in the production of
antibodies (Mitsdoerffer et al., 2010; Tesmer et al., 2008). While these functions are the
most common, Th17 is becoming a larger player in the tumor environment. Th17 cells
have been found to have the highest density within the tumor (Bailey et al., 2014),
however their function within the tumor is unknown. With this knowledge, it can be
hypothesized that increased IL-6 plays a large role in the recruitment of these cells to
the tumor, demonstrating its role in cancer. In addition, IL-6 is becoming more known for
its role in obesity. In circulation, about 15-35% of IL-6 is produced by AT (Mohamed-Ali
et al., 1997). Obese patients are in a constant state of low-grade inflammation (Wang &
He, 2018), as a result, serum levels of IL-6 are increased in obese patients as
compared to lean (7.69 +/- 5.06 pg/mL in obesity vs 1.28 +/- 0.85 pg/mL in lean)

(Roytblat et al., 2000). Obese AT hypertrophies in response to hypoxic conditions.
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These hypoxic conditions are due to the growth of the adipocytes being faster than the
angiogenesis (Eder et al., 2009). As a result genes encoding IL-6 are upregulated (Eder
et al., 2009). A previous study showed that Chinese women with increased levels of IL-6
correlated with breast cancer stage as well as lymph node involvement (Ma et al.,
2017). In this study, 110 women with various types of ductal breast cancer (HER2+,
ER+, PR+) and 30 healthy women’s serum were examined for levels of IL-6, IL-8, and
TNF alpha. They found that these inflammatory cytokines were correlated with
increased staging as well as lymph node metastasis. The limitation of this study is that
they only included estrogen receptor positive, progesterone receptor positive, or HER2
+ breast cancer, TNBC was not included. This study prompted us to investigate the
effects of IL-6 on mTOR signaling in TNBC cancer cells.
Leptin

Leptin is a hormone encoded by the LEP gene. Leptin is elevated in obesity and
is secreted by adipose tissue and breast cancer cells. Recent reports have shown that
leptin leads to chemoresistance and poor survival of patients with estrogen-receptor-
negative breast cancer (Lipsey et al., 2020). In this study, authors treated TNBC cells
with chemotherapy drugs such as paclitaxel or cisplatin. When co-treated with leptin,
TNBC cells had higher survival as compared to TNBC cells treated with chemotherapy
drugs alone (Lipsey et al., 2020). This study also found that increased expression of
leptin target genes such as CDK8 and NANOG are correlated with lower survival in ER-
breast cancer patients. This did not hold true for ER+ patients (Lipsey et al., 2020). This
suggests that leptin plays a different role in ER- breast cancer as compared to ER+

breast cancer. In addition, leptin has been proposed to be an important biomarker
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associated with lymph node involvement, and recurrence rate (Khabaz et al., 2017,
Sanchez-Jimenez et al., 2019). Cytoplasmic immunohistochemical staining of patient
samples with breast fibroadenoma or normal breast tissue indicated that leptin staining
was correlated to tumor grade, stage, and lymph node involvement (Khabaz et al.,
2017). Leptin has been shown to be an important growth factor for breast cancer cells
that induces signaling that increases the proliferation of luminal ER+ breast cancer cells.
This was seen in MCF7 xenografts, leptin activated p53/FOXO3A (Nepal et al., 2015).
Cancer cells are known to have activated autophagy. Inactivation of tumor suppressor
genes increase autophagy, thus promoting tumor survival (Mathew et al., 2007).
P53/FOXO3A is an autophagic pathway that is key for tumor growth both in vivo and in
vitro. In addition to promoting tumor survival via autophagy, leptin has also been shown
to inhibit apoptosis of breast cancer cells (Nepal et al., 2015; Sanchez-Jimenez et al.,
2019). Another important determinant of the prognosis of breast cancer is the number
of cancer stem cells (CSC) as well as the ability to undergo epithelial mesenchymal
transition (EMT). Bowers et al explored the effects of diet induced obesity and leptin on
breast tumor formation. In this study MMTV-Wnt-1 transgenic mice (known to form
spontaneous tumors that mimic basal like breast cancer) were fed a high fat diet to
induce obesity. These mice demonstrated poor survival, increased KI67 proliferation
marker, and higher leptin levels as compared to lean mice. This study demonstrated
that diet induced obese mice had increased leptin signaling, leading to increased tumor
CSC and EMT gene signature (Bowers et al., 2018), indicating leptin plays an important
role in the pathogenesis of breast cancer.

Microparticles
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Microparticles or “nanoparticles” are secreted from almost every cell type in the
body. These lipid bilayer enclosed particles are thought to be involved in cell-to-cell
communication (Crewe et al., 2018). A previous study demonstrated that adipose tissue
plays a large role in communicating metabolic health to distant tissues (Kusminski et al.,
2016). In an update to this paper, exosomes were found to not only participate in cell-to-
cell communication but also play a role in endocrine signaling, by regulating gene
expression in distant tissues (Thomou et al., 2017). In obesity, the function of adipose
tissue is dysregulated, leading to changes in the levels and types of adipokines that are
released by adipose tissue (Unamuno et al., 2018). While changes in the levels and
types of adipokines and cytokines that are released by adipose tissue in obesity has
been published, how obesity alters the levels and types of microparticles released by
adipose tissue is a new field of study.

In this chapter, we hypothesized that in obesity, the levels of leptin, IL-6, and
extracellular vesicles that are released from peritumor breast adipose tissue act on
TNBC cells to stimulate increases in mTOR signaling. We propose that identifying which
specific peritumor breast adipose factor(s) induce mTOR signaling in TNBC cells will

foster new targets or repurpose existing therapies to treat TNBC in obesity.

2. Methods
2.1 TNBC Cell Lines

MDA-MB-231 and MDA-MB-436 TNBC cell lines were purchased from ATCC
and cultured in DMEM/F12 media supplemented with 10 % FBS and 5% penicillin

streptomycin.
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2.1 Peritumor Breast Adipose Tissue Secretome (ADS) Model

Methods to isolate peritumor breast adipose tissue was stated in Chapter 2 (4.2
Breast peri-tumor AT derived secretome, pg. 47).
2.2 Treatment of TNBC Cells With Peritumor ADS

ADS was added to MDA-MB-231 or MDA-MB-436 TNBC cells were 100%
confluent. ADS was diluted 1:10 in serum free DMEM/F12 with 5% penicillin
streptomycin and applied to TNBC cells for 24 hours. These methods were performed
as stated in Chapter 2 (section 4.2 Breast peritumor AT derived secretome, pg. 47).
2.2 Adipokine Array

Peritumor breast ADS (isolation described above—section 2.1 peritumor breast
adipose tissue secretions, pg. 57) was examined for changes in the levels of growth
factors and cytokines that are associated with obesity using a human adipokine array
purchased from R&D systems (Minneapolis, MN, USA).
2.3 Migration assay

Migration assay was conducted as stated in Chapter 2 (4.6 Migration Assay, pg
48.) Changes in cell migration was quantified using image J software.
2.4 IL6 Treatment

IL-6 was purchased from Cell Signaling Technologies (Danvers, MA). IL-6 was
added at a concentration of 1ng/mL or 10ng/mL to MDA-MB-231 or MDA-MB-436
cancer cells. We used the concentration of 1ng/mL or 10ng/mL as it has been shown in
literature that this dose is enough to induce a significant increase in MDA-MB-231 cell
rolling, a key process in metastasis of cancer cells (Geng et al., 2013).

