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Triple-negative breast cancers remodel lipid metabolism

in both tumors and surrounding tissue
Jeremy LeBoff Williams
Abstract
Tumors display altered metabolism, often reflective of their microenvironment. In many cases
including breast cancer, the invasive tumor front borders adipocytes. Reliance on mitochondrial
fatty acid oxidation (FAO) has been observed in aggressive receptor ‘triple-negative’ breast
cancers (TNBC), but the adaptations that permit elevated FAO, and the molecular mechanisms
by which tumors coopt adjacent adipocytes for growth, remain elusive. The oncogene MYC
dysregulates a range of cellular programs, including metabolism; MYC expression is elevated in
most TNBC, and linked to increased FAO. To delineate alterations facilitating FAO in TNBC, I
examined fatty acid binding proteins (FABP) thought to traffic FA to the mitochondria. Prior
work identified FABPS elevation in patient TNBC and a model of MY C-driven breast cancer. I
observed increased FABPS transcription in TN compared to ‘receptor-positive’ patient-derived
cell lines, yet elevation across MY C-low and -high TNBC suggested levels are not solely MYC-
regulated. Treating MY C-driven breast cancer cells with an FABP5/7 inhibitor caused lipid
accumulation and impaired proliferation, but I found no growth defect after FABPS knockout.
While compensation by other FABPs may complicate knockout studies, specific inhibitors for
FABPS and other FAM targets are in clinical development. Despite evidence indicating reliance
on FAO in TNBC, the source of FA fueling aggressive tumor growth is unclear. I next described
a direct interaction linking cancer cell-adipocyte contact to tumor progression. Examining breast
tumors and normal adjacent tissue from patient cohorts, patient-derived xenografts and mouse
models, we observed activation of lipolysis and lipolytic signaling in neighboring adipose tissue.

Using cancer cell adipocyte co-cultures, I found that functional gap junctions (GJ), small
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intercellular channels, form and permit cAMP transfer from breast cancer cells to adipocytes,
activating lipolysis in a GJ-dependent manner. We identified connexin 31 (GJB3) as a promoter
of in vivo TNBC growth and activation of adjacent lipolysis, or FA release. Our findings indicate
a pro-tumorigenic role for direct tumor cell-adipocyte interactions. These studies reveal that

TNBC dysregulate tumoral lipid metabolism and stimulate altered FAM in surrounding tissue.
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Figure 1.1. Graphical Abstract: Alterations to lipid metabolism in breast cancers and
surrounding adipocytes. Figure caption continued on the next page.



Figure caption continued from the previous page. (A) Adipocyte-breast cancer cell gap junctions
transduce lipolytic signaling. Gap junction (gray) passively transporting cyclic AMP (cAMP,
orange) from breast cancer cell (right) to adjacent adipocyte (left). cAMP, a critical pro-lipolytic
signaling molecule. activates key enzyme phospho-kinase A (PKA, pink) to phosphorylate
hormone sensitive lipase (HSL, purple). Phospho-HSL translocates to the lipid droplet surface,
where it activates the rate-limiting step in triglyceride hydrolysis. An adipocyte undergoes
lipolysis, or release of fat: triglyceride hydrolysis in the lipid droplet liberates three fatty acids
(FA) and glycerol from stored triglyceride. (B) Altered fatty acid trafficking drives fatty acid
oxidation in TNBC. FA are imported into breast cancer cell via transport proteins including
specialized plasma membrane fatty acid binding proteins (FABPpm), fatty acid transport proteins
(FATPs) and fatty acid translocase (FAT, or CD36). Fatty acid binding proteins (FABPs), some
of which are specifically elevated in TNBC, traffic FA to cellular compartments including the
mitochondrial membrane. FA are processed by carnitine palmitoyltransferase I (CPT1) to enter
the intermembrane space as acylcarnitines, before CPT2 converts them to acyl-CoA for deposit
into the mitochondrial matrix. In mitochondrial fatty acid oxidation, acyl-CoAs undergo beta-
oxidation and are broken down into acetyl-CoA, which feeds the citric acid cycle (TCA Cycle),
producing ATP [1].



Clinical Impact

To grasp the clinical need for targeted therapies in TNBC, it is essential to address breast
cancer’s prevalence, the historical development of targeted therapies, and the current clinical
standard of care. Prognosis for breast cancer patients has improved steadily over the last 50
years, yet as groundbreaking advancements in decoding hereditary risk factors [2] have bolstered
conventional screening methodologies [3], the rate of new breast cancer diagnoses has increased
over the same period [4]. The majority (80-85%) of new breast cancer patients report no family
history of breast cancer or known genetic predictor [5]. Current standard of care for primary
breast cancer treatment emphasizes a multidisciplinary approach, typically with some
combination of surgery (mastectomy or lumpectomy), radiation therapy, chemotherapy (most
commonly anthracyclines, cyclophosphamide, taxanes), and hormone therapy (see below),
tailored to specific subtype, cancer stage and other patient characteristics [3]. But despite this raft
of therapeutic tools, breast cancer is still the second leading cause of cancer-related death for
women worldwide, with an estimated 2.3 million new cases and 670,000 deaths in 2022
alone [6,7].

Breast cancers can be classified into many subtypes, some based on expression of three
surface receptors that both drive cell growth and facilitate targeted therapies: hormone receptor-
positive cancers express estrogen (ER) and/or progesterone receptors (PR), allowing treatments
that target these receptors (tamoxifen); HER2-positive cancers overexpress the human epidermal
growth factor receptor 2 (HER2) protein, and are candidates for HER2-targeted therapies
(commonly trastuzumab). These hormonal and HER2-targeted therapies are seminal

developments in targeted therapeutics and in breast cancer treatment. As described above,



TNBC, which comprise 10-20% of all breast cancers [8], lack expression of ER, PR, and HER2

surface receptors, resulting in limited treatment options and a more aggressive clinical course.

Current standard of care for TNBC primarily involves systemic chemotherapies,
including agents like doxorubicin, cyclophosphamide, paclitaxel, and approved
immunotherapies. Doxorubicin, first found to be an effective chemotherapy in metastatic breast
cancer in 1974 [9], is an anthracycline which intercalates DNA and generates free radicals that
damage cellular components. Cyclophosphamide, an alkylating agent which crosslinks DNA to
inhibit replication and transcription, would become part of the ‘gold standard’ two decades later
in combination with doxorubicin [10]. Paclitaxel, a taxane which stabilizes microtubules
preventing cell division, was approved by the FDA as a metastatic breast cancer therapy in 1994
and is often combined with these other agents [11,12]. Recent advances include the development
of several PARP inhibitors [13-17] targeting TNBC with BRCA mutations (a majority) by

disrupting dysregulated DNA repair to inhibit cell replication [3].

Immunotherapy has also emerged as a promising approach in TNBC treatment [3,18].
Antibodies that target tumor immune evasion by inhibiting the PD-1/PD-L1 immune checkpoint
response have undergone extensive clinical trials. There is FDA approval of anti-PD-1 antibody
pembrolizumab for treatment of high-risk early-stage TNBC [19,20], and clinical trials have
shown mixed success targeting PD-L1 with atezolizumab for metastatic TNBC [21-23]. Recent
work from our laboratory shows promise in preventing TNBC recurrence by using combinatorial
immunotherapies to target immune evasion driven by overexpression of MYC [24]. These
developments have significantly improved TNBC prognosis, but a greater understanding of the
molecular and metabolic features that support its aggressive growth phenotype can address a

lingering clinical need for targeted therapies.



Introduction

Altered metabolism is a hallmark of cancer, and is observed in all cancers compared
to their tissue of origin [25]. Since alterations to cancer metabolism were first noted by Otto
Warburg in 1956 [26], therapies targeting metabolic dependencies such as glycolysis in tumors
have been of interest [27], however challenges remain in delineating pathways that selectively
control cancer cell growth without impacting healthy tissues [28,29]. To characterize the
molecular features that enable altered metabolism in cancer, we must understand the oncogenic
drivers that regulate metabolic adaptation during cellular transformation [30]. In the Goga
laboratory, most studies focus on c-MYC (MYC), a potent proto-oncogene and transcription
factor that is aberrantly expressed in a majority (70%) of human cancers [31]. MYC is
pleiotropic and constitutively expressed in tumor cells, and dynamically regulates a breadth of
cellular functions during transformation, including metabolism. In many tissues MYC
upregulation alone is sufficient to drive tumorigenesis [32], but unfortunately no direct inhibitor
of MYC is available for clinical use. MYC has been demonstrated to influence multiple
metabolic pathways [33-35], as discussed in Chapter 2, and regulation of programs including
glycolysis [36,37] and glutaminolysis [38] has been studied, but less well understood is its role in
fatty acid metabolism (FAM), a central focus of this dissertation.

Changes to FAM have been observed across cancers, including in the breast [39]. The
breast tumor microenvironment provides a unique setting in which to study altered FAM in
carcinogenesis and tumor progression, as it is predominately adipose in composition. Breast and
other cancers have previously been shown to support production of cell membranes and lipid
signaling precursors for tumor growth by upregulating fatty acid synthesis (FAS) [40-42].

However, in one particularly aggressive subtype of breast cancer, termed receptor ‘triple-



negative’ (TNBC), recent evidence suggests that both primary [43] and metastatic [44] tumors
rely on an alternative pathway, mitochondrial fatty acid oxidation (FAQO). TN breast cancers
(TNBC) are termed for distinct lack of surface receptor expression targeted in other, ‘receptor-
positive’ (RP) breast tumors (see Clinical Impact, above). Unlike most RP tumor cells, the
majority of TNBC feature elevated MYC [45], and in vivo studies indicate that FAO is elevated
in and essential for progression of MY C-driven TNBC [43]. This is perhaps an unexpected
feature, as upregulation of FAS to support cell proliferation is observed across many cancers [40-
42]. It has not been well-addressed in the literature what special features of TNBC permit

increased FAO.

During FAO, long chain fatty acids (LCFAs) such as C16 palmitate are catabolically
processed to form acetyl-CoA, a major source of fuel for bioenergetic and biosynthetic
metabolism [46] (Fig. 1.1). In normal cells, FAO can serve as a primary source of energy
particularly during nutrient deprivation, and provides an important mechanism for metabolic
adaptation to available fuel. In most tumors, FAS supports functions critical to cell proliferation,
and although certain cancers can utilize FA from FAS to fuel mitochondrial FAO in an
energetically inefficient ‘futile cycle,” [47] most cells require uptake of extracellular FA to fuel
FAO [46]. Extracellular FA are imported into the cell by membrane-bound active transporters
including fatty acid transport proteins (FATPs) and CD36 (FAT) [48], and bind to fatty acid
binding proteins (FABPs) for trafficking to various intracellular compartments, including to the
mitochondrial membrane for FAO (Fig. 1.1). Given evidence that elevated FAO supports rapid
tumor progression in MY C-driven TNBC, this dissertation research aims to describe the distinct
intracellular adaptations to FA trafficking, and intercellular interactions with the breast tumor

niche, that facilitate this metabolic shift.



To address the molecular features of TNBC that permit elevated mitochondrial FAO, we
first probed how TNBC cells maintain flux of FA to the mitochondria. Prior studies in our
laboratory [49] examined TN and RP patient tumors and a mouse allograft model for inducible
MY C-driven breast cancer [50] for changes to FA trafficking machinery. Elevated expression of
fatty acid binding protein 5 (FABPS) was identified in patient TN tumors, and in vivo data
indicated a link between MYC and higher FABPS levels. Further studies describing
contributions of FABPS5 to TNBC growth and lipid homeostasis are described in Chapter 3.
Questions remain as to how TNBC derive FA to support elevated FAO, and one possibility is
that the adipose-rich tumor microenvironment in the breast plays a role in cellular shift towards
FAO, rather than de novo FA synthesis. A mechanistic link between MY C-driven TNBC and

surrounding breast adipocytes is explored in Chapter 4.

While these studies center on TNBC, identifying pro-tumorigenic cancer-fat interactions
in the breast, a major adipose depot in the female body, may bear broader significance in
elucidating links between obesity and cancer, and in revealing how cancer cell metabolism
adapts not only through primary tumorigenesis but also in metastasis. Prior studies have explored
the connection between adipocytes and cancer cell growth to understand mechanisms behind
obesity-induced cancer development[51] in breast [52,53], ovarian [54], endometrial, prostate
[55], and pancreas [56]. Many focus on altered inflammatory state in adipose tissue as a potential
connection between obesity and cancer [57], but precise pathways linking obesity to cancer risk

are not yet well-defined.

In multiple cancers including ovarian [58,59], gastric [19-20], roles for adipose tissue
have been identified in supporting tumor metastasis to the omentum, the body’s primary adipose

tissue depot. Vicinity to the body’s fat depots is a notably common shared feature of numerous



cancers with obesity-linked risk factors and omental tropism — primary gastric, pancreatic,
endometrial, prostate, renal, and ovarian cancers, for example, are proximate to the omentum; the
primary breast tumor microenvironment is predominately adipose in composition. Numerous
studies have also interrogated metabolic reprogramming of adipocytes on the invasive tumor
front, often termed ‘Cancer Associated Adipocytes’ (CAAs) [60]. CAAs have been found to
secrete pro-tumorigenic signals such as adipokines, chemokines, cytokines and growth factors
[61] in breast [62], renal, and ovarian [63,64] and other cancers, and are thought to indirectly
signal tumor and microenvironment cells through mechanisms broadly described as paracrine

and endocrine.

Adipocytes store excess energy in the form of triglycerides, and a fundamental cellular
function that contributes to metabolic tumor reprogramming and tumor progression is lipolysis,
or the liberation of free FA and glycerol from triglyceride stores (Fig. 1.1). Roles for adipocyte
lipolysis in cancer progression have been described in various cancers such as breast [65],
gastric [66]. Endocrine, paracrine and neural signals have been identified as regulators of
lipolytic signaling in adipocytes [67]. Lipolytic signaling and lipolysis are relevant in linking
obesity to cancer [65], and a feature of obesity is raised levels of circulatory FA. Indirect
lipolytic signaling is also of interest in in cancer cachexia [68-70]. Contributions of tumor cell

contact to adipocyte lipolysis have not been well-defined.