2.5 Leptin ELISA
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Human Leptin ELISA was purchased from Invitrogen (Waltham, MA, USA)
(catalog number: KAC2281). We followed ELISA kit protocols that were provided with
the kit. Optical density was measured at 450 nm and concentration was calculated
using graph pad prism interpolation software.

2.6 Leptin Treatment

Human recombinant leptin was purchased from R&D systems (CA: 398-LP-01M)
(Minneapolis, MN, USA). Cells were plated to 100% confluency then treated for 24
hours in serum free media at the following concentrations: 30pg/mL, 70 pg/mL.

2.7 IL6 and Leptin Synergy

IL-6 and leptin were applied to MDA-MB-231 or MDA-MB-426 cancer cells at 1
pg/mL (IL-6) and 30 ng/mL (Leptin) alone, and then 1pg/mL and 30ng/mL together.
2.8 Western Blot Analysis

TNBC cells (MDA-MB-231, MDA-MB-436) were plated in 60 mm dishes and
allowed to reach confluency. Cells were treated with IL-6, Leptin, or IL-6 and Leptin for
24 hours. After 24-hours cells were washed with 1mL of PBS. Cells were lysed in 400
uL of 1X RIPA buffer with protease and phosphatase inhibitors. Cells were incubated
with RIPA for 5 minutes. Cell lysates were then sonicated on ice for 15 seconds. Prior to
running the western blot, cell lysates were boiled for 10 minutes in Lamelli buffer plus B-
mercaptoethanol. Western blots were performed using SDS/Page and polyvinylidene
difluoride membranes. Membranes were incubated in primary antibody overnight (Beta-
Actin dilution 1:5000, PS6 dilution 1:5000, Total S6 dilution 1:5000, PNDRG1 1:2000,
NDRG1 1:2000, CD44 1:2000). Proteins were detected using chemiluminescence (Bio-

Rad Laboratories, Hercules, CA, USA). Phosphorylated proteins were normalized to
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total proteins. Quantification was conducted with image lab software. Antibodies were
purchased from Cell Signaling Technologies (Danvers, MA, USA).
2.9 Micropatrticle Isolation

One milliliter of peritumor breast ADS was spun for 2,000 X G for 15 minutes.
Supernatant from this spin was taken and centrifuged at 20,000 X G for 60 minutes.
This supernatant was taken for ADS without microparticles. The invisible pellet
containing microparticles was re-suspended in filtered PBS. The presence of
microparticles was ensured by NTA analysis.
2.10 Treatment of TNBC Cells With Microparticles

MDA-MB-231 cells were plated in 60 mm dishes and allowed to reach
confluency. ADS containing and lacking microparticles was diluted 1:10 in serum free
cell culture media and applied to MDA-MB-231 cells for 24 hours. Cells were then lysed
in RIPA lysis buffer supplemented with protease and phosphatase inhibitors for western
blot analysis.
2.11 Statistical Tests

Statistics were run in Graph-Pad prism. Student’s paired T-test were used to
compare differences between two groups, and ANOVA followed by post hoc analysis
was used to compared differences between more than two groups.
3. Results
3.1Role of Peritumor Breast ADS on Breast Cancer Stem Cell Marker CD44
The breast cancer stem cell marker CD44 has been linked to poor prognosis of

patients with breast cancer (Wang et al., 2017). We sought to test the effect of

peritumor breast ADS on CD44 levels in TNBC cell lines (figure 23). Our results show
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there is no difference in CD44 levels in TNBC cells treated with lean (BMI < 30)

compared with obese (BMI > 30) ADS (P-value =0.79) (N=6) (P-value =0.31) (N=4)
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Figure 23

Effect of Obese ADS on Levels of Breast Cancer Stem Cell Marker CD44
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Note. A) Representative western blot of MDA-MB-231 or MDA-MB-436 cells being
treated with Lean or Obese ADS. B) Quantification of western blot analysis (N=6) (P-

value =0.79) (N=4) (P-value =0.31).
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3.2 Contents of Peritumor Breast ADS

We used an adipokine array to determine the levels of obesity-associated cytokines
and growth factors in peritumor breast ADS (figure 2). The results showed that there
were multiple differences between low (BMI < 30) and high (BMI > 30) peritumor breast
ADS. Of interest was that higher levels of Capthesin D, a growth factor, was associated
with high (> 30) BMI (figure 25). This growth factor degrades the extracellular matrix and
therefore higher levels of Capthesin D could in part be the mechanism by which
peritumor breast ADS from women with BMI's is a strong inducer of TNBC cell
invasiveness (chapter 2, figure 9). Regarding cytokines, the results showed that the
levels of IL-6 and leptin were higher in peritumor breast ADS from high (> 30) compare
with low (< 30) BMI (figure 24). This finding indicates that BMI induces obesity

associated changes in peritumor breast ADS.
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Figure 24

Differences Between Lean Adipose Derived Secretome and Obese Adipose Derived

Secretome
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Note. A) Representative images of the adipokine blots. The levels of 58 proteins were

assessed. B) Relative protein levels of the proteins that demonstrated different levels

between lean ADS and Obese ADS (N=2).
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3.3 The Effect of IL-6 on the Migration of TNBC Cells

Given that increased BMI increased the levels of IL-6 in peritumor breast ADS, we
assayed the effect of recombinant human IL-6 on the migration of TNBC cells. The
results showed that IL-6 at a concentration of 1 ng/mL or 10 ng/mL, had no effect on the

migration of MDA-MB-231 or MDA-MB-436 cells at 24 hours post treatment (figure 25).
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Figure 25

Inflammatory Cytokine IL6 role in Migration of TNBC Cells
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fold change. (P-value = 0.82) (P-value = 0.16)
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3.41L-6 Effect on mTOR in TNBC

Next, we sought to determine if IL-6 acts on TNBC cells to induce mTOR signaling.
The results showed that IL-6 at 1 ng/mL and 10 ng/mL induced a trend towards an
increase in mMTOR complex 1 (P-value = 0.35) (P-value = 0.63) and mTOR complex 2
(P-value = 0.55) (P-value = 0.92) signaling, as measured by the phosphorylation of S6
(Ser 235/236) and the phosphorylation NDRG1 (Thr 346), respectively (figure 26). The
results however were not significant (figure 27). The stem cell marker CD44 was
significantly increased in MDA-MB-231, but not MDA-MB-436, in response to IL-6 1
ng/mL treatment for 24-hour treatment) (figure 27). Collectively, these findings indicate
that IL-6 at 1 ng/mL and 10 ng/mL do not stimulate mTOR activity in MDA-MB-231 and
MDA-MB-436 cells (figure 26). Of interest is that IL-6 at 1ng/mL did stimulate a
significant increase in the expression of the breast cancer stem cell marker, CD44, in

MDA-MB-231 cells.
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Figure 26

Role of IL6 on mTOR Signaling in TNBC Cells
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Note. A) Representative western blot images of MDA-MB-231 or MDA-MB-436 cells

treated with IL6. B) Quantification of western blot analysis using protein intensity. (N=4)

(N=3) (N=4)
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Figure 27

Role of IL6 on CD44 Levels in TNBC Cells
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Note. A) Representative western blot images of MDA-MB-231 or MDA-MB-436 cells

treated with IL6. B) Quantification of western blot analysis using protein intensity. (N=3)
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3.5 The Levels of Leptin in Peritumor Breast ADS

Next, we sought to determine the specific concentration of leptin in peritumor
breast ADS to investigate a potential correlation between the cytokine and increased
BMI. The results show higher concentrations of leptin in the high BMI (> 30) compared
with low BMI (< 30) peritumor ADS (Figure 29). The concentration in high BMI samples
was double the amount in lean BMI samples (655 pg/mL compared to 274 pg/mL,

respectively) (figure 28).
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Figure 28

Leptin Levels are Higher in Obese Peritumor Fat Compared to Lean
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Note. A). Graphical representation of Leptin values measured in patient peritumor
samples with a BMI > 30 (OADS) and a BMI < 30 (LADS). Concentration measured in

picograms per milliliter.