Work in Chapter 4 describes a previously unestablished mechanism by which direct
cancer cell-adipocyte contact stimulates release of FA in the breast tumor microenvironment, and
promotes breast tumorigenesis. Many prior studies elucidating the role of adjacent adipocytes in
cancer progression, in contrast, have examined autocrine, paracrine and endocrine pro-

tumorigenic signals, indirect mechanisms that are not contact-dependent. Notably, cancer cell-



adipocyte interactions have often been modeled using transwell assays where tumor cells and
adipocytes are separated by a semipermeable membrane, thus excluding contributions of direct
cell-cell signaling [48,58,71-75]. A major focus of this doctoral research is to delineate
contributions of cancer cell-adipocyte contact to tumorigenesis, using primary patient data and
tissue samples, direct in vitro and ex vivo co-cultures, and in vivo models of tumor progression.
While this work addresses broader questions about the role of adipocyte contact in tumor

progression, a clear aim is to identify metabolic vulnerabilities in TNBC.

A limitation in our ability to identify targetable metabolic dependencies in MY C-driven
TNBC is an incomplete understanding of the intracellular and tumor microenvironment features
that support their distinct FAM. In this dissertation work, I therefore aim to address A) the
influence of MYC on cancer cell metabolism (Chapter 2), B) the intracellular features of TNBC
that permit elevated FAO (Chapter 3), and C) contributions of the adipose breast tumor
microenvironment to tumorigenesis in aggressive MY C-driven TNBC (Chapter 4). These
interrelated studies tell a story of altered FAM both in and near tumor cells: changes to
intracellular FA trafficking machinery, and pro-tumorigenic cancer cell signaling that alters

FAM in the tumor microenvironment.
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Abstract

The past few decades have welcomed tremendous advancements toward understanding the
functional significance of altered metabolism during tumorigenesis. However, many conclusions
drawn from studies of cancer cells in a dish (i.e., in vitro) have been put into question as multiple
lines of evidence have demonstrated that the metabolism of cells can differ significantly from
that of primary tumors (in vivo). This realization, along with the need to identify tissue-specific
vulnerabilities of driver oncogenes, has led to an increased focus on oncogene-dependent
metabolic programming in vivo. The oncogene c-MYC (MYC) is overexpressed in a wide
variety of human cancers, and while its ability to alter cellular metabolism is well-established,
translating the metabolic requirements, and vulnerabilities of MY C-driven cancers to the clinic
has been hindered by disparate findings from in vitro and in vivo models. This review will
provide an overview of the in vivo strategies, mechanisms, and conclusions generated thus far by

studying MYC’s regulation of metabolism in various cancer models.

Introduction

Cancer is a disease of uncontrolled growth, and proliferating cells change their metabolic
demands compared to quiescent cells [1,2]. Tumor cells can outcompete normal cells, regardless
of the proliferative capacity of the tissue of origin. Dysregulated metabolism is a hallmark of
tumorigenesis [3], and such altered metabolism permits tumor cells to survive and proliferate

despite adverse conditions.
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Historical studies of altered metabolism in cancer pointed to increased glycolysis, and
later glutaminolysis, as defining characteristic of tumor cells. Significant progress has been made
studying glycolysis and glutaminolysis, and therapeutic targeting of these pathways is actively
being pursued in the clinic [4,5]. However, it has become increasingly apparent that while
glycolysis and glutaminolysis certainly play major roles in some tumors [4,5], alternative sources
of “fuel” can be just as, if not more, important[6]. Notably, targeting of alternative metabolic
pathways, for example lipid biosynthesis, is currently in clinical trials against a variety of tumor

types, and cannot be undervalued [7].

A critical link between understanding cancer metabolism and targeting it therapeutically
is identifying the upstream effectors that reshape tumor metabolism. The proto-oncogene MYC
is a pleiotropic transcription factor and is one of the most commonly amplified or overexpressed
genes in human cancers [8]. While MYC expression is dysregulated in a wide variety of cancers,
its oncogenic role has most thoroughly been studied in vivo in the context of transgenic models
of aggressive breast, liver, lung, prostate, and kidney cancers, as well as neuroblastoma and
lymphoma (see references below; Fig. 1.1 and Table 1.1). For example, we and others have
demonstrated that MYC expression is elevated in the estrogen, progesterone and human
epidermal growth factor receptor- 2 (HER2), receptor triple-negative subtype of breast cancer
(TNBC) [9,10]. Additionally, MYC translocation to the IgG locus plays a causal role in Burkitt’s
Lymphoma [8,11]. As a transcription factor, MYC’s primary mode of transformation is through
the pro-tumorigenic transcriptional dysregulation of a wide variety of processes including
proliferation, cell size, apoptosis, and metabolism [8]. Regulation of MYC’s transcriptional
activity [12], and the role of MYC’s transcriptional binding partners in the regulation of

metabolism [13] have been studied and reviewed, and will not be discussed here. It is also

23



important to note that given the broadly important role of MYC in cancer, a direct MYC
inhibitor could be of great clinical utility. However, such an inhibitor has yet to be created, and
the strategy of targeting MYC directly remains challenging [14,15]. Thus, alternative strategies
of targeting MY C-driven cancers via selective inhibition of cellular pathways, like metabolism,
that may selectively kill MY C-overexpressing cells have attractive therapeutic potential. Indeed,
the concept of specifically targeting metabolism to induce synthetic lethality in a MYC-
dependent manner was pioneered by Shim et al. (1997) [16], and expanded upon by many others

[17,18].

The ability of MYC to dynamically regulate cellular metabolism in cancer is well-
established [19,20]. However, it is important to note that many studies describing MYC’s ability
to reprogram tumor cell metabolism have been conducted in vitro, primarily using
inducible/repressible transgenic and human cancer cell line models [19,20]. While the
importance and utility of in vitro cell culture models is undeniable, results from these models
must be considered with caution when studying a process such as metabolism that is dependent
on tumor cell environment [21]. Further, the dynamic nature of metabolic stressors and plasticity
in vivo is difficult to model in vitro, particularly en masse. Primary tumors develop to form a
complex tissue that is exposed to varying levels of oxygenation, and fluctuating concentrations
of glucose, glutamine, amino acids and countless other metabolites that cannot be readily
modeled in tissue culture [21]. Recent studies have also revealed an intimate connection between
circadian rhythms and tissue-specific metabolism that has yet to be fully considered in the
context of cancer metabolism [22]. This last point is particularly prescient given the recent
demonstration by Altman et al. that MYC itself can dysregulate circadian gene expression and

metabolism [23], however, these findings have yet to be validated in vivo.
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The disparate nature of in vitro and in vivo metabolism is exemplified by a recent study
that took advantage of two transgenic mouse models of KRAS-driven non-small cell lung cancer
(NSCLC) [24]. Davidson et al. [24] found that both models displayed increased utilization of
glucose-derived carbon to fuel the tricarboxylic acid (TCA) cycle compared to normal lung in
vivo, while neither tumor nor non-tumor utilized glutamine-derived carbon for the TCA cycle to
a large extent. This is in stark contrast to a cell line derived from one of the transgenic models,
which in vitro decreases its utilization of glucose for the TCA cycle and increases its utilization
of glutamine to that end [24]. Thus, glutamine oxidation in this model system appears to be an
artifact of the in vitro culture methods and is not observed in vivo. Such results thus raise doubt
about the utility of targeting the glutamine pathway as a therapeutic target for primary KRAS-

driven lung tumors.

Given the dynamic nature of MYC’s function in diverse cellular contexts, and the
potential for cell culture to confound our understanding of tumor metabolism, the goal of this
review is to focus on the regulation of cancer metabolism by MYC in vivo. To clarify, our
definition of in vivo refers to studies of metabolism with findings based on de novo MY C-driven
tumorigenesis, usually in the form of transgenic mouse models. While we acknowledge that
many findings from in vitro studies of MY C-driven cancer metabolism hold true in vivo [19,20],
we will discuss here the various models used to study the regulation of cancer metabolism by
MYC in vivo (summarized in Table 2.1), and provide broader context on some of the questions

that remain to be answered.
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Main Text

Use of Transgenic Mouse Models and Consideration of Tissue-Specific Effects
The study of cancer metabolism in vivo is of course limited by the methods and unique

challenges and considerations that the metabolism of complex tissues warrants[21]. One
particularly important consideration is the difference between “snap-shot” strategies of studying
metabolism vs. kinetic flux analyses, and how the use of chemically labeled metabolites factors
into both approaches. The most common snap-shot method for studying metabolism is mass
spectrometry-based metabolomics, which can be “targeted” for known metabolites or
“untargeted” for unbiased detection of all metabolites present within a particular sample, and
does not require any labeled metabolite [25]. A second snap-shot strategy is 13C tracer analysis,
in which a 13C-labeled metabolite is infused or fed to the subject, and mass spectrometry is used
to identify downstream metabolite labeling patterns [26]. The use of 13C-labeled metabolites
shifts from a snap-shot tracing study to a formal kinetic flux analysis when a much more
complex series of considerations (metabolite uptake and secretion, as well as the kinetics of the
biochemical reaction network to be probed) are taken into account [26]. A common approach to
achieve flux analysis is with constant infusion of an isotopically labeled tracer, 13C-glucose for
example, that will achieve isotopic steady state as 13C enrichment becomes stable over time
[26]. Understanding the differences between these methods, and the conclusions that can be
drawn from them, is vital. In particular, snap-shot metabolomics is often used to prematurely
draw conclusions about the activity of a metabolic pathway, when the elevation or decrease of a
particular metabolite does not necessarily reflect activation or inhibition of an entire pathway
[25,26]. Moreover, interpretation and validation of metabolic data is critical, as for example,
accumulation of a particular metabolite could have multiple potential interpretations (i.e.,

increased activity of an upstream anabolic pathway or decreased activity of a downstream
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catabolic pathway). An important caveat to the study of in vivo metabolism is that tumor tissue is
often analyzed at a bulk level, and as the work of Aran et al. [27] and many others has
demonstrated, the composition of solid tumors includes a number of different cell types [27]
whose metabolism is rarely accounted for in such bulk analyses.

With a cadre of strategies in hand, the study of cancer metabolism in vivo then becomes a
function of the models or the clinical samples available for analysis. In this section, we will
address some of the most thoroughly used models to study the metabolism of MY C-driven
cancer (Table 2.1). The overall message is that while MY C-driven metabolism during

tumorigenesis is quite tissue-specific, some shared pathways also emerge (Fig. 2.1).

MYC Dysregulates Glucose and Glutamine Metabolism
In hepatocellular carcinoma (HCC), MYC is found to be frequently amplified and/or

overexpressed, and is associated with poorly differentiated tumors and poor prognosis [28-31]. In
addition, MYC expression is commonly found to be upregulated in hepatoblastoma (HB), a liver

tumor type that predominates in pediatric patients [32].

To study MY C-dependent metabolism in HCC, we and others have utilized the MY C-
driven LAP-tTA/TRE-MYC (LT2-MYC) transgenic mouse model of liver cancer initially
developed in the lab of J.M. Bishop, which allows for MYC overexpression specifically in
hepatocytes in the absence of doxycycline [30]. Importantly, mRNA expression analysis reveals
that LT2-MYC tumors effectively model poorly differentiated, aggressive liver cancer [33].
Using this model, we probed for changes in glycolytic metabolism using hyperpolarized 13C-
pyruvate magnetic resonance spectroscopic imaging (MRSI) during de novo tumorigenesis and

inducible tumor regression. More specifically, hyperpolarized 13C-pyruvate MRSI allows for in
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vivo flux analysis of pyruvate to lactate and/or alanine conversion. With this modality, we found
that MYC induction led to increased pyruvate to alanine conversion in the liver that preceded
overt tumor formation, while full-blown tumors displayed increased pyruvate to lactate
conversion. Both of these phenotypes were reversed during tumor regression. Mechanistically,
mRNA expression analysis revealed coordinate changes in the levels of TCA cycle and
glycolytic enzymes that supported the observed metabolic changes. In particular, there was a
specific elevation of glutamate pyruvate transaminase 1, which converts pyruvate to alanine, in
pre-tumorigenic liver, while lactate dehydrogenase A (LDHA), which converts pyruvate to
lactate, was specifically upregulated in tumors [34]. Studies such as this indicate that imaging of
downstream glycolysis pathway events can identify the earliest stages of tumor formation and

regression and that these metabolic changes are indeed MY C dependent.

The notion that MYC drives increased glycolysis in liver cancer was further bolstered by
a parallel study of MYC- driven metabolism using the same LT2-MYC model. Yuneva et al.
utilized a combination of steady-state profiling techniques including nuclear magnetic resonance
spectroscopy with or without 13C-glucose and 13C-glutamine labeling, as well as 18F-
fluorodeoxyglucose positron emission tomography and mass spectrometry [35]. The authors
found that MY C-driven liver tumors displayed increased glucose uptake and catabolism to
lactate and TCA cycle intermediates, as well as increased glutamine catabolism to support the
TCA cycle. These findings were supported by increased expression of LDHA, hexokinase 2
(Hk2), and glutaminase 1 (Gls1), and decreased expression of glutamine synthetase (Glul). The
importance of glutamine catabolism in MY C-driven HCC was further demonstrated by Xiang et
al. who demonstrated that genetic ablation of one copy of Gls1 or treatment with two different

inhibitors of Gls1 could significantly prolong survival in this same model [36]. This was in direct
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contrast to glucose and glutamine utilization in transgenic MY C-driven lung tumors [37,38].
Unlike MY C-driven liver tumors, MY C-driven lung tumors displayed elevated lactate and
glutamine levels, which was suggestive of increased glucose catabolism, but not glutamine
catabolism. MY C-driven lung tumors displayed increased LDHA, Hk2, Gls1 as well as Glul.
Likewise, a similar model of transgenic MY C-driven lung cancer displayed increased LDHA and

Hk2, as well as enzymes from several other metabolic pathways, at the mRNA level [39].

Although MYC pathway activation is elevated in the majority of renal cell carcinoma
(RCC) cases, a formal study of MYC'’s role in the pathogenesis and the metabolism of RCC had
been lacking. To study MYC in RCC, Shroff et al. created an inducible transgenic model of renal
cell carcinoma (GGT-tTA/TRE-MYC) in which MYC is specifically overexpressed in the
kidney in the absence of doxycycline [40]. Using desorption electrospray ionization mass
spectrometry imaging (DESI-MSI), the authors studied the metabolic profiles of non-tumor
kidney, MY C-driven kidney tumors at 2 and 4 weeks post-MYC induction, and regressed tumors
after 4 weeks of switching MYC off. The authors noted multiple metabolic changes, including in
the relative abundance of a variety of long-chain fatty acids in tumors compared to non-tumor
kidneys and regressed tumors. Shroff and colleagues focused on glutamine metabolism after
mRNA expression analysis revealed a downregulation in many glycolytic genes, but an
upregulation in genes associated with glutaminolysis. The authors confirmed that glutamate and
TCA cycle intermediates were elevated in tumors using DESI-MSI, and found that their
transgenic tumors, as well as MY Chigh human RCC, stained positively for Gls1 and Gls2,
suggesting an elevation in glutaminolysis. Decreased staining of the transgenic tumors for Hk1
and LDHA further supported diminished glycolysis. Finally, the authors found that

pharmacological inhibition of Gls1 with bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl
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sulfide (BPTES) abrogated the growth of MY C-driven kidney tumors [40], implicating
glutamine utilization as critical for MY C-driven RCCs, similar to what was found in MYC-

driven HCC [36].

Additional evidence that MYC dysregulates glutamine metabolism was provided by a
recent study that found elevation of the glutamine synthetase (Glul) enzyme and glutamine
abundance in a transgenic mouse model of dual MYC and KRAS-driven pancreatic cancer,
compared to tumors driven by KRAS alone [41]. These studies suggested Glul is induced by
MYC. Further support that MYC dysregulates glucose metabolism was provided when mass
spectrometry- based metabolomic analysis was used to compare the metabolic profiles of
established transgenic mouse models of MY C- or AKT-driven prostate cancer [42,43], as well as
human prostate cancer samples that had been profiled for activated phospho-AKT and MYC
levels. The authors found coordinately decreases in glucose- related metabolites and
downregulation of HK?2 and the glucose transporter GLUT-1 in mouse and human prostate
tumors that were MY CPgh, compared to control tissue and AKT"€" tumors. In addition, the
authors found specific dysregulation of several long-chain fatty acids in MY Chigh tumors, but

the functional significance of these changes was not addressed[44].

In summary, the ability of MYC to alter glucose and glutamine metabolism in cancer is
clear. However, the studies of MYC- driven liver, lung, kidney, pancreatic, and prostate cancers
studied above highlight the fact that MYC can up- or down- regulate either or both of these
pathways depending on tissue context. Furthermore, Shroff et al. were the only group to formally
demonstrate that dysregulation of one of these pathways leads to a reliance upon it that may have
therapeutic potential [40]. Further, studies in the remaining cancer types discussed above will be

necessary to determine if targeting glucose or glutamine metabolism will have therapeutic utility.
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Myc Regulates Downstream Glutamine Utilization

Although the LT2-MYC model had multiple changes in glucose and glutamine
metabolism [18,34], other metabolic pathways had not been fully explored. Using the conditional
MY C-driven liver cancer model we conducted global mRNA expression and mass spectrometry-
based metabolomic analyses on LT2-MYC tumors vs. control uninduced transgenic livers [28].
Using an integrated bioinformatics approach, we probed for metabolic pathways coordinately
dysregulated in both transcript and metabolite levels. Of the six pathways identified: glutathione
metabolism; glycine, serine, and threonine metabolism; aminoacyl-tRNA biosynthesis; cysteine
and methionine metabolism; ABC transporters; and mineral absorption, we focused on
glutathione metabolism [28]. We found a marked decrease in the reduced and oxidized form of
glutathione, as well as the enzyme responsible for de novo glutathione biosynthesis, glutamate-
cysteine ligase, catalytic subunit (GCLC). Because glutathione is synthesized downstream of
glutamine conversion to glutamate, we performed mass spectrometry-based tracing analysis with
13C-glutamine in a somatic transgenic model of MY C-driven liver cancer [45]. We found that
glutamine-derived carbons preferentially fueled the TCA cycle vs. glutathione production in
MY C-driven liver tumors compared to control liver tissue. Mechanistically, we found that GCLC
expression was downregulated by miR-18a in a MY C-dependent manner. Treatment of LT2-
MYC tumor- bearing mice with a locked-nucleic acid antagonist of miR- 18a significantly
rescued GCLC expression and glutathione levels in vivo. In addition, miR-18a was significantly
elevated in human HCC compared to non-tumor liver, was negatively correlated with GCLC
expression in human HCC, and was positively correlated with alpha-fetoprotein (AFP)
expression, which is associated with aggressive liver cancer. Finally, we found that LT2-MYC
tumors displayed increased sensitivity to an oxidative stress inducer, diquat, compared to non-

tumor liver. In particular, diquat-treated tumors displayed a specific and significant increase in
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cell loss, TUNEL staining as a marker of apoptosis, and decreased MY C expression [28].
Notably, it had been previously demonstrated in vitro that MY C-dependent suppression of miR-
23a/b results in increased Gls1 and glutaminolysis activity[46,47]. Thus, MYC can alter the
expression of specific miRNAs (i.e., miR18a and miR23a) which in turn regulate glutamine
metabolism. MY C-dependent regulation of miRNAs may be a common mechanism through
which MYC reprograms tumor metabolism (Fig. 2.1) and deserves broader consideration beyond

HCC.

In neuroblastoma, the MY C-related transcription factor MYCN is found to be amplified
in ~20% of neuroblastomas, and its amplification is associated with poor prognosis [48]. To
study the role of MYCN in neuroblastoma metabolism, Carter et al. [48] utilized the TH-MYCN
transgenic model of MYCN- driven neuroblastoma in which MYCN is overexpressed in cells of
the neural crest [49]. Using mass spectrometry-based metabolomics, the authors performed
global metabolic profiling of MYCN-driven neuroblastoma at multiple time-points representing
hyperplastic ganglia, early tumors, and advanced tumors. Grouping the metabolomic data into
pathway analysis, it was found that glutathione metabolism was the most significantly
dysregulated pathway, with all metabolites associated with glutathione biosynthesis elevated in
MY CN- driven tumors compared to control ganglia. Interestingly, the majority of enzymes
associated with glutathione biosynthesis, including GCLC, were found to be downregulated at
the mRNA level. Therefore, the authors speculated that increased protein biosynthesis, which
was evidenced by a significant increase in the expression of ribosome biogenesis genes, was
responsible for the observed increase in glutathione, although this contention was not formally
tested. Regardless, the increase in glutathione led the authors to hypothesize that MY CN-driven

neuroblastoma could have an increased dependence upon glutathione metabolism. Indeed, the
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authors found that BSO, an inhibitor of GCLC, could reduce sympathetic ganglia hyperplasia
and delay tumor onset when given prophylactically. In addition, GCLC inhibitors did not have an
effect on the growth of established tumors when given alone, but did have a significant benefit
when given with the clinically relevant chemotherapeutic agent vincristine, compared to BSO
alone or vincristine alone [48]. Thus, in both MYC driven liver and neuroblastoma models
GCLC expression is suppressed, though the effects on glutathione production appear to be
contextually dependent. We postulate that in the setting of low GCLC expression, and
consequently low GSH production that some MY C-driven tumors, such as liver cancers, may be

especially sensitive to exogenous oxidative stress [28].

Terunuma et al. conducted mass spectrometry-based metabolomics on primary breast
cancer samples and adjacent non-tumor tissue [50]. The authors found a number of differences in
metabolite abundance between tumor and non-tumor samples, and probed further into the
differences between ER-positive and ER-negative tumors as well as tumors from individuals
with African ancestry vs. European ancestry. The authors chose to focus on 2-hydroxyglutarate
(2-HG), a known “oncometabolite,” which was found to be preferentially elevated in ER-
negative tumors. Interestingly, 2-HG accumulation normally occurs in the context of isocitrate
dehydrogenase (IDH) 1 or 2 mutation, but the authors did not find evidence of IDH mutation in
breast cancer. It was recently demonstrated that 2-HG can be produced via LDHA in the context
of hypoxia [51,52], but Terunuma et al. did not address whether hyoxia could explain 2-HG
production in the breast tumors analyzed [50]. However, they did find a strong correlation
between 2-HG levels, MY C pathway activity, glutaminolysis-associated metabolites, and Gls1
expression. Further, the authors provided in vitro evidence that 2-HG production occurs during

glutamine catabolism, and that MYC is both necessary and sufficient for elevated 2-HG levels
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[50] in breast cell lines. These data suggest that MYC, albeit via a yet unclear mechanism, is able
to promote glutamine utilization for 2-HG production in cancer. It is of course tempting to
speculate that MY C-dependent regulation of LDHA, as discussed above, may contribute to the

2-HG production observed, but this remains to be determined.

In summary, MY C’s regulation of glutamine metabolism is extensive. In the case of glutathione,
relative decreases [28] and increases [48] were observed depending on the cancer type. With a
decrease, tumors were found to be sensitive to an inducer of oxidative stress [28], while an
increase led the tumors to be sensitive to GCLC inhibition during the early phase of tumor
formation [48]. Interestingly, in neuroblastoma the elevation of glutathione occurred despite a
downregulation in GCLC mRNA levels. It would be interesting to determine if the decrease in
GCLC observed in neuroblastoma is miR-18a-dependent. An alternative downstream use of
glutamine to generate 2-HG has also been postulated in primary breast cancers. It remains
unclear how MYC activity could induce 2-HG production, thus the therapeutic utility and

potential to target this pathway have not been explored [50].

Myc Dysregulates Lipid Metabolism
The role of MYC in HB metabolism has not been studied as extensively as HCC [53], but

it is worth noting that a recent study performed global mRNA expression analysis in a somatic
transgenic model of B-catenin/Y AP-driven HB performed in mice with either MY C-wildtype
(WT) or MY C-knockout (KO) hepatocytes. The authors found that MY C promoted tumor
progression, but not initiation, and were able to identify several metabolic pathways with
differential enzyme expression and pathway activity in MYC-WT vs. MYC-KO tumors [32]. For

example, MY C-KO tumors displayed reduced expression of the fatty acid transporter CD36,

34



with a concomitant decrease in lipid droplet levels and fatty acid oxidation (FAO) [32]. Given
these results in HB, it would be interesting to determine if MYC also dysregulated lipid
metabolism in HCC. To that end, Perry et al. [54] utilized DESI- MSI to not only detect
differential abundance of lipid species in non-tumor liver, early LT2-MYC tumors, late tumors,
and regressed tumors, but also generate a spatial localization of the detected lipids with ~200 um
resolution [54]. The authors found that a number of lipid species displayed differential
abundance in tumor vs. non-tumor tissue, but did not pursue the functional significance of these

changes.

The work of Perry et al. in MY C-driven liver cancer [54] later led the same lab to use
DESI-MSI to study MY C-driven lymphoma. MYC is known to be broadly dysregulated in
aggressive lymphomas, and in Burkitt’s lymphoma the MYC gene is translocated next to the
immunoglobulin heavy chain enhancer in virtually all cases [8,11]. To study MY C-driven
lymphoma Eberlin et al. [11] utilized the conditional Ep-tTA/TRE-MYC transgenic mouse
model in which MYC is specifically expressed in lymphocytes only in the absence of
doxycycline [55]. The authors reported a number of lipids that displayed differential abundance
in MY C-driven lymphoma compared to control non- tumor thymus. In addition, the authors
performed DESI-MSI on 15 human lymphoma samples, including five cases of Burkitt’s
lymphoma, that were profiled for MYC expression such that they were classified as MY Chig! or
MY CY, Interestingly, there were many similarities between the lipid profiles of the mouse
MY C-driven lymphomas and the human MY Chigh lymphomas, and both were distinct from the
human MYC"" lymphomas [11]. In addition, some of the most differentially increased lipids in
MY C-driven lymphomas were multiple cardiolipin species, which are known to play critical

roles in mitochondrial membrane integrity. Thus, although Eberlin et al. [11] did not pursue the
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functional significance of dysregulated lipid metabolism, these changes could support alternative
aspects of MY C-driven metabolism in lymphoma. Additionally, it is interesting that Eberlin et al.
acknowledge in their discussion a potential relationship between altered lipid abundance and
FAO, and a separate study indeed found that inhibition of FAO was able to significantly delay

tumorigenesis in a constitutive model of transgenic MY C-driven lymphoma (Ep-MYC) [56,57].

As mentioned above, we and others have demonstrated that MYC expression is
disproportionately elevated in TNBC compared to receptor-positive (RP) tumors [9,10]. Thus,
we were particularly interested in the use of the MYC-driven MMTV-rtTA/TRE-MYC (MTB-
TOM) transgenic mouse model of breast cancer, in which MYC is overexpressed specifically in
mammary epithelial cells in a doxycycline-inducible manner [58]. It is important to note that
while MYC is certainly overexpressed in this model, which mimics the clinically observed
increase in MYC expression in TNBC, it was also confirmed by unbiased clustering of mRNA
expression analysis that the MTB- TOM model does resemble the Basal/TN subtype of breast
cancer [59]. Using this model, we performed steady-state metabolomics and 13C-tracing analysis
and found that FAO was dysregulated. We then used a 14C-oleic acid oxidation assay to confirm
that FAO was elevated specifically in MY C-overexpressing TNBC. Given the elevation in FAO,
a pathway known to fuel the TCA cycle and ATP production, we hypothesized this pathway
could be required to fuel bioenergetic metabolism in MY C-overexpressing TNBC, and could
have therapeutic potential. To address this hypothesis in a more clinically relevant model, we
utilized a recently described panel of breast cancer patient-derived xenografts (PDX)[60]. Using
a specific inhibitor of the FAO pathway, etomoxir, we found that inhibition of FAO decreased
bioenergetic metabolism and inhibited tumorigenesis in a MY Chigh TN PDX, but did not inhibit

tumorigenesis in a MYClow TN PDX model [61]. Notably, a separate study found elevated FAO
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in TNBC, and described an additional downstream role for FAO in promoting
autophosphorylation and activation of the oncogenic Src kinase [62]. It remains to be seen
whether or not there is a functional interaction between MYC and Src in TNBC, and whether Src
could be a mechanism of FAO upregulation in MY C-driven TNBC, or vice versa. In addition, as
mentioned above, Terunuma et al. found elevation of acyl- carnitines, the bottleneck
intermediate of FAO, in ER-negative human tumors compared to ER-positive or non-tumor

tissue [50], supporting our findings of dysregulated FAO in TNBC [61].