3.6 Leptin Correlation to BMI

With the knowledge that leptin is increased in obesity (figure 29), we wanted to
demonstrate a correlation between BMI and leptin levels. To do this, we plotted leptin
concentration against the corresponding patient BMI. Despite leptin being significantly
increased in BMI >30 (Figure 28) there is no correlation between leptin levels and

individual BMI (Pearson R = 0.5726) (R? = 0.3279) (P-value = 0.3279) (figure 29).
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Figure 29

Leptin Correlation to BMI
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Note. A). Leptin levels as measure by ELISA correlated to their corresponding BMls.

(Pearson R = 0.5726) (R? = 0.3279) (P-value = 0.3279)
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3.7 Effect of Leptin on Migration and Invasion of TNBC Cells

Next, we tested whether leptin was sufficient to induce the migration of TNBC
cells. The results showed that leptin applied to cells at 30 and 70 ng/mL was not
sufficient to induce the migration of MDA-MB-231 or MDA-MB-436 cells (figure 30).
These doses were chosen based on the range of serum leptin levels in obese patients

(Kazmi et al., 2013).
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Figure 30

Effect of Leptin on Migration in TNBC Cells
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Note. A) Representative images (N=4) of MDA 231/436 wound healing assay treated

Leptin 30ng or Leptin 70ng. Images taken at 0 hours and 24 hours. B) Fold change

based on the closure of the wound (P-value = 0.0001 and 0.59 respectively).
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3.8 Leptin Signaling in TNBC Cells

Considering that leptin has been shown to induce mTOR signaling in CRC and
endometrial cancer (Carino et al., 2008; Wang et al., 2012), we sought to determine if
the cytokine could induce mTOR signaling in TNBC cells. The results showed that leptin
at 30 ng/mL or 70 ng/mL did not significantly increase mTOR signaling in TNBC cells as
determined by no change in the levels of the mTOR complex 1 readout, phospho-S6

(Ser235/236) when analyzed by Western blot experiments (figure 31).

99



Figure 31

Effect of Leptin on the Phosphorylation of Ribosomal Protein S6
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Note. A) Representative western blot images of MDA-MB-231 or MDA-MB 436 cells
treated with leptin at a concentration of 30 ng or 70 ng. B) Quantification of western

blots (N = 7) (P-value = 0.46) (P-value = 0.54)
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3.91L6 and Leptin Synergy

Next, we cotreated TNBC cells with leptin dose at obese plasma conditions (30
ng/mL) (Kazmi et al., 2013) and IL-6 dose at obese plasma conditions (1 pg/mL or 10
pg/mL) (Roytblat et al., 2000) and assayed mTOR signaling in TNBC cells. The results
showed that co-treatment with IL-6 and leptin did not significantly increase mTORC1

signaling in TNBC cells (figure 32).
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Figure 32

IL6 + Leptin Synergy
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3.10 Concentration of Microparticles within ADS

Considering the finding that two major obesity-associated cytokines (leptin and
IL-6) did not induce mTORC1 signaling in TNBC cells, we questioned if AT-secreted
microparticles induce mTOR. Due to the hypertrophy of obese adipose tissue, we
hypothesized that there would be a larger release of microparticles in obese AT as
compared to lean AT. We found that obese ADS had roughly two times as many
microparticles per milliliter (4.8475 X 107 particles/mL vs 2.01 X 107 particles per mL) as
compared to their lean counterpart (figure 33). Based on this finding, we then sought to

explore the effects of microparticles on signaling in our system.
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Figure 33

Microparticle Quantity in O-ADS vs L-ADS
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Note. A) Schematic of isolation of microparticles B) Average concentration
(particles/mL) of microparticles from four separate patients with BMI > 30 and BMI < 30.

C) Graphical representation of the number of microparticles in each individual sample.
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3.11 Role of Microparticles on mTOR Signaling in TNBC Cells

Adipose tissue-derived microparticles derived from subcutaneous fat promote the
progression of melanoma (Lazar et al., 2016). We therefore assessed the role of
microparticles derived from peritumor breast ADS on mTOR signaling in TNBC cells.
The results showed no difference in mTORC1 activation in MDA-MB-231 cells in
response to microparticles obtained from peritumor breast ADS compared to MDA-MB-

231 cells treated with vehicle (baseline mTOR complex 1 activity) (figure 34).
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Figure 34

Effect of Microparticles on mTOR Signaling in Obese Patients.
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microparticles, OADS without microparticles. B) Quantitative analysis of western blot.
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4. Discussion

This study extends our prior study in this dissertation (chapter 2) showing that BMI
regulates TNBC cell migration, invasiveness and signaling by modifying peritumor
breast ADS. Specifically, the findings in chapter 2 showed that high BMI (>30) is
stronger inducer of TNBC cell migration, invasiveness and JAG1 signaling than low BMI
(< 30). In this study, we hypothesized that the two major obesity-associated cytokines,
leptin, and IL-6, would act on TNBC cells to stimulate mTORC1 signaling and that this
would be associated with an increase in cancer cell migration and invasiveness. Our
results, however, do not support this hypothesis. The findings showed that although
leptin and IL-6 are higher in high (> 30) BMI samples (figure 24), these cytokines alone
and together are not sufficient to induce mTOR complex signaling in TNBC cells (MDA-
MB-231 and MDA-MB-436) (figure 27, 31, 32). Further, neither IL-6 nor leptin were
sufficient to stimulate the migration of TNBC cells (figure 25, 30). We also tested the
role of microparticles. The results showed that the concentration of microparticles was
2-fold higher in the high (> 30) compared to the low (< 30) BMI samples. The direct
application of purified microparticles obtained from high (> 30) BMI samples however
did not induce mTORC1 signaling in TNBC cells (figure 35).

This study did provide a new insight into IL-6 effects in TNBC cells that could have
implications regarding the mechanism by which obesity promotes the aggressiveness of
TNBC. The finding that IL-6 is sufficient to increase the levels of CD44 in TNBC cells
would be anticipated to promote epithelial mesenchymal transition (EMT) and cancer
stemness (Xu et al., 2015). Published data showing that CD44 promotes the metastasis

of breast cancer and is a poor prognostic marker for breast cancer supports our
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hypothesis that IL-6 plays a role in TNBC progression (X. Liu et al., 2019). The finding
that high BMI (>30) peritumor breast ADS did not increase the level of CD44 in TNBC
cells however does not support our hypothesis that induction of CD44 is the mechanism
by which obesity promotes TNBC cell progression (figure 23). It is possible the
concentrations of IL-6 in peritumor ADS are too low to induce CD44 in MDA-MB-231
cells that express relatively high basal levels of CD44 (figure 26).