Although several studies have now indicated that MYC is capable of dysregulating lipid
metabolism, and in particular FAO, no study has yet to validate a downstream mechanism by
which MYC activation dysregulates lipid metabolism and/or FAO in vivo. It is worth noting that
several potential mechanisms have been described in vitro, including MY C-dependent induction
of mitochondrial biogenesis [63], which has been functionally linked to FAO in the context of
MYC inhibition [64]. In addition, there are several other hypotheses supported by the literature
that are worth noting. First, we found a marked downregulation in acetyl- CoA carboxylase 2
(ACC2) protein expression in MYC"e", but not MYC!®¥ PDXs, and it has been demonstrated that
downregulation of ACC2 in transgenic mice is sufficient to upregulate FAO in vivo [65]. Second,
fatty acid binding proteins (FABPs) are known to play a supporting role in fatty acid oxidation as
they are responsible for trafficking fatty acids throughout the cell[66]. In ovarian cancer that
metastasizes to the omentum it was demonstrated that FABP4 is upregulated in tumor cells and
expressed in omental adipocytes, and is necessary in both cell types to support metastatic
tumorigenesis [66]. Furthermore, FABPS5 has been found to be upregulated in TNBC, and is

associated with poor prognosis and recurrence-free survival in TNBC [67]. Thus, we postulate
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that MY C reprograms lipid metabolism in TNBCs via coordinated suppression of fatty acid

synthesis and upregulation of oxidation to support tumor metabolic demands.

Finally, we and others recently described the necessity for PIM kinase activity in MYC-
overexpressing TNBC [68,69]. PIM expression can promote PGCla expression, a master
regulator of FAO [70]. In addition, a recent study suggests that there may be functional
redundancy between PIM and PI3K in breast cancer, and because PI3K is a known regulator of
glycolysis, PIM may then play a role in regulation of glycolysis in MY C- overexpressing TNBC
[71,72]. Further studies are necessary to determine which, if any, of these potential mechanisms

are indeed at play in the regulation of FAO in MY C-overexpressing TNBC.

In summary, MYC is capable of dysregulating lipid metabolism in multiple cancer types,
but a mechanism has yet to described. Given that our work found that inhibition of FAO is a
therapeutic strategy against MY C-overexpressing TNBC [61], and a separate study found similar
results in a model of MYC-driven lymphoma [57], it will be interesting to determine if this

strategy could be expanded to MY C-driven HB and/or HCC.

Studies Of Protein and Nucleotide Metabolism in Myc-Driven Lymphoma
In addition to studies of lipid metabolism, the En-MYC model has also been used for

studies of protein and nucleotide metabolism. Eu-MYC lymphomas display elevated protein
translation, a common of feature of many cancer types[73]. Barna et al. created a bi-allelic model
in which haploinsufficiency of the ribosomal protein RPL24 results in reduced protein translation
back to non-tumor levels. When this model was bred to the Eu-MYC model it resulted in

decreased tumorigenesis[73]. With this model, the same lab recently utilized NMR-based
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metabolomic analysis to profile changes in a number of metabolic pathways in non-tumor

lymphocytes, pre-tumor MY C- driven lymphocytes, lymphocytes with reduced translation,

MY C-driven lymphocytes with normalized translation, and tumorigenic MY C-driven
lymphocytes. Cunningham et al. [74]found that the most notable translation-dependent
difference detected was a reduction in nucleotide-related metabolites, specifically inosine
monophosphate and adenosine mono-, di-, and triphosphate. The authors then demonstrated that
a single enzyme, phosphoribosyl-pyrophosphate synthetase 2 (PRPS2), is responsible for
increased nucleotide metabolism in MY C-driven lymphoma via a cis-regulatory element in its 5’
UTR that is activated by translation initiation factor eIF4E, which is itself hyperactivated in
tumors. Additionally, MY C-driven lymphomagenesis is at least in part dependent upon PRPS2
as Ep-MYC crossed with PRPS2-null mice have a significant delay in tumor initiation as well as
a significant increase in survival[74]. Interestingly, elevated protein synthesis in this model has
also been linked to increased activation of the unfolded protein response, which ultimately
promotes tumor cell survival via autophagy[75]. Thus, a combined increase in translation and

autophagy may contribute to MY C-driven metabolic adaptation in lymphomas.

Regulation of Myc by Metabolism
While MYC reprograms metabolism, there is also mounting evidence of metabolic

regulation of MYC in cancer and tissue homeostasis. One notable example is the regulation of
MYC protein levels by HMG-CoA reductase, which has been demonstrated in the Epu-tTA/TRE-
MY C model of lymphoma, as well as the LT2-MYC model of liver cancer[76,77].
Mechanistically, HMG-CoA reductase inhibition via atorvastatin reduced RAS and ERK1/2

signaling in lymphoma, resulting in decreased ERK-dependent MY C phosphorylation, and
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reduced MYC levels[77]. In liver cancer, however, atorvastatin was found to decrease MYC
phosphorylation and protein levels downstream of Rac GTPase activity[76]. The broader
implication of this finding is that a HMG-CoA reductase inhibitor such as atorvastatin deserves
further consideration in MY C-overexpressing tumor types, and indeed atorvastatin did have anti-
tumorigenic activity in the aforementioned models of MY C-driven liver cancer and
lymphoma[76,77]. A second example is the regulation of MYC protein levels by the enzyme O-
linked N-acetylglucosamine transferase (OGT), which catalyzes post-translational O-
GlcNAcylation of proteins. This phenomenon was demonstrated in a transgenic mouse model of
liver cancer with elevated OGT activity[78]. Interestingly, it has been previously demonstrated
that MYC can be glycosylated on threonine 58, a key regulatory residue that is also

phosphorylated, but the functional significance of this modification remains to be elucidated[79].

Studying Myc and Metabolism in Human Patients
While transgenic and PDX mouse models are invaluable in studying the role of MYC in

cancer metabolism, the ultimate goal of these studies is to translate the findings from mouse
models to the clinic. The study of cancer metabolism in the clinic has actually been a common
practice for more than two decades via the use of the glucose analog 18F-fluorodeoxyglucose
(FDG)[80]. Specifically, intravenous injection of 18F- FDG coupled with positron emission
tomography (PET) allows for the imaging of a variety of tumor types, which preferentially take
up glucose to a higher degree than most non-tumor tissues[80]. Upregulation of hexokinase,
which is very likely a MYC transcriptional target in at least some tumor tissues given its strong
MY C-dependent regulation as discussed above and elsewhere[81], results in phosphorylation

and trapping of the FDG probe in cancers[80]. Although 18F-FDG-PET imaging has generally
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been used to detect tumors, recent advancements in our understanding of the biology of
tumorigenesis have led to much more specific uses for 18F-FDG-PET. For example, Palaskas et
al. [82]reasoned that a correlation between the expression of some mRNAs and 18 F-FDG
uptake may allow 18 F-FDG-PET to identify the driver oncogene(s) or oncogenic pathway(s)
active in a patient’s tumor. The authors integrated mRNA expression analysis and 18F- FDG
uptake from a panel of cancer cell lines and 18 patients with breast cancer. Gene set enrichment
analysis revealed a number of upregulated molecular pathways in the cell lines and patients with
higher 18F-FDG uptake including, not surprisingly, glycolysis. The authors then probed further
for associations between the 18F-FDG signature and breast cancer subtypes and molecular
drivers, and found that the 18F-FDG signature correlated best with the TN/basal subtype and
MY C-dependent transcriptional activity. In addition, the authors retrospectively stained biopsies
from the 18 breast cancer patients, and found a significant increase in MYC protein staining of
the tumors with high 18F-FDG uptake[82]. To our knowledge, further studies correlating MYC
expression with 18F-FDG uptake in human tumors have not been conducted, but should be of

further consideration.

Although glucose uptake measurement via 18F-FDG-PET is an invaluable clinical tool,
some tumors are inherently 18F-FDG- negative[80]. Likewise, some non-tumor tissues
demonstrate high glucose ultilization (i.e., brain and liver), making discernment of tumors via
18F-FDG-PET challenging. Thus, alternative metabolites with high avidity for certain tumor
types are needed. To that end, preclinical studies have been performed in the MTB-TOM MY C-
driven breast cancer model with 18 F-(2S,4R)4-fluoroglutamine[83], which could be useful in a
number of MY C-driven tumors that upregulate glutaminolysis as discussed above. In addition,

acetate was recently described by two studies as a critical carbon fuel for a variety of primary
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tumors and tumors that have metastasized to the brain[84,85]. The critical acetate oxidation
enzyme in cancer appears to be the acetyl-CoA synthetase enzyme ACSS2, which was found to
be essential for tumorigenesis in a MY C-driven model of liver cancer, and increased expression
of ACSS2 was associated with poor prognosis in TNBC[84]. Notably, this study that focused on
both primary brain tumors and tumors that metastasized to the brain. Four patients were infused
with [1,2-13C]acetate during surgical resection of their tumors. Post-operative NMR revealed de
novo oxidation of acetate to fuel the TCA cycle[85]. Thus, acetate deserves broader
consideration as a bioenergetics substrate in MY C-overexpressing tumors, both in terms of
therapeutic targeting and for imaging purposes. Finally, hyperpolarized 1- 13C-pyruvate MRSI
has been used pre-clinically[34], but has also been adopted for imaging of patient tumors as part
of a first-in-man clinical trial[86]. Indeed, there is clear interest and opportunity for this modality
to enter the clinic, especially with expanded probes beyond 1-13C-pyruvate, which so far has

been the most well-studied[87].

Finally, it is worth taking note of several studies that focused almost entirely on the
analysis of clinical samples. Importantly, these studies did not make a functional connection
between the metabolic phenotypes observed and MYC activity, even though MYC has
established functional roles in the cancer types studied. For those interested, we refer to
metabolic profiling performed on primary tumors and serum samples from patients with
HCCJ88,89], as well as breast cancer[90-92]. In addition, integrated metabolomic and proteomic

analysis has been performed on primary RCC tumors[93].
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Broader Implications

In this review, we have focused on the role of MYC in regulating cancer metabolism in
vivo. The majority of studies to date have used transgenic mouse models or primary tumors.
Thus, there remains a tremendous amount of work to be done looking outside the confines of the
primary tumor to the role of MYC in metastatic tumors, as well as cells within the
microenvironment and non-adjacent normal tissue, both of which will ultimately have
tremendous influence on which therapeutic strategies can be translated to the clinic. With respect
to metastasis, we recently performed single-cell mRNA expression analysis on de novo low- and
high-burden metastases from orthotopic TNBC PDXs and found that MYC expression was
significantly elevated in high-burden metastases[94]. Given that cancer cell metabolism has been
shown to change in metastasis initiating cells[95], when the metastatic cells are in
circulation[96], and depending on which organ the metastatic tumor colonizes[97], further
studies will need to determine whether the reliance on FAO, glucose, glutamine or other
metabolites present in primary MY C-overexpressing TNBC is maintained in high- burden

metastases.

Another aspect of the microenvironment that deserves significant consideration is the
immune cell component. A recent study demonstrated that tumors with elevated glucose
consumption effectively drain glucose from the microenvironment, resulting in decreased T-
effector cell function, which also relies upon glucose oxidation[98]. Notably, one of the effectors
used in this study to promote glycolysis in a tumor line that would otherwise succumb to T-
effector surveillance was MY C[98]. Of course, T-effector cells are just one of a large number of
immune cell types present in the tumor microenvironment, and the metabolic reliance of each of
them could be effected by either the tumor itself or therapies that specifically target metabolism.

The metabolism of other non-tumor cell types beyond the immune compartment are also
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important to consider with respect to MYC. Indeed, a recent study demonstrated that mice
heterozygous for MYC throughout their entire body are smaller, live longer, and are more
metabolically active[99]. Thus, targeting MY C-dependent metabolism in cancer could likely

impact MY C-dependent metabolism in non-tumor cell types.

Conclusion

In summary, the role of MYC in the regulation of cancer metabolism is as complex as the
diverse functions of MYC itself. What becomes clear after considering the multitude of studies
conducted is that the function of MYC, like other oncogenes such as KRAS, is incredibly tissue-
specific. However, while the overall metabolic phenotype is usually tissue-specific,
dysregulations of individual metabolic pathways are often conserved across tissues, and the
combination of these considerations should inform treatment decisions. Cancer research seeks to
develop better and potentially curative treatments for MYC driven tumors. Studies of specific
oncogene-driven transgenic cancer models allow for discoveries of new metabolic pathways that
are deregulated in primary tumors, which could not be otherwise identified in cultured cells. We
anticipated that effectively translating findings from studying cancer metabolism and its
regulation by oncogenes like MYC or KRAS to the clinic will be accelerated through our

understanding of how these oncogenes affect tissue specific metabolism in vivo.
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Figures
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Figure 2.1. A summary of the metabolic alterations found in each MY C-driven cancer type by
tissue of origin.

Boxes surrounding each cancer indication are color-coded to match the tissue of origin. HCC,
hepatocellular carcinoma; NSCLC, non-small-cell lung cancer; RCC, renal cell carcinoma;
PDAC, pancreatic ductal adenocarcinoma; PIN, prostatic intraepithelial neoplasia; TNBC, triple-
negative breast cancer.
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Table 2.1. In vivo transgenic models of MY C-driven cancer (excluding hydrodynamic models).

A summary of the transgenic mouse models used thus far to study MYC-driven cancer
metabolism in vivo. The tissue of origin, specific transgenes and primary altered metabolic
pathway(s) studied in each model are noted. References for the models can be found in the main
text. HCC, hepatocellular carcinoma; NSCLC, non-small-cell lung cancer; RCC, renal cell
carcinoma; PDAC, pancreatic ductal adenocarcinoma; PIN, prostatic intraepithelial neoplasia;
NB, neuroblastoma; BL, Burkitt’s lymphoma; TNBC, triple-negative breast cancer.