Our next step was to determine if IL-6 and Leptin, which are obesity-associated
cytokine, are sufficient to induce the migration of TNBC cells. The adipokine array
results showing that these two cytokines are higher in high (>30) BMI samples than low
(<30) BMI samples supports our hypothesis that leptin and IL-6 promote TNBC in
obesity (figure 24). The result also provided mechanistic evidence supporting our
hypothesis that high BMI acts on peritumor breast AT to induce the release of an
obesity-associated secretome that in turn acts through a paracrine mechanism to
induce signaling in proximal breast tumors. The adipokine array results also showed
that in addition to leptin and IL-6 the levels 7 other cytokines and growth factors were
higher in the high (>30) BMI samples compared with the low (<30) ADS samples (M-
CSF, lipocalin2/NGAL, leptin, CXCL8/IL-8, IL-6, cathepsin S, cathepsin D, and C-
reactive protein/CRP) (figure 25). Performing experiments to test if IL-6 is sufficient to
stimulate the migration and invasiveness of TNBC cells was supported by prior clinical
data showing that the serum levels of IL-6 are significantly higher in obese patients
compared to lean patients (7.69 +/- 5.06 pg/mL, 1.28 +/- 0.85 pg/mL respectively)
(Roytblat et al., 2000). In addition, IL-6 has also been shown to play a significant role in

breast cancer stemness, angiogenesis, and therapy resistance (C. Zhao et al., 2020).
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With this knowledge, and the results of our adipokine array (figure 24), we sought to
investigate the effects of IL-6 on the migration of TNBC cells. In our system, we found
no effect of IL-6 treatment (1ng/mL and 10ng/mL) on the migration of MDA-MB-231 or
MDA-MB-436 TNBC cells (figure 25).

We then sought to determine the effect of IL-6 on mTOR signaling. We measured
the effect of IL-6 on the phosphorylation of ribosomal protein S6 (PS6) and the
phosphorylation of N-myc downstream regulated 1 (NDRG1), as read outs of mTOR
complex 1 and 2 signaling, respectively. Our results indicated that IL-6 had no
significant effect on the stimulation of mMTOR (figure 26). While IL-6 was increased in
high (>30) BMI samples, our data indicates that it alone is not sufficient to stimulate
mTOR signaling. We therefore co-treated TNBC cells with IL-6 and leptin and
discovered that combining these two cytokines did not induce mTOR complex 1
signaling in TNBC cells (figure 31).

The premise to investigate the effect of leptin on TNBC cell migration and signaling
is based on prior reports showing that leptin stimulates the progression of luminal ER
positive breast cancer. Many studies demonstrate that leptin is increased in the serum
of obese patients (range of 28.2-77.4 ng/mL) (Kazmi et al., 2013). Leptin has been
shown to be proinflammatory and is thus believed to have a role in migration and
invasion of tumor cells (Paz-Filho et al., 2011; Sundaram et al., 2013).To determine if
leptin is responsible for the increased migration, invasion, and mTOR signaling we first
sought to measure the levels of leptin in peritumor breast ADS. We found that the
concentration of leptin in high (>30) BMI samples was significantly higher than the

concentration of leptin in low (<30) BMI samples (figure 33). We were the first to show
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that BMI acts on peritumor breast AT to promote the secretion of leptin, which in turn
plays a role in the breast tumor microenvironment. We therefore investigated if leptin is
sufficient to induce migration and mTORC1 signaling in TNBC cells. The results showed
that leptin at physiologically relevant serum concentrations (30 to 70 ng/mL) is not
sufficient to increase the migration of TNBC cells or stimulate increases in mTORCA1
signaling (figure 31, 32). Conversely, in MDA-MB-231 leptin decreased the migration
potential (P-value < 0.0001). This is contrary to previously published data, however,
previous studies used concentrations of Leptin that are not physiologically relevant
(100ng/mL or 200ng/mL). Our data suggests that the role that obese serum leptin levels
play may not be as important as previously reported. The results also showed that leptin
is not sufficient to increase the activity of mTORC1 signaling in TNBC cells.

The signaling factors released by adipose tissue is obesity is still an active area of
new study and new ADS findings will provide a better insight into the mechanisms by
which obesity promotes breast cancer. The complexity of the ADS is that factors in ADS
are likely to interact to drive signaling and cellular effects in other tissues, including
cancer cells. Thus, the limitation of studying the possibility that one ADS factor is
sufficient to induce signaling in cancer cells is that it fails to address the potential
interaction between several factors that are co-secreted by AT. That end, our findings
indicted that IL-6 and Leptin alone are not sufficient to induce mTORC1 signaling in
TNBC cells, and that co-treatment with both factors still falls short of inducing mTOR
signaling (figure 32). Future studies will require testing the effect of an obesity-

associated adipokine cocktail that potentially mimics the effect of peritumor ADS.
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AT secretes over 600 hundred proteins (Kita et al., 2019). In addition to proteins, AT
also secretes microparticles that are composed of exosomes and micro-vesicles. These
microparticles act through paracrine and endocrine pathways to induce signaling in
other tissues, including tumors (Crewe et al., 2018). We therefore hypothesized that
microparticles in peritumor ADS act on TNBC cells to stimulate mTORC1 signaling.
Microparticles were isolated rather than exosomes as we did not have enough volume
from patient samples to isolate enough exosomes. The results showed that in high BMI
samples, ADS purified microparticles and total ADS induce similar levels of mTOR
signaling that was higher than the level induced by ADS lacking microparticles (figure
34). This suggests that microparticles secreted from peritumor breast AT from high
(>30) BMI patients induces mTORC1 signaling in TNBC cells.

5. Conclusions

This study shows that leptin and IL-6, which are obesity-associated cytokines, that
are elevated in high (>30) BMI samples are not sufficient to induce TNBC cell migration
or mTORC1 signaling in TNBC cells. Finding that high (>30) BMI induces peritumor
breast adipose tissue to secrete more exosomes than low (< 30) BMI indicates these
secreted factors might play a mechanistic role in obesity in TNBC cancer. Support for
this hypothesis stems from the finding that peritumor ADS lacking exosomes is a weak
inducer of MTORC1 in TNBC cells compared with peritumor ADS containing exosomes.
Based on these findings, we propose future studies need to further investigate synergy
between AT-derived adipokines/exosomes on TNBC cells in the context of peritumor

AT.
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Chapter 4

Summary of Findings and Future Directions

1. Introduction

Obesity has quickly become a global epidemic. Obesity is measured as a body mass
index (BMI) of greater than or equal to 30. According to the world health organization,
approximately 41.9% of people are obese, with half of the population expected to be
obese by the year 2030. It has been shown that obesity is more common in low-income
individuals, mainly driven by food insecurity (Nettle et al., 2017). This association holds
true for the Appalachian population. The average income of the Appalachian people is
10,000 dollars less than the national average. Many studies have linked poverty and low
income to obesity (Rogers et al., 2015; Zukiewicz-Sobczak et al., 2014). The
combination of low income and high poverty are likely socioeconomic factors that
contribute to higher rates of obesity in Appalachia compared with the national average.
Women are twice as likely to be obese as compared to men (Kapoor et al., 2021),
making Appalachian women specifically at risk. Obesity is linked to a multitude of
conditions such as, cardiovascular disease, stroke, osteoarthritis, dyslipidemia, and
fourteen different cancers, including breast cancer. Breast cancer is the most common
cancer in women and is responsible for 42,000 deaths each year. TNBC is the breast
cancer subtype that has the worst prognosis and is more likely to occur in obese young
women than postmenopausal lean women. (Sizemore & Rudisill, 2021). Further, TNBC

is more aggressive in obese than in lean women at the time of diagnosis. Given that
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nearly half of women are obese and that breast cancer is the most common cancer in
women, defining the mechanisms that link obesity with the increased progression of
breast cancer has translational significance. Given this importance, we have
investigated mechanisms by which BMI acts through peritumor breast adipose tissue to
increase the migration and invasiveness of TNBC cells. My long-term objectives are to
provide a better insight into the mechanistic links between obesity and TNBC with the
goal of using this knowledge to improve cancer therapy to better serve the community.
2. Summary of Findings

In this thesis, our group was the first to demonstrate the effect of high BMI peritumor
ADS on TNBC. In order to do this, we used a new novel approach to mimic high BMI
conditions, that of patient derived peritumor adipose tissue. The characteristics of our
de-identified patient samples can be found in Table 4. Our study was the first to use this
isolation method and the first to investigate the effect of BMI of peritumor breast ADS on
the migration, invasiveness and signaling in TNBC. Our peritumor breast ADS model
provided many novel, clinically relevant results. We showed that peritumor breast ADS
derived from patients with a high BMI stimulated the invasion of TNBC MDA-MB-231
cells more than peritumor breast ADS from patients with lean BMI (figure 9). Invasion is
the first step in metastasis of cancer (Novikov et al., 2021). This finding provides
mechanistic insight into clinical data showing that obesity is linked to increase risk of
metastasis in TNBC (Naik et al., 2019). The next step in the metastasis process is
migration. The peritumor breast ADS from patients with high BMI induced greater TNBC
cell migration compared with peritumor breast ADS from patients with lower BMI (figure

8). We hypothesize that ADS induces these effects through two mechanisms. The first
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being that high BMI peritumor breast ADS acts as a chemoattractant and thus
stimulates the migration of TNBC cells within the tumor microenvironment. We
hypothesize the chemoattractant protein monocyte chemoattractant protein 1 (MCP1) is
released from peritumor breast AT, and it acts on TNBC cells to induce cancer cell
migration (Jiao et al., 2009). Consistent with this hypothesis is that MCP1 promotes
cancer progression (Liu et al., 2020). Our second hypothesis is that factors in peritumor
breast ADS binds receptors on the cell surface of cancer cells, stimulating signaling
pathways that stimulate TNBC cell migration and invasiveness. To provide mechanistic
data supporting our hypothesis, we sought to investigate the effect of high BMI (> 30)
compared with low (< 30) BMI on signaling pathways in TNBC cells. We selected
pathways that are involved in the initiation and progression of cancer. The first signaling
pathway we investigated was the mTOR pathway. The mTOR complex 1 pathway is
stimulated by growth factors and nutrients (amino acids and glucose). Further,
mTORC1 regulates cell size, protein translation, and cell metabolism (promoting the
synthesis of proteins, lipids and nucleotides) and therefore is a pathway that has been
linked with increased cancer progression (Harachi et al., 2018). Since obesity is a
nutrient overload state, we hypothesized that peritumor breast ADS from high (> 30)
BMI patients would be a stronger inducer of mMTORC1 activity in TNBC cells than
peritumor breast ADS from lower (< 30) BMI patients. The results showed that high and
low BMI peritumor ADS induces the same amount of mTORC1 activity in TNBC cells,
which suggests that mTOR activity in TNBC cells is not responsive to BMI. However,
further analysis of the data, showed that for MDA-MB-436 cells, mTOR stimulation is

correlated to an increasing in BMI. Prior studies have shown that obesity promotes the
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activity of mTORC1 activity in other types of cancer cells, including luminal estrogen
receptor positive breast cancer cells (Dann et al., 2007). Thus, the BMI effect on
mTORC1 activity in cancer is context dependent. Regarding this, we discovered in a
prior publication that mTORC1 responsiveness to BMI in luminal estrogen receptor
positive breast cancer cells was dependent on the concentration of leucine in cell
culture medium (Liang et al., 2021). Leucine is a potent agonist for mTORC1 activity,
and the levels of leucine in cell culture media are supraphysiological (approximately 3-
fold higher than serum levels). Thus, high leucine-mediated induction of mMTORC1 might

have masked a BMI effect on mTORC1 activity in TNBC cells.
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Table 4

Patient Information

Patient ID BMI Age Receptor Status
1252 20 68 ER+, PR+, HER2+
1059 22 22 ER+, PR+
772 23 48 ER+, PR+
1292 23 34 ER+, PR+
902 24 44 ER+, PR+
1009 26 59 ER+, PR+
1697 26 42 ER+, PR+
1221 28 73 ER+
1729 28 53 ER+
810 30 51 -

1613 31 70 ER+
928 32 59 ER+, PR+
1698 33 43 -
1632 40 64 ER+
1599 40 59 ER+, PR+
1676 57 39 ER+, PR+

Note. De-identified patient ID numbers with correlation BMI, age, and receptor status of

their breast cancer.

The next pathway we investigated was the ERK pathway. High levels of ERK have
been shown to indicate poor survival rates in patients with TNBC (Bartholomeusz et al.,
2012). Based on this information we sought to explore the effects of high BMI ADS on
ERK levels. We found that high BMI increased ERK expression in MDA-MB-231 TNBC
cells but not MDA-MB-436 cells (figure 13 and figure 14). Increased activity of the NFKB
pathway in TNBC promotes the progression of this breast cancer subtype. The NFKB
pathway is commonly linked to inflammation, and obese individuals are in a constant
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state of low-grade inflammation (Monteiro & Azevedo, 2010; Taniguchi & Karin, 2018).
NFKB signaling is commonly stimulated by cytokines such as IL-1, IL-6, and IL-23 (Liu
et al., 2017). In our study (figure 24) and previous studies, IL-6 has been shown to be
released into the ADS (Wueest & Konrad, 2018). Based on these facts we hypothesized
that high BMI peritumor breast ADS treatment would increase NFKB signaling in TNBC
cells. Contrary to our hypothesis, high BMI ADS treatment did not influence total or
phosphorylated NFKB protein levels in MDA-MB-231 or MDA-MB-436 cells, thus
indicating that NFKB signaling was not altered (figure 15 and figure 16). This result was
surprising. However, NFKB is also known to lead to a more aggressive phenotype of
breast cancer by promoting the epithelial mesenchymal transition (EMT). The cells we
use in our model have already undergone EMT, suggesting that the NFKB levels in
these cells are already high and potentially that’s why it is not responsive to a paracrine
mechanism (Pires et al., 2017). The final pathway that we investigated was
JAG1/NOTCH pathway. The JAG1/NOTCH pathway plays a large role in the
development of cancer. JAG1/NOTCH, once activated, carries out a signaling cascade
that in turn promotes proliferation, metastasis, drug-resistance, and angiogenesis (Xiu
et al., 2020). Based on its prominent role in TNBC, we investigated the effects of high
BMI peritumor breast ADS treatment on JAG1 protein expression in TNBC cells (Giuli et
al., 2019). Our results showed that high (>30) BMI peritumor breast ADS significantly
increased the expression of JAG1 (by 3-fold) in MDA-MB-231 but not in MDA-MB-436
TNBC cells (figure 11 and figure 12). We also performed a linear regression analysis
and the results showed that JAG1 expression is correlated with increasing BMI (figure

19). This result shows that increasing BMI has an effect on peritumor breast ADS that in
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turn induces greater expression of JAG1 in TNBC cells. We are the first to link
increasing BMI to increased expression of JAG1 in TNBC cells. JAG1, being the known
ligand of the NOTCH1 receptor, we sought to measure the protein levels of a NOTCH1
target gene HES1, as a read out of activated NOTCH1 signaling in response to high
BMI peritumor breast ADS. The results showed that despite increases in JAG1
expression in response to high BMI, there was not a corresponding increase in HES1
protein in TNBC cells treated with peritumor breast ADS (figure 11, figure 12). HES1
however, is only one of the many target genes of NOTCH. We therefore propose a
more thorough assessment of NOTCH targets, such as HEY5, CCND1, CDKN1 is
needed to investigate the link more fully between increased JAG1 with activation of
NOTCH1 signaling in TNBC cells stimulated with peritumor breast ADS (Kandasamy et
al., 2010).