Tissue/cancer specificity

Model

MYC-dependent metabolic pathways altered

Liver—HCC

Lung—NSCLC
Kidney—RCC
Pancreatic—PDAC
Prostate —PIN
Neural crest—NB
Lymphocytes—BL

Breast—TNBC

LAP-tTA/TRE-MYC

SPC-tTA/TRE-MYC
GGTHTA/TRE-MYC
Pdx1-Cre/LSL-KRASG12D/R26-LSL-MYC
Pbsn-MYC

TH-MYCN

Ep-tTA/TRE-MYC

Ep-MYC/RPL241/—
MMTV-rtTA/TRE-MYC

Glycolysis (Medina-Cleghorn and Nomura, 2014; Buescher et al., 2015), glutaminolysis
(Buescher et al., 2015), glutathione biosynthesis (Altman et al., 2015), lipid metabolism
(Bott et al., 2015)

Glycolysis (Buescher et al., 2015)

Glycolysis (Anderton et al., 2017), glutaminolysis (Anderton et al., 2017)
Glutaminolysis (Calvisi and Thorgeirsson, 2005)

Glycolysis (Hu et al., 2011), lipid metabolism (Hu et al., 2011)

Glutathione biosynthesis (Allen et al., 2011)

Lipid metabolism (Eberlin et al., 2014)

Protein metabolism (D’Cruz et al., 2001), nucleotide metabolism (Pfefferle et al., 2013)
Fatty acid oxidation (Carter et al., 2016)
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Figure 2.2. MYC-dependent miRNA regulation of glutamine metabolism.

MY C-dependent miRNA regulation of glutamine metabolism. MYC was found to downregulate
miR-23a/b, which targets Gls, resulting in increased production of glutamate from glutamine
[46]. In addition, MYC was found to upregulate miR-18a, which targets GCLC, resulting in
decreased production of glutathione from glutamate, and increased flow of glutamine-derived
carbon into the TCA cycle[28]. Gray lines indicate a decreased effect, and dotted lines indicate a
multi-step metabolic pathway.
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Abstract

A reliance on fatty acid catabolism has been observed in an aggressive class of breast
cancer, triple-negative breast cancer (TNBC), the majority of which feature elevated levels of
potent oncogene MYC. The intracellular adaptations that facilitate this metabolic shift, however,
are not well defined. Elevated levels of mitochondrial fatty acid oxidation (FAQO) have been
shown to drive rapid tumor growth in MYCHig" TNBC, but the alterations that enable flux of fatty
acids (FA) to the mitochondria to satisfy elevated FAO and their connection to MYC are unclear.
This study investigates the role of Fatty Acid Binding Protein 5 (FABPS) in lipid homeostasis
and cell growth in MY CHigh TNBC. I observed that transient inhibition, but not genetic knockout
of FABPS impaired cell proliferation in a mouse model for MY C-driven TNBC. Expression
analysis in patient-derived breast cancer cell lines revealed specific elevation of FABPS in
TNBC, but did not confirm an association MY C expression. I found that FABPS inhibition was
sufficient to disrupt lipid homeostasis, congruent with prior studies, suggesting its potential as a
therapeutic target in TNBC. These results underscore the importance of defining the intracellular

features that facilitate elevated FAO in TNBC.

Introduction

Breast and other cancers have previously been shown to support production of cell
membranes and lipid signaling precursors, key processes in proliferation, through fatty acid
synthesis (FAS). While c-MYC (MYC) has been established to dysregulate metabolic pathways
governing glucose [1,2] and glutamine utilization[3-5] in cancer (see Chapter 1), recent work
from our laboratory and others indicates that in triple-negative breast cancer (TNBC), the proto-
oncogene may also moderate fatty acid oxidation (FAO) [6,7]. In mouse PDX models of MY C-

high TNBC, FAO is increased compared to MY C-low TNBC and receptor-positive (RP) cells,
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and in vivo FAO inhibition with CPT1 inhibitor etomoxir is sufficient to impair tumor growth [6]
(Fig. 1.1). This FAO dependency falls in contrast to reliance on FAS observed in other cancer
context; the specific alterations that permit elevated FAO in MYC-driven TNBC are, however,
still unclear. To that end, in this study aimed to delineate the intracellular adaptations to FA

trafficking that permit increased mitochondrial FAO, in MYC-driven TNBC.

Cellular uptake of long-chain fatty acids (LCFA) can occur via passive and active
transport mechanisms, but protein-mediated transport is the major model for LCFA uptake and
activation to acetyl-CoA. The majority of extracellular, circulatory LCFAs are albumin-bound,
but are released from albumin before entering the PM, becoming hydrophobic and requiring
active transport. Several known FA transporters reside at the PM, including plasma membrane
Fatty Acid Binding Proteins, CD36 (or fatty acid transporter, FAT) and fatty acid transport
proteins (FATPs) [8] (Fig. 1.1). In the breast, it is possible that the adipose tumor

microenvironment release FA for tumor uptake (Chapter 4).

Once across the PM, LCFAs are bound by fatty acid binding proteins (FABPs) in the
cytoplasm [9]. FABPs are a family of at least 9 small intracellular lipid chaperones expressed
across a range of tissues, most abundantly in those involved in active lipid metabolism—the
liver, intestine, heart, adipose, epidermal, ileum, brain, myelin and testis FABP (FABP1-9,
respectively). Each FABP binds LCFAs, but with variation in binding selectivity, affinity and
mechanism [10], possibly reflecting specific LCFA abundance in different tissues. FABPs can
also bind a host of other molecules, also potentially reflecting the microenvironment—FABP1
(liver) binds haem, and FABP4 (adipose) binds hormone-sensitive lipase (HSL). Given their
apparent promiscuity, it’s incompletely understood how these chaperones achieve binding

specificity [11,12]. While certain tissues show elevation of a specific FABP, no known FABPs
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are exclusive to one tissue or cell type. Increased FA exposure leads to increased FABP
expression in most cell types [13], suggesting that some adaptive cellular mechanism regulates
FABPs to sustain lipid homeostasis and stoichiometry with available lipid supply. FABP protein
content in most cells is also proportional to their rate of FAM [13], further indicating an

important role in maintenance of bioenergetic homeostasis [9,14].

LCFA-bound FABPs are thought to chaperone lipids to a host of different intracellular
compartments (Fig. 4.1). One established function is trafficking to lipid droplets (LD) for
storage. Other proposed functions include delivery to the endoplasmic reticulum (ER) for use in
signaling, trafficking, or membrane synthesis, to the peroxisome for oxidation, to enzymes that
regulate FA homeostasis in the cytosol or elsewhere, to the nucleus for modulation of lipid-
responsive transcription factor activity, and possibly to the extracellular compartment for
autocrine or paracrine signaling purposes [11]. In this study we focus on the role of FABPs in

chaperoning lipids to the mitochondria for FAO.

Because elevated mitochondrial FAO suggests an increased FA pool at the mitochondria
available for import across the carnitine shuttle (Fig. 4.2), our laboratory probed intracellular
alterations to FA trafficking machinery. Indeed, one component of this trafficking machinery,
fatty acid binding protein 5 (FABPS), is upregulated in TNBC in a MY C-dependent manner [15].
A strong association between elevated FABPS and poor survival has previously been identified
in TNBC [16]. Intriguingly, preliminary studies indicate that inhibition of FABPS in a mouse
model for MYC-high TNBC is sufficient to cause defects in cellular metabolism and
proliferation [15]. One possibility is that FABPS5 elevation in TNBC could satisfy the

requirement for increased FA at the mitochondria, thus permitting increased FAO observed in
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this subtype. I therefore further investigated the role of FABPS in increased FAO, and its

contribution to cell survival and proliferation, in TNBC.

Results

To examine what alterations within TNBC permit increased FAO, we investigated
mechanisms of intracellular FA trafficking. FABPs at the mitochondria donate FA to fatty acyl-
CoA synthetases (ACSs) for activation into fatty acyl CoAs, enabling import through the
mitochondrial membrane. During FAO, activated FA are then catabolically processed to form
acetyl-CoA, a major fuel source for bioenergetic and biosynthetic metabolism. Indeed, prior
assessment of available data on patient TN and RP tumors indicated specific elevation of FABPS
in TN tumors (Fig. 3.3A) [15]. Former Master’s student Céline Mahieu in our laboratory also
utilized a genetically engineered mouse model for MY C-driven TNBC (MTB-TOM) [17]
wherein breast epithelial MY C expression can be activated with doxycycline expression, and
resulting tumors are allografted into the mammary fat pad of wild-type FVBN mice. She
assessed FABPS expression in allografts both from mice receiving doxycycline chow, activating
MY C-driven tumor progression, and from mice who were subsequently switched to control
chow, for which tumors regressed. Studies in MTB-TOM indicated that FABPS5 expression was
MY C-dependent (Fig. 3.3B) [15]. I first performed validation studies using RNA-seq on an
established[ 18] panel of patient-derived TN and RP PDX cell lines to assess FABP levels, and
found that FABPS was specifically upregulated in TN lines(Fig. 3.3C), and was also the most
expressed FABP across TN and RP lines. However, expression was significantly elevated in both
TN MYCY" and MY CHigh lines in comparison to RP (data not shown), suggesting that

expression may not be MYC-driven as observed in MTB-TOM tumors (Fig. 3.3B).
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Second, I employed pharmacological inhibition to delineate the contributions of FABP5
to TNBC progression. [ used a commercially available FABL5/7 inhibitor(Cayman SBFI126)
which has been well tolerated in animal studies [19], to assay MTB-TOM cells, and in the MYC-
high group we observed significant, marked loss of proliferation with inhibitor treatment
compared to vehicle (Fig. 3.4A-B). Then, to examine effects of inhibition on lipid homeostasis, I
used nile red staining [20] to assay lipid droplet (LD) formation. I observed increased LD and
decreased total ATP in MYC-high MTB-TOM cells, while MYC-low MTB-TOM cells exhibited
no significant change with inhibition (Fig. 3.4C-D). These data mirror prior siRNA studies in
MTB-TOM, in which transient FABPS silencing decreased cell proliferation and increased lipid
accumulation specifically in MY C-high MTB-TOM cells (Fig. 3.4E-F) [15], and suggest that
transient inhibition may be sufficient to impair proliferation and lipid homeostasis in MYC-

driven TNBC.

Finally, using CRISPR-Cas9 engineered FABPS null MTB-TOM cell lines (Fig. 3.5A)
we assessed the impact of FABP5 deletion on MY C-driven TNBC proliferation and FA
metabolism. Notably, prolonged FABPS loss did not significantly alter cell proliferation
compared to controls in this model (Fig. 3.5B). Furthermore, FABPS5 deletion did not sensitize
cells to inhibition of either FABP5/7 (FA trafficking) or CPT1 (mitochondrial FAO) (Fig. 3.5C-

D).

Discussion

Dysregulation of FABPs has been observed across many cancer types including
breast [21], prostate [22], squamous cell carcinomas [23,24], renal cell carcinoma [25], and

melanoma [26], compared with normal tissue. Furthermore, multiple cancer models support that
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overexpression or depletion of one FABP species can be sufficient to increase cell growth, and
even metastatic potential [27,28]. In a human TNBC study, patients with FABP7- positive
tumors had better outcomes than those with FABP7-negative tumors, and elevated nuclear
FABP7 was associated with longer disease-free survival [29], indicating a potential role of
FABP- or LCFA-transcription factor interactions in regulating cancer growth and survival. In
melanoma, metastatic tumors show decreased FABP7 compared with primary tumor, and
metastatic FABP7 expression is associated with decreased relapse-free survival and overall
survival [30], implying that FABP levels could also play a role in metabolic reprogramming
upon metastasis. These prior studies support the importance of delineating FABP function and

therapeutic potential in TNBC and beyond breast cancer.

Complicating matters, multiple mouse models have also shown that loss of one FABP
can be met with compensatory upregulation of others [31,32]. In MYC-on MTB-TOM we
observed a distinct proliferative defect with FABPS inhibition and silencing (Fig. 3.4E-F), while
CRISPR-Cas9 deletion in the same model did not impact cell growth (Fig. 3.5A-B). It is possible
that CRISPR/Cas9 deletion of FABPS in MTB-TOM dysregulated expression of other FABPs,
however assessment of FABP transcriptional levels is required. The lack of proliferative
phenotype observed in vitro in this engineered model precluded using these cell lines for

subsequent in vivo experiments.

Despite limited scope, this work lends insight into the functionality of an understudied
FA chaperone, and suggests that transient FABPS inhibition could be sufficient to disrupt TNBC
proliferation and lipid homeostasis. There is an established link in TNBC between elevated MYC
and increased FAO level [6], and as described in Chapter 4 there is also specific activation of

lipolysis (FA release) in the adipose tumor microenvironment for MY C-high TNBC. FABP5
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expression data in patient-derived cell lines, however, contrasts this trend and prior evidence in
MTB-TOM tumors that elevated FABPS is a specific feature of MYC-high TNBCs. Limitations
of this FABPS5 knockout model in recapitulating parallel siRNA studies may also point to
difficulties in isolating FABPS5 contributions to FAM using complete genetic knockout. It an
interventional setting, FABPS could prove a challenging target for prolonged inhibition due to
the potential for compensation of other FABP family members. Better understanding the binding
specificity of each FABP for LCFAs and other ligands would help to delineate their respective

roles in supporting FAO and lipid homeostasis.

Development of FABP5-specific drugs (as opposed to the FABP5/7 inhibitor used in
these assays) would facilitate more precise pharmacological studies. There is currently a specific
FABPS inhibitor in development for chemotherapy-induced peripheral neuropathy(ART26.12),
which is expected to begin clinical trials in 2025. Inhibition of FA import machinery (FATPs,
FAT/CD36 and plasma membrane FABPs) could present another avenue for disrupting FA
supply to the mitochondria and blocking FAO-fueled growth in TNBC. Multiple preclinical trials
have assessed the impact of blocking CD36-mediated FA uptake using anti-CD36 antibodies, in
mouse xenograft models of ovarian cancer [33] and of oral squamous cell carcinoma metastasis
[34]. A small molecule CD36 inhibitor SMS121 has shown promise in impairing FA uptake and
viability in acute myeloid leukemia cells [35]. Furthermore, in breast cancer CD36 and FABP4
have been shown to interact and regulate FA uptake, while also altering adipocyte metabolism in
indirect co-culture models [36] (using transwell assays where a semipermeable barrier separates
adipocytes from cancer cells , see Chapter 4). Future studies could evaluate the roles of CD36
and other FA uptake machinery, and of adipocytes in the tumor microenvironment, in supporting

TNBC tumorigenesis [6,7]. As outlined in Chapter 2, in vivo models and approaches that
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account for tumor microenvironment are critical for capturing tumor metabolism. A mechanistic
role for direct cancer cell-adipocyte contact in TNBC tumorigenesis is described next in

Chapter 4.
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Figure 3.1. Schematic of fatty acid trafficking by fatty acid binding proteins (FABPs) in a breast
cancer cell.