The strength of our study is its translational potential, given that peritumor breast
ADS was obtained from women with breast cancer and the ADS was applied to human
TNBC cells. Finding that the high BMI peritumor breast ADS induces the migration and
invasiveness of TNBC, which is the breast cancer subtype with the worst prognosis,
provides a new mechanistic link between obesity and TNBC progression. This is the
first study to demonstrate link BMI, peritumor breast ADS with increased TNBC cell
migration and invasiveness. Based on the importance of these results we sought to
continue our study and determine if high BMI can be linked to an increase in the
expression of BCSC marker CD44. CD44 is a well-known stem cell marker that is
present in over 50% of triple negative breast cancers (Giatromanolaki et al., 2011).

Increased expression of CD44 is also linked to a poor prognosis in TNBC
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(Giatromanolaki et al., 2011). The results showed that high BMI peritumor did not
stimulate an increase in CD44 in TNBC cells (figure 23). The upregulation of CD44 is
mainly stimulated by extracellular factors or activation of STAT3 and NFKB (Xu et al.,
2015). Our previous results showed that high BMI had no effect on NFKB signaling,
possibly explaining why we did not see an effect on CD44 expression.

The goal of this study was to determine new potential therapeutic interventions. By
investigating contents of peritumor breast ADS (figure 24) and finding that high BMI
peritumor breast ADS stimulated JAG1 expression, suggests that agents targeting
JAG1 signaling might be useful for treating TNBC in obese patients. ldentifying the
specific factor(s) in peritumor breast ADS that induces JAG1 signaling would provide a
target to inhibit to suppress JAG1-mediated signaling in TNBC cells. Based on these
results, we are the first study to make a mechanistic connection between human ADS
and the aggressiveness of TNBC. To this end, we performed an adipokine array on
peritumor breast ADS obtained from patients with high (BMI>30) compared with low
(BMI<30). The adipokine array showed differences between low and high BMI peritumor
breast ADS (figure 24). For instance, M-CSF, IL-6, C-reactive protein, and cathepsin S.
Based on the results of our adipokine array we selected two proteins that play a large
role in obesity: the inflammatory cytokine IL-6 and the hormone leptin. Prior reports
show that the levels of IL-6 and leptin in plasma are higher in obesity compared with
lean patients. Our data now shows that BMI is also associated with increased release of
leptin and IL-6 from peritumor breast ADS, which in turn could have a paracrine effect
on breast cancer cells. We therefore investigated the effects of IL-6 on migration in

TNBC cells. Regardless of concentration (1ng/mL or 10 ng/mL) IL-6 had no effect on
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the migration on TNBC cells compared with vehicle. IL-6 has been previously shown to
act as a chemoattractant to monocytes, however our data shows that the cytokine did
not increase the migration of TNBC cells, which is consistent with a prior report
(Clahsen & Schaper, 2008). While IL-6 had no effect on migration, in MDA-MB-231 IL-6
at 1 ng/mL increased the expression of CD44 by ~ 3-fold. IL-6 is a potent stimulator of
STAT3, which plays a role in the regulation of CD44 (Xu et al., 2015). A recent study
demonstrated anti-CD44 antibodies inhibit mMTORC1 and mTORC2 (Gadhoum et al.,
2016). This study suggests a role CD44 in stimulation of the mTOR pathway. Based on
our previous results showing that IL-6 1 ng/mL increased CD44 expression, we
hypothesized that this increase may lead to increases in the mTOR pathway. We then
sought to investigate if IL-6 induces the mTORC1 pathway in TNBC cells. The results
showed that IL-6 does not stimulate mTORC1 or mTORC2 signaling in MDA-MB-231
TNBC cells (figure 26). From these findings, we propose that IL-6 alone is not sufficient
to mimic the effects of peritumor breast ADS and thus it alone is not mediating the
effects of BMI, however, it might work in synergy with other proteins in peritumor ADS to
promote TNBC progression.

The next protein we investigate is the hormone leptin. Leptin resistance and
increases in serum leptin levels are hallmarks of obesity (Obradovic et al., 2021). The
primary function of leptin is to regulate nutrient intake as well as maintenance of body
mass (Obradovic et al., 2021). The role of leptin in obesity is established, however,
there is less known regarding the role of leptin in TNBC. Leptin has been shown to
promote metastasis in mouse models with patient derived TNBC xenografts, which

indicates breast tumors are responsive to leptin, in vivo (Sabol et al., 2019). To

120



investigate the role of leptin, we first sought to determine the concentration of leptin in
peritumor breast ADS. The results showed that the concentration of leptin in high BMI
peritumor breast ADS was significantly higher than the concentration of leptin in low
BMI peritumor breast ADS (figure 28). To test the effects of leptin on TNBC cell
migration, we used physiologically relevant doses. Obese patients have serum levels in
a range of 50-70 ng/mL (Kazmi et al., 2013). At these physiological conditions, leptin
reduced the migration of MDA-MB-231 and had no effect in MDA-MB-436 cells (figure
30) and did not stimulate mTORC1 activity in either TNBC cell line (figure 31). Given
that IL-6 and leptin are currently secreted from peritumor AT, we hypothesized that
concurrent treatment of TNBC cells with leptin and IL-6 would stimulate mTORC1
activity. To test this hypothesis, we added IL-6 (1ng/mL or 10ng/mL) and leptin (30
ng/mL) together and measured the stimulation of the mTOR pathway. The results
showed that concurrent treatment with IL-6 and leptin did not stimulate the mTORCA1
pathway in TNBC cells. This finding shows that IL-6 + leptin is not sufficient to mimic the
effect of peritumor breast ADS on mTORC1 signaling in TNBC cells. We also performed
TNBC cell migration studies and the finding showed that concurrent treatment of leptin
with IL-6 does not stimulate the migration of TNBC cells (figure 32).

Based on published studies showing that AT secreted micro-vesicles, | hypothesized
that increases in BMI would stimulate peritumor breast AT to secrete increased levels of
micro-vesicles, and that this in turn would increase signaling in TNBC cells (Lazar et al.,
2016). Nanoparticles, contain micro-vesicles and exosomes, are 30 nm -1.0 um in size
and function as cell-cell communicators (Stahl et al., 2019; Tai et al., 2018). In addition,

nanoparticles transfer bioactive molecules from the peritumor microenvironment to
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cancer cells (Tai et al., 2018). In a recent study, nanoparticles were shown to play a
large role in the promotion of melanoma (Lazar et al., 2016). In this paper exosomes
derived from obese or lean mice were added to SKMEL28 or 1205Lu melanoma cells.
Obese exosomes increased migration and invasion at a higher level compared to lean
exosomes (Lazar et al., 2016). Based on these findings, we isolated nanoparticles from
patient derived peritumor breast AT (figure 33). After isolation we compared the number
of nanoparticles in peritumor breast ADS from high and low BMI patients. While there
was not a statistically significant difference, there was a trend towards an increase in
nanoparticles in high BMI peritumor breast ADS (figure 33). We diluted the
nanoparticles 1:10 in cell culture medium and applied them to TNBC cells in cell culture.
The results showed the nanoparticles alone maintain mTORC1 signaling to the same
level as complete peritumor breast ADS (figure 34). In accordance with our prior results
(figure 20 and figure 21), peritumor breast ADS did not stimulate mTORC1 activity
above baseline (figure 34). The inability of peritumor breast ADS to induce mTORCA1
could be due to high constitutive mTORC1 activity in TNBC cells.
3. Limitations

The limitation of this study is that our that the majority of our de-identified patient
samples are middle-age white females. Our cell lines were obtained from middle-age
white females as well. TNBC is most common in the African American population
(Newman & Kaljee, 2017). Our results would be better rounded if different races were
included in our study.