FA are imported into breast cancer cell via transport proteins including specialized plasma
membrane fatty acid binding proteins (FABPpm), fatty acid transport proteins (FATPs) and fatty
acid translocase (FAT, or CD36). Fatty acid binding proteins (FABPs), some of which are
specifically elevated in TNBC, traffic FA to cellular compartments including the nucleus,
endoplasmic reticulum, peroxisomes, lipid droplets, and mitochondria[37].
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Figure 3.2. Schematic of fatty acid trafficking and mitochondrial fatty acid oxidation in a breast

cancer cell.

FABP-bound FA trafficked to the mitochondrial membrane are then processed by carnitine
palmitoyltransferase I (CPT1) to enter the intermembrane space as acylcarnitines, before CPT2
converts them to acyl-CoA for deposit into the mitochondrial matrix. In mitochondrial fatty acid
oxidation, acyl-CoAs undergo beta-oxidation and are broken down into acetyl-CoA, which feeds

the citric acid cycle (TCA Cycle), producing ATP[38].
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Figure 3.3. FABPS expression is elevated in a MY C-dependent manner in TNBC.

(A) Fold change (log2) expression of indicated FABP genes in TN (n = 123) versus RP (n = 648)
tumors based on RNA-seq data acquired from TCGA of 771 breast cancer patients[15]. (B) Fold
change (log2) expression of indicated FABP genes in MTB- TOM MY C-high tumor versus
control tissue (blue), and during tumor progression (dox administration) versus regression (dox
withdrawal) (gray)[15]. (C) Fold change (log2) expression of indicated FABP genes from RNA-
seq of patient-derived TN (n = 4) versus RP (n = 2) cell lines.
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Figure 3.4. FABPS inhibition and silencing selectively impair proliferation and lipid
homeostasis in TNBC models. Figure caption continued on the next page.
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Figure caption continued from the previous page. (A) Relative proliferation of MY C-high (+dox)
MTB-TOM cells treated with vehicle or 100 uM FABP5/7 inhibitor (SB); drug and doxycycline
changed daily.(B) Relative proliferation of MY C-low (-dox) MTB-TOM cells treated with
vehicle or 100 uM FABP5/7 inhibitor (SB); drug and doxycycline changed daily. (C) Nile red
signal in MTB-TOM cells with doxycycline (MY C-high) or after doxycycline removal (MYC
withdrawal); cells treated 48H with indicated vehicle or drug; Triacsin C is a negative control for
LD formation. (D) Total ATP (CellTiter-GLO) signal in MTB-TOM cells with doxycycline

(MY C-high) or after doxycycline removal (MYC withdrawal); cells treated 48H with vehicle or
inhibitor. (E) Relative cell counts in MY C-high (with dox) or MYC-low (without dox) MTB-
TOM cells with indicated siRNA. Immunoblots (right) indicate protein levels for siRNA targets
and for MYCJ15]. (F) Relative intracellular lipid levels in MY C-high (with dox) or MY C-low
(without dox) MTB-TOM cells with indicated siRNA[15].
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Figure 3.5. Prolonged FABPS5 loss does not impair proliferation, or sensitize to FA trafficking or
FA inhibition, in MTB-TOM.

(A) Immunoblot showing FABPS expression in clonal MTB-TOM cell lines with CRISPR-Cas9
and indicated non-targeting or FABP5-targeting sgRNA. Respective subclones ‘B’ are used in
subsequent panels. (B) Cell proliferation for indicated MTB- TOM cell lines; doxycycline
changed daily. (C) Relative viability of indicated MTB-TOM cell lines (MY C-high; with dox)
following 48H treatment with indicated vehicle or drug. Figure caption continued on the next

page.
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Figure caption continued from the previous page. (D) Relative viability of indicated MTB-TOM
cell lines (MY C-high; with dox) following 48H treatment with indicated vehicle or drug.
Etomoxir inhibits the comital step in fatty acid oxidation.
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Chapter 4: Defining a new role for surrounding

adipocytes in TNBC tumor growth
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A version of this chapter was published as:
Williams, J.L., Camarda R., et al. (2024). "Tumor cell-adipocyte gap junctions activate
lipolysis and contribute to breast tumorigenesis." bioRxiv: 277939.

Abstract

A pro-tumorigenic role for adipocytes has been identified in breast cancer, and reliance on fatty
acid catabolism found in aggressive tumors. The molecular mechanisms by which tumor cells
coopt neighboring adipocytes, however, remain elusive. Here, we describe a direct interaction
linking tumorigenesis to adjacent adipocytes. We examine breast tumors and their normal
adjacent tissue from several patient cohorts, patient-derived xenografts and mouse models, and
find that lipolysis and lipolytic signaling are activated in neighboring adipose tissue. We find that
functional gap junctions form between breast cancer cells and adipocytes. As a result, cCAMP is
transferred from breast cancer cells to adipocytes and activates lipolysis in a gap junction-
dependent manner. We identify connexin 31 (GJB3), which promotes receptor triple negative
breast cancer growth and activation of lipolysis in vivo. Thus, direct tumor cell-adipocyte
interaction contributes to tumorigenesis and may serve as a new therapeutic target in breast

cancer.

Main Text

A variety of cancers, including those of the breast, arise near or within adipose tissue depots [1].
Therefore, during tumor development a heterotypic cell-cell interface exists between adipocytes
and cancer cells in these organs. We and others have demonstrated that triple-negative breast
cancers (TNBC, estrogen/progesterone/HER?2 receptor-negative) utilize and require fatty acid
oxidation to fuel bioenergetic metabolism [2,3]. The origin of fatty acids which meet this

necessity remains largely unclear. Adipocyte lipolysis has been linked by several studies to
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secretion of pro-tumorigenic cytokines by cancer-associated adipocytes, including elevation of
pro-inflammatory signals such as tumor necrosis factor-a [4-11]. Multiple models provide
evidence that these adipocyte-derived fatty acids can be taken up and oxidized by proximate
cancer cells [4-10,12]. These studies, however, have widely modeled the cancer-adipocyte
interface in vitro using transwell co-culture methods that cannot recapitulate the direct cell-cell
contact observed in vivo [6-9,11-13]. Furthermore, clinical evidence for elevated lipolysis in
breast tumor-adjacent adipocytes has not been well established. Mammary adipocytes undergo
enhanced lipolysis when in close proximity to non-tumor epithelial cells, suggesting that local
pro-lipolytic mechanisms exist, but have yet to be identified between tumor cells and adipocytes
[5,14]. Thus, we set out to study the breast cancer-adipocyte interface and determine the

contribution of cell-cell contact to tumorigenesis.

To determine if lipolysis occurs in normal tissue adjacent to breast tumors (NAT) which includes
adipocytes, we employed four independent strategies. First, we employed three-component
breast (3CB) composition measurement, a radiographic imaging method derived from dual-
energy mammography that allows for quantification of a tissue’s water, lipid and protein content
[15]. We postulated that, if tumors induce lipolysis in adipocytes, we will observe differences in
lipid content between NAT nearer the tumor and NAT farther away. Using 3CB imaging, we
assessed the lipid content of breast tumors and the first 6 mm of surrounding NAT, segmented
into 2 mm “rings,” from 46 patients with invasive breast cancer (Fig 4.1A and Table S4.1). As
we have previously demonstrated [16], we found a significant decrease in lipid content in tumor
lesions compared to NAT 0-2 mm away (R1) (Fig 4.1B). This difference is congruent with

breast tumors being epithelial in nature, while adipose tissue is the major constituent of normal
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breast [14]. Remarkably, we also found that within NAT there was a significant stepwise
decrease in lipid content comparing R3 (4-6 mm) to R2 (2-4 mm), and R2 to R1 (Fig 4.1B). In
addition, we asked whether changes in lipid content between R3 and R1 NAT correlate with
receptor status or tumor grade (Table S4.1). We found that NAT surrounding triple-negative
(TN) and grade 2/3 tumors trended towards a greater average decrease in lipid content between
R3 and R1 than NAT surrounding receptor-positive (RP) and grade 1 tumors, respectively (Fig
S4.1, A and B). These data suggest that adipocytes near breast tumors have partially depleted
lipid stores, and that TN and higher-grade tumors may induce this phenomenon to a greater
degree than RP and low-grade tumors. We quantified average adipocyte size in R1 and R3 in the
11 of the 46 patients imaged with 3CB for whom we had access to histological sections of
treatment-naive tumor and NAT at the time of surgical resection (Fig 4.1A, Fig S4.1C and Table
S4.1). Similar to the change in lipid content observed with 3CB, we found a significant decrease
in adipocyte size in R1 compared to R3 in all patients analyzed, suggesting adipocytes are
smaller when nearer to breast tumors (Fig 4.1C). Finally, we correlated the change in lipid
content and adipocyte size on an individual patient basis. We found a marked positive correlation
(R=0.5818, p = 0.0656) between the change in lipid content and adipocyte area (Fig 4.1D).
Taken together, these data suggest adipocytes are smaller and have diminished lipid content, two

phenotypes that are established indicators of lipolysis [17], when adjacent to breast tumors.

Second, we sought to determine if gene expression changes associated with lipolysis were
observed in tumor-adjacent adipocytes. We generated a lipolysis gene expression signature by
identifying the 100 genes most upregulated when a differentiated adipocyte cell culture model is

stimulated with cAMP, a critical pro-lipolytic signaling molecule [18]. We then used a publicly
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available gene expression dataset for primary breast tumors as well as matched NAT 1, 2, 3 and
4 cm away, to determine if enrichment of the lipolysis signature occurred in NAT in comparison
to non-tumor breast tissue obtained from healthy individuals using single-set gene set enrichment
analysis [19,20]. We found a significant elevation of the cAMP-dependent lipolysis signature in
tumor and NAT from all analyzed regions compared to control tissue (Fig 4.1E). These data
indicate that lipolytic signaling is activated in breast-tumor adjacent adipocytes up to 4 cm away
from the primary tumor. While adipose tissue is sparsely innervated, a recent study found that
adipocytes can propagate pro-lipolytic sympathetic signals via direct transfer of cAMP through
adipocyte-adipocyte gap junctions [21]. We observed elevation of cAMP signaling up to 4 cm
away from patient tumors (Fig 4.1E), suggesting that tumor-adjacent adipocytes might also

disperse a pro-lipolytic stimulus to distant adipocytes via gap junctions.

Third, we sought to determine if there are changes to protein abundance in tumor-adjacent NAT
indicative of lipolysis activation. We conducted laser capture microdissection (LCM, 10,000
cells per capture) on primary breast tumors from 75 patients, representing all major PAMS50
subtypes. For a subset of patients, we also collected matched stroma and/or NAT. As a control,
we conducted LCM on non-tumor breast tissue from 42 healthy subjects (Table S4.3A). Global
proteomic analysis was performed using liquid chromatography-tandem mass spectrometry (LC-
MS/MS) (Table S4.3B). Notably, one of the most significantly upregulated proteins in NAT, and
indeed one of the most NAT-specific proteins, compared to all other tissues examined was
hepatocyte nuclear factor 4-a (HNF4a) (Fig 4.1F). As HNF4a is an established, essential
activator of lipolysis in adipose tissue [22], these data indicate lipolysis is robustly activated in

breast-tumor adjacent adipose tissue.
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Fourth, we sought to validate the observations made in our clinical datasets using mouse models
of breast cancer. Hormone sensitive lipase (HSL) is a critical lipolytic enzyme; its activation by
cAMP-dependent protein kinase A (PKA) leads to phosphorylation at serine 563 [17,18], while
prolonged activation results in down-regulation of total HSL expression through a negative
feedback mechanism [23,24]. We performed immunoblot analysis to probe for HSL, phospho-
HSL (S563) and HNF4a in tumor and NAT, as well as corresponding control mammary tissues,
from three well-characterized breast cancer patient-derived xenograft (PDX) models (HCI002,
HCI009, HCIO010) and a transgenic model of MY C-driven TNBC (MTB-TOM) [25,26]. In all
models analyzed, a downregulation of total HSL in NAT compared to control tissue was
observed (Fig 4.1, G and H). Downregulation of total HSL has been observed in obesity and in
an independent analysis of primary breast tumor NAT, and is thought to be the result of a
negative feedback loop in adipocytes in response to chronic lipolysis [23,24]. Additionally, in 3
of the 4 models examined we found an increase in HNF4a protein or in phospho-HSL/total HSL
ratio (Fig 4.1, G and H), both characteristic of increased lipolysis [17,22]. Taken together, our
concurrent findings in 3 independent clinical datasets and several models of patient-derived and
transgenic breast cancers in mice indicate that lipolysis is activated, to varying degrees, in breast
cancer-adjacent adipose tissue. These findings support the conclusion that “normal” tissue
adjacent to tumors is, in fact, not normal [27]; in the context of breast cancer, tumor-adjacent

adipocytes have markers of activated lipolysis with corresponding diminished lipid stores.

We next sought to determine the contribution of cell-cell contact to lipolysis activation in breast

tumor-adjacent adipocytes. Gap junctions are cell-cell junctions formed by a family of proteins
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called connexins, which are known to transport a variety of small molecules (<1 kD), including
cAMP [21,28]. Connexins were long thought to play tumor-suppressive roles in cancer, but
recent evidence from a variety of tumor types has challenged this notion [28-31]. Given that
adipocytes are capable of transferring cAMP and activating lipolysis in a homotypic interaction
with other adipocytes[21], we hypothesized that gap junctions may also form between tumor
cells and adipocytes in a heterotypic fashion to activate lipolysis via transfer of cAMP. Using a
well-established dye transfer assay [30], we first probed for functional gap junction formation
between breast cancer cells. We tested whether the TNBC cell line HCC1143 or the more
indolent RP cell line T47D could transfer gap-junction dependent dyes to the same tumor cell
line. Both lines formed functional gap junctions, but dye transfer between HCC1143 cells was
30-fold increased (Fig 4.2A) compared to transfer amongst T47D cells. Thus, we reasoned there
may be differences in sensitivity to gap junction inhibition between TN and RP cells.
Furthermore, given the upregulation of MYC in the majority of TNBC [32,33], we asked
whether MY C expression affects gap junction dependence. We examined if gap junction
inhibition alters cellular ATP as a proxy for cell abundance in a panel of TN and RP human
breast cell lines with varying MYC levels [2]. Intriguingly, TNBC cell lines with high MYC
expression [2], including HCC1143, were significantly more sensitive to 24 hours of treatment
with the pan-gap junction inhibitor carbenoxolone (CBX) than the low MYC TNBC or RP cell
lines tested (Fig 4.2B). In addition, dye uptake in HCC1143 cells was significantly reduced
(30.63%, p<0.0001) following treatment with CBX (Fig 4.2C). These data suggest that gap
junction communication occurs between breast cancer cells, and that a threshold amount of gap

junction activity may be required for high MYC TN cell viability.
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To delineate the role of connexins in TN compared to RP breast cancer further, we examined the
expression of the 21 connexin genes in 771 primary human breast cancers, TN (z = 123) and RP
(n = 648), using publicly available RNA-seq data from The Cancer Genome Atlas (TCGA). Of
the 20 connexins for which data was available, 5/20 were significantly downregulated, and 11/20
were significantly upregulated. These 11 upregulated connexins included 5 of the 7 gap junction
B (GJB) family members (Fig 4.2D). To probe gap junction expression at the cellular level, we
also examined scRNA-seq (n=317) of primary patient tumors (n=11) [34]. Expression of GJBs
was observed in a greater fraction (47.2% vs. 29.8%) of TN than RP tumor cells, and GJBs were
the most frequently expressed gap junction family for TN, but not for RP tumor cells (Fig 4.2E
and Fig S4.2). As an independent approach to examine in vivo expression of connexins in
TNBC, we then performed RNA-seq on MTBTOM tumors and non-tumor control tissue (Table
S4.4). Of the 10 connexins for which data were available, 2/10 were significantly downregulated,
4/10 were significantly upregulated, and 4/10 were not significantly changed in MTBTOM
tumors versus control tissue (Fig 4.2F). Connexin 31 (GJB3, Cx31) was the most significantly
elevated connexin in both human TN tumors and the MY C-driven TNBC model. Thus, we
focused the remainder of our studies on Cx31. Cx31 has been found to be expressed in
keratinocytes, the small intestine, and the colon [35,36]. Although roles for various connexins as
oncogenes and/or tumor suppressors have been described [28,29], a pro-tumorigenic function of

Cx31 has not been established.

Accordingly, we sought to determine if functional Cx31-containing gap junctions form between
breast cancer cells and adipocytes. To validate the presence of cancer-adipocyte gap junctions in

TNBC, we began by examining primary patient biopsies for expression of Cx31 and of pan-
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cytokeratin to distinguish epithelial tumor cells. We found that both TN tumor cells and
adipocytes robustly express Cx31 at the plasma membrane. Further, we found many points of
cell-cell contact occurred in vivo between tumors and adipocytes (Fig 4.3A). To model the cell-
cell contact observed in vivo between breast cancer cells and adipocytes, we developed three
independent co-culture models. First, we performed 3-dimensional ex vivo studies by co-
culturing breast cancer cells directly within primary patient breast fat (Fig 4.3B). We stably
transduced HCC1143 (TNBC) and T47D (RP) with an mCherry expression plasmid, then
injected either mCherry-HCC1143 or -T47D cells directly into mammary adipose tissue
(WD43177) and co-cultured overnight. Tumor cell-adipocyte co-cultures were formalin-fixed,
paraffin-embedded and probed for Cx31 and pan-cytokeratin expression, then imaged using
immunofluorescent microscopy. We found that both HCC1143 cells and adipocytes robustly
expressed Cx31 at the plasma membrane; HCC1143 formed close cell-cell contacts with primary
adipocytes (Fig 4.3B, top). In contrast, while T47D cells formed cancer cell-cancer cell contacts,
we did not observe close cancer cell-adipocyte contacts (Fig 4.3B, bottom). These data suggest
that Cx31 can be expressed at both the tumor cell and adipocyte plasma membrane, and that

breast cancer cells can form close cell-cell contacts with adipocytes.

To determine whether breast cancer cells rely upon Cx31-containing gap junctions to influence
adipocyte function, we used CRISPR/Cas9 to generate a series of GJB3 depleted TN lines
(HS578T and HCC1143). In TN MYC-high TN cell line HCC1143, we generated two clones,
with ~1/3 and ~2/3 GJB3 expression loss (HCC1143 GJB3Y¢ and GJB3*"*). In TN MY C-low
line HS578T, we generated two distinct clones with ~1/3 GJB3 expression loss (HS578T

GJB3Med-l and GJB3Med2), Despite several attempts we were unable to generate TN cell lines
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with complete Cx31 loss, strongly suggesting that a basal level of Cx31 expression is required

for TN cancer cell growth.

To examine how Cx31 expression impacted cancer cell-adipocyte contact, we performed ex vivo
co-cultures with primary patient breast fat using the partially depleted Cx31 cell lines. We stably
transduced TN HCC1143 GJB3"T and GJB3%°" cell lines, as well as RP line T47D with a GFP
expression plasmid, then injected each line directly into primary mammary adipose tissue
(WD49393). After overnight incubation, co-cultured tissues were formalin-fixed and probed for
expression of Cx31 and lipolysis marker pHSL(S563) [17]. Tissues were then were cleared [37]

37T cells

and imaged via whole mount fluorescence microscopy. We found that HCC1143 GJB
formed extended cancer cell-adipocyte contacts, in tight conformation with adjacent adipocytes
(Fig 4.3D, top). In contrast, Cx31-depleted HCC1143 GJB3Lo" cells formed tangential contacts
with adjacent adipocytes (Fig 4.3D, middle), which we note closely mimic the tangential cancer
cell-adipocyte conformation observed in T47D (RP) co-cultures (Fig 4.3D, bottom). In mock co-
cultures, our positive control forskolin, which raises intracellular cAMP levels by activating
adenylyl cyclase [18], robustly induced pHSL(S563) expression and increased puncta compared
to vehicle-treated mammary adipose tissue (Fig S4.3, A-C). We observed greater pHSL(S563)

3T cells than

expression and elevated puncta in adipose tissue co-cultured with HCC1143 GJB
tissues with HCC1143 GJB3%" or T47D cells (Fig S4.3, D and E), indicating more cAMP-

dependent PKA activity. These results suggest that Cx31 level in breast cancer can moderate cell

contact with surrounding adipocytes and alter lipolytic signaling.
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We next sought to determine if Cx31 expression impacted tumor cell-adipocyte communication
using a co-culture model in which HCC1143 GJB3"7, GJB3d or GJB3L" cells were seeded in
2D culture and loaded with gap junction-transferable dye. We added primary mammary adipose
tissue from three healthy individuals (WD42295, WD43911, WD50223) directly on top of the
monolayers to permit direct contact. Tumor cells and adipocytes were co-cultured for 5 hours
and then assayed for gap junction-dependent dye transfer from the cancer cells to adipocytes. We
found that robust dye transfer occurred from the HCC1143 GJB3"7 cells to mammary adipocytes
from all three patients (Fig 4.3E). However, depletion of Cx31 expression by 1/3 or 2/3 in the
GJB3Med and GJB3*¥ lines, respectively, resulted in a significant decrease in dye transfer

3WT

compared to GJB3"" control cells (Fig 4.3E). These data suggest that functional gap junctions

form between TN breast cancer cells and adipocytes in a Cx31-dependent manner.

To determine if breast cancer cell gap junctions are permeable to cAMP, we treated a panel of
human TN and RP cell lines with CBX for 24 hours to inhibit pan-gap junction function and
ascertain if cCAMP was retained in the tumor cells. In 5 of 6 lines tested we found marked
increases in the levels of intracellular cAMP concentration in CBX- versus vehicle-treated cells
(Fig 4.3F). Additionally, significantly higher concentrations of cAMP were observed in high
MYC TN cells in comparison to low MYC TN or RP cells (Fig 4.3F). The increase in
intracellular cAMP upon pan-gap junction inhibition in 5 of 6 lines examined suggests that breast

cancer cell gap junctions are indeed permeable to cAMP.

We next tested whether cAMP is directly transferred from breast cancer cells to adipocytes and if

the abundance of Cx31 alters transfer. HCC1143 GJB3"T, GJB3Med or GJB3 " cells were seeded
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and loaded with a fluorescent cAMP analogue (fluo-cAMP). These monolayer cultures were then
co-cultured in direct contact with primary mammary adipose tissue from three healthy
individuals (WD47558, WD46812, WD50344), and incubated for 5 hours. Adipocytes were then
isolated from the tumor cells and assayed for fluo-cAMP. We found that cAMP transfer occurred
from control cells to adipocytes from all three patients (Fig 4.3G). However, as we observed
with transfer of gap junction-permeable dye (Fig 4.3E), depletion of Cx31 resulted in a
significant reduction of cAMP transfer (Fig 4.3G). Thus, cAMP is transferred from TN breast

cancer cells to adipocytes in a Cx31-dependent manner.

We next sought to determine if downstream cAMP signaling is activated in adipocytes in a
tumor-adipocyte gap junction-dependent manner. To determine if cAMP signaling is activated in
adipocytes upon cell-cell contact with breast cancer cells, we used a primary mouse preadipocyte
model that can be differentiated to adipocytes in vitro [18,38]. This model is ideal to study
downstream signaling during co-culture because changes in adipocyte transcription can be
assayed via qRT-PCR using murine-specific primers. Adipocytes were terminally differentiated
and then HS578T and HCC1143 GJB3 partial depletion cell lines were seeded directly on top of
adipocyte cultures. After co-culturing the cells for 24 hours we extracted RNA and assayed for
changes in murine-specific (thus adipocyte-specific in this system) expression of UCP1, a known
cAMP-responsive gene in adipocytes [18], to measure cAMP signaling. We also assayed for
mouse aP2 expression as a marker of adipocyte differentiation. Our positive control, forskolin,
robustly induced UCP1 expression compared to vehicle-treated cells (Fig 4.3H). The HCC1143
GJB3"T and GJB3M¢ lines both induced adipocyte UCP1 expression, but UCP1 induction was

significantly reduced in the GJB3:" co-cultures (Fig 4.3H). In contrast, none of the HS578T
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lines, including the GJB3"T control, were capable of inducing UCP1 expression (Fig 4.3H). All
conditions, including forskolin treatment, resulted in reduced aP2 expression (Fig 4.3H),
suggesting effects on adipocyte differentiation are distinct from those observed on cAMP
signaling. Given that Cx31 expression is similar in HS578T GJB3"" and HCC1143 GJB3Lo"
cells (Fig 4.3C), and that neither activate cAMP signaling (Fig 4.3H), it is possible that a Cx31
expression threshold is required for breast cancer cells to activate cAMP signaling in adjacent
adipocytes. Although direct transfer of cAMP among adipocytes in a homotypic interaction has
been described [21], this is the first description of gap junction-dependent activation of adipocyte

lipolysis in a heterotypic manner, by a tumor cell.

Finally, we sought to determine the contribution of breast cancer Cx31-dependent gap junctions
to tumorigenesis. We found that HS578T GJB3Y¢*! and GJB3M¢-?  and HCC1143 GJB3M¢d cell
lines did not display a difference in proliferation compared to their respective GJB3"7 control
lines (Fig 4.4A). In contrast, HCC1143 GJB3" cells demonstrate a significant reduction in
proliferation, while maintaining 93.7% viability relative to Cas9 controls (Fig 4.4A). These data
suggest that, even in the absence of breast cancer cell-adipocyte interaction, Cx31 may promote
breast cancer cell proliferation. To determine the contribution of Cx31 to breast tumorigenesis in
vivo, we transplanted each of the HS578T and HCC1143 Cx31 partial depletion lines into
mammary fat pads of immunocompromised NOD-SCID/gamma (NSG) female mice and assayed
for time of tumor onset and ethical endpoint (when tumor reaches 2cm in any dimension).
Remarkably, with the HS578T lines, in which partial GJB3 knockout had no effect on cell
proliferation in vitro (Fig 4.4A), 0/10 mice that received HS578T GJB3Me¢d-! or GJB3Med-2

xenografts (5 per line) developed tumors within 180 days (Fig 4.4B). Among the HCC1143
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lines, the GJB3M¢ line displayed a significant delay in both tumor onset and time to ethical
endpoint, while only 3 of 5 mice transplanted with the GJB3:°" line developed tumors, and none
reached ethical endpoint within 180 days (Fig 4.4B). We performed an independent xenograft
model wherein inducible Cx31 hairpins were transduced into the TN-MY CHigh BT549 human
breast cell line and found that Cx31 depletion significantly enhanced tumor-free survival
compared to controls (Fig 4.4C). Our data indicate that decreasing Cx31 expression is sufficient

to impair tumor growth, suggesting that gap junctions promote breast tumorigenesis in vivo.

We sought to clarify the effects of Cx31 on lipolysis versus other effects on tumor growth. To
determine if control and Cx31 partial expression loss tumors differentially induced lipolysis, we
collected tumor and NAT from HCC1143 GJB3"", GJB3¥*! and GJB3"* tumor-bearing mice,
as well as residual mammary glands from the two GJB3%°" mice that were transplanted, but
never developed tumors. Using immunoblot analysis, we probed for markers of lipolysis.
Notably, a marked reduction in total HSL expression was found in 3 of 3 HCC1143 GJB3""
NAT samples compared to control tissues (Fig 4.4D), consistent with persistent activation of
lipolysis leading to HSL downregulation [23,24]. In contrast, we did not observe a consistent
change in HSL expression in any of the other NAT samples analyzed from tumors with partial
Cx31 expression loss (Fig 4.4D). Interestingly, we found a marked increase in phospho-
HSL/HSL ratio in both the HCC1143 GJB3"Tand GJB3Y*/NAT samples, but this difference
was significantly reduced in HCC1143 GJB3!" NAT (Fig 4.4D). The increase in phospho-
HSL/HSL in GJB3"*¢NAT may be due to alternative modes of lipolysis activation, such as
secreted pro-lipolytic cytokines [4], which is congruent with the observed increase in UCP1

expression during GJB3M¢e-adipocyte co-culture (Fig 4.3H). To further interrogate lipolytic
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signaling in NAT, we probed for cAMP abundance in HCC1143 GJB3"T and GJB3"* tumors by
mass spectrometry. We found a significant increase in intratumoral cAMP level in HCC1143
GJB3"¢ tumors compared to the GJB3"7 control tumors (Fig 4.4E), consistent with diminished
transfer of cAMP to NAT. We examined GJB3"7 and GJB3"¢ tumors and associated NAT, and
assayed for differences in adjacent adipocyte size, as an indicator of lipolysis. We found a
significant increase in the average size of adipocytes adjacent to GJB3"¢ tumors compared to
GJB3"T control tumors (Fig 4.4F), again supporting a decreased induction of lipolysis in NAT

from Cx31 partial knockout tumors.