Another limitation of this study was in the isolation of nanoparticles. Due to the size

of our adipose tissue and the amount of tissue we had we were not able to isolate
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exosomes alone, we had to isolate a mixture of nanoparticles that contained
microparticles (0.1um-100uM) and exosomes (30 nm -100 nm) (Stahl et al., 2019). We
were also unable to repeat this experiment due to the low level of samples and the fact
that the isolation protocol uses an entire sample.
4. Conclusions

Collectively, our findings provide a new mechanistic link between obesity and the
progression of TNBC, by showing that BMI induces changes in peritumor AT that in turn
influences the effect of peritumor breast ADS on TNBC cells, such that the cancer cells
are more invasive and have stronger migratory activity. We are also the first to
demonstrate that BMI correlates with increased levels of JAG1 in TNBC cells in
response to and the mTOR readout phosphorylated ribosomal protein S6 (in the
correlation study).
5. Future experiments
5.1 The Effect of High (>30) BMI and Peritumor Breast ADS on Matrix
Metalloprotease Protein Expression in TNBC Cells.
5.1.1 Rationale

Matrix metalloproteases (MMP) are enzymes that are involved in the digestion

and breakdown of the extracellular matrix (Jablonska-Trypuc et al., 2016). This family of
enzymes specifically digests type IV collagen, a large component of the basement
membrane (Song et al., 2000). Given their mechanism of action, these proteins promote
the invasiveness of cancer cells. In our previous experiments, we have demonstrated
that high BMI (> 30) peritumor breast ADS treated TNBC cells exhibit increased

migration compared with TNBC cells treated with low (<30) peritumor breast ADS
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(figure 1). We hypothesize that MMPs are released by peritumor breast ADS and/or
peritumor breast ADS induces signaling in TNBC cells that increases the expression of
MMPs.
5.1.2 Hypothesis

High (>30) BMI peritumor breast ADS will induce a greater increase in the
expression of MMPs in TNBC cells compared with low (<30) BMI peritumor breast ADS.
5.1.3 Experimental Procedure

MDA-MB 231 and MDA-MB-436 cells will be treated with high (> 30) and low (<
30) BMI peritumor breast ADS. After 24 hours, the expression of MMPs (MMP2 and
MM9) in TNBC cell culture media and TNBC cell extract will be analyzed by Western
blot analysis. MMP2 and MMP9 antibodies will be purchased from Cell Signaling
Technologies (Danvers, MA).
5.1.4 Pitfalls/Alternative Experiments

It is possible that high (>30) BMI peritumor ADS will not stimulate an increase in
the expression of MMP2 and MMP9 in TNBC cells. We would then design experiments
to investigate if high (> 30) BMI peritumor breast ADS acts on TNBC cells to increase
MMP2 and MMP9 activity. The gel zymography technique is used to measure the
activity of MMPs and the technique would be used to investigate the alternative
hypothesis that high (>30) BMI peritumor breast ADS acts on TNBC cells to increase
the activity of MMPs.
5.2 Obese Adipose Derived Secretome Effect on Breast Cancer Stemness

5.2.1 Rationale
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BCSC play a large role in the resistance to hormone therapy, radiotherapy, and
chemotherapy (Palomeras et al., 2018). The expression of multiple different stem cell
markers is indicative of breast cancer poor prognosis (X. Liu et al., 2019; Panigoro et
al., 2020). Based on our previous experiments and previous literature, high BMI is also
linked to poor prognosis of TNBC (Sun et al., 2017). Based on these studies, we
hypothesize that high BMI peritumor breast ADS induces signaling in TNBC cells that
increase the expression of BCSC markers.

5.2.2 Hypothesis

MDA-MB-231 and MDA-MB-436 cells treated with high BMI peritumor breast
ADS will express higher levels of breast cancer stem cells markers on their cell surface
as compared to cells treated with low BMI.

5.2.3 Experimental Procedure

TNBC breast cancer cells will be treated with low or high BMI peritumor breast
ADS for 24 hours. After 24 hours a single cell suspension of cells will be created and
then flow cytometry will be performed. Stem cell markers CD44 and ALDH1 will be
probed for as well as the absence of CD24. The presence/absence of these markers
will show changes in stem cell activity in TNBC (O'Conor et al., 2018). Cell populations
will be sorted by CD44, ALDH1 and CD24 and then analyzed for changes in the
percentage of TNBC cells that express these markers in response to peritumor breast
ADS.

5.2.4 Pitfalls/Alternative Experiments
Flow cytometry is a sensitive and effective technique for measuring cell surface

CSC markers. If we are not able to detect changes, we can attempt to use the
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ALDEFLOUR assay, which is specifically for detecting CSC marker ALDH1.
ALDEFLOUR assay works by adding a fluorescent aldehyde to cellular samples. Cells
that express the ALDH enzyme will be able to convert this aldehyde into a carboxylic
acid. This carboxylic acid is retained within the cell and then read by a flow cytometer
(L. Zhou et al., 2019). There is a possibility that BMI does not regulate the expression of
BSCS markers. Or it regulates the expression of one marker, but not the other markers.
Another explanation for no difference could be that the levels of BCSC within MDA-MB-
231 or MDA-MB-436 cells may already be overexpressed and consequently
unresponsive to exogenous stimuli. If we do not see a difference in the ALDEFLOUR
assay, we will examine different concentrations and time point of ADS treatment as only
one concentration and time point (10% at 24 hours) has been tested. In addition, if a
significance is not seen it may be due to the small sample size of our patient derived
peritumor ADS.
5.3 Characterization of the BMI Regulated Transcriptome in TNBC Cells.
5.3.1 Rationale

RNA sequencing followed by pathway analysis will be used to determine BMI
regulated transcriptomes and associated pathways in TNBC cells treated with low and
high BMI peritumor breast ADS. The premise for this study is that the JAG1/Notch
pathway is a key regulator of gene transcription (Sanchez-lranzo et al., 2022). The
RNA-seq approach will provide an unbiased approach to determine BMI sensitive genes
in TNBC cells.

5.3.2 Hypothesis
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We hypothesize that gene readouts of JAG1/NOTCH pathway such as HEY1,
HES5, CCND1, will be increased in TNBC cells treated with peritumor breast ADS from
patients with high BMIs. Given our results showing that high BMI peritumor breast ADS
stimulates TNBC cell migration, we hypothesize that genes associated with cancer cell
migration such as vascular endothelial growth factor (VEGF), glucose 6 phosphate
isomerase/autocrine motility factor (GPI/AMF), and chemokine C-C motif. Ligand 2
(CCL22) will be increased in response to high BMI peritumor breast ADS.

5.3.3 Experimental Procedure

MDA-MB-231 and MDA-MB-436 cells treated with high BMI peritumor ADS for 24
hours will be lysed and total RNA will be purified by Qiagen RNA columns and purified
RNA will be submitted to the MU Genomics Core for library prep and RNA-sequencing,
and to the bioinformatics for data analysis.

5.3.4 Pitfalls/Alternative Experiments

The number of differentially expressed genes might be overwhelming. We will
use pathway analysis to identify significantly associated pathways. We have only
selected one time point and therefore will miss several gene expression changes. The
24-hour time point is based on our western blot data showing changes in JAG1. The
gene expression changes could be primary, secondary, and tertiary effects, and thus
mechanism of regulation will be unknown. This is a hypothesis generating experiment,
and not designed to provide mechanistic details regarding how genes are being
regulated. If there are no changes in RNA expression of TNBC cells treated with high
BMI peritumor ADS, we will perform a 3 hour and 48-hour time point experiment.

5.4 Determine the Expression of Cell Curface NOTCH Receptors on TNBC Cells
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5.4.1 Rationale

High BMI peritumor breast ADS induces increases in JAG1 expression in TNBC
cells, which is associated with increases in cancer cell migration and invasion (figure 8,
figure 9, figure 11, and figure 12). Given that JAG1 binds to it cell surface receptor,
NOTCH1, NOTCH2, NOTCHS3, and NOTCH4 (Lobry et al., 2014), one (or all these
receptors) are likely expressed on the surface of TNBC cells. Knowing which JAG1
receptor is expressed on TNBC cells will provide mechanistic evidence to target it with a
therapeutic NOTCH receptor targeting antibody.
5.4.2 Hypothesis

We hypothesize that NOTCH receptors are expressed on MDA-MB-231 and
MDA-MB-436 TNBC cells.
5.4.3 Experimental Procedure

Immunofluorescence staining of TNBC cells for NOTCH 1, NOTCH 2, NOTCH 3,
and NOTCH 4 will be performed.
5.4.4 Pitfalls/Alternative Experiments

Characterizing receptors is difficult, and antibodies for receptors may not be
specific for each NOTCH receptor. The NOTCH receptors may not be expressed on the
surface of TNBC cells. If we are unable to do immunofluorescence staining, we use a
western blot approach.
5.5 Mass Spectrometry
5.5.1 Rationale

Mass spectrometry can be used to determine the proteins in peritumor breast

ADS. One limitation of peritumor breast ADS is that many of the proteins in ADS are
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unknown and therefore it is difficult to determine the mechanism by which peritumor
breast ADS stimulates cancer cell migration and invasiveness. The adipokine array
showed preliminary evidence that certain growth factors and cytokines are in peritumor
ADS (figure 25). Mass spectrometry will extend the adipokine array results and
potentially provide insight into the mechanism(s) by which peritumor breast ADS
regulates TNBC.
5.5.2 Hypothesis

We hypothesize that high BMI peritumor breast ADS will contain growth factors,
cytokines, and hormones that are associated with obesity and mediate the effects of
peritumor breast ADS on TNBC cells.
5.5.3 Experimental Procedure

High BMI peritumor ADS sample will be prepared as stated in chapter 2 and
prepared for mass spectrometry using the EasyPrep Mini sample prep kit from
Thermofisher Scientific (CA #A40006).
5.5.4 Pitfalls/Alternative Experiments

The number of proteins identified by Mass spectrometry might be overwhelming.
We will use pathway analysis to find statistically significant associations between
differentially expressed proteins and pathways. We will use a published kit (Haun et al.,
2019), to purify proteins for Mass Spectrometry and therefore we do not anticipate
problems with preparing protein extract.
5.6 Determine if Peritumor Breast ADS Stimulated Increases in JAG1 in TNBC

Cells Stimulates the Migration of TNBC Cells.

129



5.6.1 Rationale

We and others have shown that JAG stimulates TNBC cell migration and
invasiveness (Piwarski et al., 2020). Peritumor breast ADS stimulates JAG1 expression,
cell migration and invasiveness when applied to TNBC cells (figure 8, figure 9, figure 11
and figure 12). Our objective is to make a connection between peritumor breast ADS,
JAG1, and increased migration and invasiveness of TNBC cells.
5.6.2 Hypothesis

We hypothesize that peritumor breast ADS stimulated increases in JAG1 will
stimulate the migration and invasiveness of TNBC cells.
5.6.3 Experimental Procedure

Short interfering RNA against JAG1 will be transfected into MDA-MB-231 and
MDA-MB-436 prior to the application of peritumor breast ADS. Cell migration and cell
invasion will be assayed by wound healing and boyden chamber techniques,
respectively. Western blot and real time PCR analysis will be used to verify short
interfering RNA mediated knockdown of JAG1 protein and mRNA, respectively.
5.6.4 Pitfalls/Alternative Experiments

It is possible that peritumor breast ADS induces cell migration and invasiveness

through a JAG1 independent pathway. This would be an important result considering
that prior reports have shown that JAG1 is sufficient to stimulate the migration and
invasiveness of TNBC cells. If JAG1 is not important, we analyze RNA-seq and
proteomic data to develop an alternative hypothesis to determine what signaling
pathway mediates increases in TNBC cell migration and invasion in response to high

BMI peritumor breast ADS.
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6. Proposed Model

Based on our findings, we have created a proposed model (figure 36) showing the
mechanism by which high (>30) BMI associated peritumor breast ADS promotes TNBC.
| hypothesize that low grade inflammation in obesity induces changes to AT that in turn
changes the types and/or levels of chemokines, adipokines, extracellular vesicles, and
collagen |V that are secreted by peritumor breast AT. This BMI-associated change in
the peritumor ADS acts on TNBC cells through a paracrine mechanism. The ADS
regulation includes cytokines interacting with cytokine receptors on TNBC cells, JAG1
interacting with NOTCH receptors, and the fusion of extracellular vesicles with the
plasma membrane of TNBC cells. The induction of JAG1 in TNBC cells might be
sufficient to induce a poor prognosis, however, it is likely JAG1 plus additional ADS
stimulated pathways in TNBC interact to stimulate the progression of TNBC. The
increase in JAG1 acts through its NOTCH receptors to stimulate the cell cycle inducer
CCND1, which in turn promotes the proliferation of TNBC cells (Cohen et al., 2010). In
addition, NOTCH signaling increases the number of cancer stem cells, promotes drug
resistance, invasion, and migration. Furthermore, the increased secretion of collagen
makes the extracellular matrix more rigid (Riching et al., 2014). The increased rigidity of
the extracellular matrix promotes malignancy and metastasis (Pickup et al., 2014). The
hypothesized increase in secretion of MMPs and the increased rigidity leads to an
increased ability for the cancer cell to metastasize. The cumulation of all these events
lead to an increase in aggression of triple negative breast cancer as well as a poorer

prognosis in obesity.
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Figure 35

Proposed Model of O-ADS Promotion of TNBC
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Note. Fundamental alterations in peri-tumor obese adipose tissue leads to increase
release of Collagen IV, extracellular vesicles, chemokines, and adipokines. These
alterations and increased release of these proteins compromises the obese adipose
derived secretome (O-ADS). O-ADS then acts on nearby tumor. O-ADS binds to
receptors and/or fuses with the plasma membrane. These particles then lead to S2

cleavage of the NOTCH intracellular domain, which then translocates to the nucleus to
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regulate gene expression and increase JAG1 protein levels. In addition, O-ADS acts to
stimulate the phosphorylation of ERK which then leads to increased growth and
proliferation. All of these events combined leads to increased aggression of TNBC as

well as a poorer prognosis.
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