Finally, if the delay in HCC1143 GJB3¢ tumor onset (Fig 4.4B) was due to an inability to
activate lipolysis in adjacent adipocytes, we reasoned that pharmacological activation of lipolysis
should rescue this phenotype. Indeed, we found that daily intra-peritoneal injection of
CL316243, a specific B3-receptor agonist known to activate lipolysis in vivo [39], completely
rescued the delay in tumor onset observed in HCC1143 GJB3M¢? tumors, but did not further
promote the growth of HCC1143 GJB3"" tumors (Fig 4.4G). Taken together, these data indicate
that cAMP signaling, and lipolysis are activated in breast tumor-adjacent adipocytes in a Cx31-

dependent manner in vivo.

In summary, we find that lipolysis is activated in breast cancer-adjacent adipose tissue and that
functional gap junctions form between breast cancer cells, and between breast cancer cells and
adipocytes. In addition, cAMP is transferred via breast cancer cell gap junctions, and cAMP

signaling is activated in adipocytes adjacent to breast cancer cells in a gap junction-dependent
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manner. Finally, we established a previously unappreciated, functional role for Cx31-dependent
gap junctions in promoting breast tumor growth and activation of lipolysis in tumor-adjacent
adipose tissue in vivo, which may represent a new therapeutic target to treat pro-lipolytic breast
tumors. Furthermore, the recent discovery of gap junction formation and pro-tumorigenic signal
exchange between brain metastatic carcinoma cells and astrocytes [30] suggests that gap
junction-dependent heterotypic interaction between tumor and non-tumor cells may be an

emerging hallmark of tumorigenesis.

Materials and Methods

3CB patient population

Five hundred women with suspicious mammography findings (BIRADS 4 or greater) were
recruited and imaged before their biopsies using a 3-compartment decomposition dual-energy
mammography protocol (3CB). This was multicenter study with two recruitment sites:
University of California at San Francisco and Moffitt Cancer Center, Tampa, Florida. All
patients received a biopsy of the suspicious area, and breast biopsies were clinically reviewed by
the pathologists. A subset of pathology proven triple-negative (n = 6) and receptor-positive (n =
40) invasive cancers were selected for this study. All women received both cranio-caudal (CC)
and mediolateral-oblique (MLO) views. Exclusion criteria for the study were no prior cancer,

biopsies, or breast ipsilateral alterations, and no occult findings.

3CB imaging protocol
The 3CB method combines the dual-energy X-ray mammography attenuations and breast

thickness map to solve for the three unknowns water, lipid, and protein content [15]. We used

Hologic Selenia full-field digital mammography system (Hologic, Inc.) to image women with
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3CB. Two dual energy mammograms were acquired on each woman’s affected breast using a
single compression. The first exposure was made under conditions of regular clinical screening
mammogram. The second mammogram was acquired at a fixed voltage (39 kVp) and mAs for
all participants. A high energy exposure (39 kVp/Rh filter) was made using an additional 3-mm
plate of aluminum in the beam to increase the average energy of the high energy image. We
limited the total dose of this procedure to be approximately 110% of the mean-glandular dose of
an average screening mammogram. The images were collected under an investigational review
board approval to measure breast composition. The breast thickness map was modeled using the
SXA phantom [40]. The thickness validation procedure concluded in a weekly scanning of
specially designed quality assurance phantom [41]. The calibration standards and 3CB
algorithms are described in full elsewhere [15,42]. The region of interests of lesions and three
surrounding rings of 2 mm distance outward from lesion boundary were derived for water, lipid,
and protein maps. The median lipid measures of regions of interest within lesions, three rings
outside of lesions, differences and ratios between lesions and rings were generated for both CC

and MLO mammograms. Average values of generated variables of two views were used.

Histological sectioning, hematoxylin and eosin staining, and adipocyte area quantification

Invasive breast carcinomas were obtained from the Pathology Departments of the University of
California San Francisco (San Francisco, CA) and Moffitt Cancer Center (Tampa, FL). The
study population included 39 hormone receptor positive tumors (32 ER positive (+)/PR+/HER2
negative, 2 ER+/PR-/HER2-, 4 ER+/PR+/HER2+, and 1 ER+/PR-/HER2+), 6 triple negative
(ER-/PR-/HER2-) tumors, and 1 ER-/PR-/HER2+ tumor. Thirty-nine tumors were invasive

ductal carcinomas and 7 were invasive lobular carcinomas. Tissue was fixed in 10% formalin
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and embedded in paraffin, and 4 micron sections were cut for hematoxylin and eosin (H&E) and
immunohistochemical ER, PR, and HER?2 staining, as well as HER2 fluorescence in situ
hybridization (FISH) for a subset of tumors. ER, PR, and HER2 were scored according to
ASCO/CAP guidelines [43,44]. An H&E-stained slide demonstrating tumor and sufficient (at
least 0.5 cm) NAT was chosen from each of 11 tumors with available slides and subjected to
whole slide scanning at 400x magnification using an Aperio XT scanner (Leica Biopsystems,
Buffalo Grove, IL). Images were visualized using ImageScope software (Leica Biosystems). For
each tumor, 4 representative images at 50X magnification (at least 50 adipocytes per image)
from R1 and R3 were analyzed using Fiji imaging software with the opensource Adiposoft v1.13
plugin [45]. This study was approved by the institutional review board of the respective

institutions.

cAMP-dependent lipolysis signature
The cAMP-dependent lipolysis gene signature was generated using RNA-seq data of cAMP-

treated adipocytes [18]. Differentially expressed genes were sorted according to their P value and
the top 100 upregulated genes were chosen for the signature. This signature was then used to
calculated enrichment scores using the single-set gene set enrichment analysis (ssGSEA) method
[20]. “cAMP 100 signature” enrichment scores were calculated for a dataset containing multiple
samples from multiple regions surrounding breast tumors [19]. The dataset includes samples
from the tumor itself (n =9),and NAT 1cm (n=7),2cm (n=5),3cm (n=3)and 4 cm (n =4)
away from the tumor, in addition to healthy normal samples (» = 10). The spatial data set

of multiple regions surrounding breast tumors was download from EMBL-EBI ArrayExpress

(Accession E-TABM-276). Raw CEL files were downloaded and processed using custom
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Affymetrix GeneChip Human Genome U133 Plus 2.0 CDF obtained from BrainArray [46]. The
processing and normalization were performed using the Robust Multi-array Average (RMA)

procedure on Affymetrix microarray data.

Laser Capture Microdissection

Breast tumor tissue was sectioned at 6 um in a Leica CM 1850 Cryostat (Leica Microsystems
GmbH). The sections were mounted on uncharged glass slides without the use of embedding
media and placed immediately in 70% ethanol for 30 seconds. Subsequent dehydration was
achieved using graded alcohols and xylene treatments as follows: 95 % ethanol for 1 minute,
100% ethanol for 1 minute (times 2), xylene for 2 minutes and second xylene 3 minutes. Slides
were then dried in a laminar flow hood for 5 minutes prior to microdissection. Then, sections
were laser captured microdissected with PixCell II LCM system (Arcturus Engineering).
Approximately 5000 shots using the 30 micron infrared laser beam will be utilized to obtain
approximately 10,000 cells per dissection. All samples were microdissected in duplicate on

sequential sections.

SDS-PAGE and In-gel Digestion

All membranes containing the microdissected cells from breast tumor tissue were removed and
placed directly into a 1.5 mL Eppendorf tube. Membranes containing the microdissected cells
were suspended in 20 uL of SDS sample buffer, reduced with DTT and heated in a 70-80°C
water bath for approximately 10 min. The supernatant was then electrophoresed approximately 2
cm into a 10% Bis Tris gel, stained with Colloidal Blue with destaining with water, and the

region was excised and subjected to in-gel trypsin digestion using a standard protocol. Briefly,

101



the gel regions were excised and washed with 100 mM ammonium bicarbonate for 15 minutes.
The liquid was discarded and replaced with fresh 100 mM ammonium bicarbonate and the
proteins reduced with 5 mM DTT for 20 minutes at 55° C. After cooling to room temperature,
iodoacetamide was added to 10 mM final concentration and placed in the dark for 20 minutes at
room temperature. The solution was discarded and the gel pieces washed with 50%
acetonitrile/50 mM ammonium bicarbonate for 20 minutes, followed by dehydration with 100%
acetonitrile. The liquid was removed and the gel pieces were completely dried, re-swelled with
0.5 pug of modified trypsin (Promega) in 100 mM NH4HCOj3, and digested overnight at 37°C.
Peptides were extracted by three changes of 60% acetonitrile/0.1% TFA, and all extracts were
combined and dried in vacuo. Samples were reconstituted in 35 pL 0.1 % formic acid for LC-

MS/MS analysis.

LC-MS/MS Analysis, Protein Identification and Quantitation
Peptide digests were analyzed on a Thermo LTQ Orbitrap Velos ion trap mass spectrometer

equipped with an Eksigent NanoL.C 2D pump and AS-1 autosampler as described previously
[47]. Peptide sequence identification from MS/MS spectra employed the RefSeq Human protein
sequence database, release version 54, and both database and peptide library search strategies
[47]. For initial protein assembly, peptide identification stringency was set at a maximum of 1%
reversed peptide matches, i.e., 2% peptide-to-spectrum matches (PSM) FDR and a minimum of 2
unique peptides to identify a given protein within the full data set. To minimize false-positive
protein identifications, only proteins with a minimum of 6 matched spectra were considered. The
full dataset contained 850,847 filtered spectra corresponding to 31,594 distinct spectrum-peptide

sequence matches, which mapped to 24,946 distinct peptide sequences and 2,230
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indistinguishable protein identifications. The protein-level FDR for the final assembly was
5.14%. Spectral counts for each protein in the final assembly were calculated as the sum of

peptide-spectrum matches that met the criteria described above.

Orthotopic xenograft studies
The human samples used to generate patient-derived xenograft (PDX) tumors, as well as the

human non-tumor samples, were previously described [25]. The generation of the MTBTOM
tumor model has been previously described [26]. 4-week-old WT FVB/N and
immunocompromised NOD/SCID-gamma (NSG) female mice were purchased from Taconic
Biosciences. Viably frozen MTB-TOM, HCI002, HCI009 and HCI0O10 tumor samples were
transplanted into the mammary fat pad, following clearance of associated lymph node and
epithelium, of respective FVB/N and NSG mice. Tumor growth was monitored daily by caliper
measurement in two dimensions. When tumors reached 1 cm (MTBTOM) or 2 cm (PDX) in any
dimension mice were euthanized, tumor and NAT were isolated, and flash-frozen in liquid
nitrogen. The protocols described in this and other sections regarding animal studies were
approved by the UCSF Institutional Animal Care and Use Committee. For the HCC1143 and
HS578T control and Cx31 partial expression loss orthotopic xenografts, and for the BT549
shRNA knockdown orthotopic xenografts, 5 x 10° cells were resuspended 1:1 with matrigel
(Corning) and injected into the cleared mammary fat pads of 4-week-old WT NSG female mice.
Tumor incidence and growth were monitored daily via palpation and caliper measurement,
respectively. Mice were euthanized after 180 days or after tumors reached 2cm in any dimension.
For HCC1143 GJB3"T and GJB3"“ xenografts, a central slice of tumor and surrounding NAT

was fixed in 4% paraformaldehyde and embedded in paraffin for histological sectioning, H&E
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staining and adipocyte area quantification, while the remaining tumor and NAT tissues were
flash-frozen in liquid nitrogen. For other xenografts, NAT was isolated and flash-frozen in liquid
nitrogen. For the CL316243 experiment, mice were randomized into experimental groups
immediately post-orthotopic transplant. The following day, drug treatment was initiated and
mice received vehicle or 1 mg/kg CL316243, delivered by intraperitoneal injection, daily until
tumor incidence was recorded via palpation. For the Cx31 shRNA knockdown experiments,
mice were randomized into experimental groups immediately post-orthotopic xenograft, and

mice in the shCx31 knockdown group were administered doxycycline dietarily.

Immunoblot analysis

Proteins were extracted using RIPA buffer (Thermo) and proteinase (Roche) plus phosphatase
(Roche) inhibitor cocktails. Protein extracts were resolved using 4-12% SDS-PAGE gels (Life
Technologies) and transferred to nitrocellulose membranes (Life Technologies). Membranes
were probed with primary antibodies overnight on a 4 °C shaker, then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies, and signals were visualized with ECL (Bio-
Rad). The primary antibodies targeting the following proteins were used: B-actin (actin) (sc-
47778 HRP, Santa Cruz, 1:10,000), pHSL S563 (4139, Cell Signaling, 1:1000), HSL (4107, Cell
Signaling, 1:1000), HNF4a (ab41898, Abcam, 1:1000), and Cx31 (ab156582, Abcam, 1:1000).
Chemiluminescent signals were acquired with the Bio-Rad ChemiDoc XRS+ System equipped
with a supersensitive CCD camera. Where indicated, unsaturated band intensities were

quantified using Bio-Rad Image Lab software.
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Cell culture and virus production

A panel of established TN and RP human breast cancer cell lines, and their culture conditions,
have previously been described [48]. No cell line used in this paper is listed in the database of
commonly misidentified cell lines that is maintained by the International Cell Line
Authentication Committee (ICLAC) (http://iclac.org/databases/cross-contaminations/). All lines
were found to be negative for mycoplasma contamination. Lentiviruses for Cas9 and sgRNAs
were produced in 293T cells using standard polyethylenimine (Polysciences Inc.) transfection

protocols.

Dye transfer and FACS analysis

For cancer cell-cancer cell transfer, monolayers of indicated lines (donors) were labelled with
1uM CalceinAM dye (Life Technologies) at 37°C for 40 min. Dye-loaded ‘donor’ cells were
washed three times with PBS, and then single-cell suspensions of 1.5 X 10° mCherry-labelled
cells (recipients) were added for 5 hours. For CBX treatment studies, monolayers of indicated
lines (recipients) were pre-treated for 24 hours with 150uM CBX or vehicle. Indicated ‘donor’
cells were loaded in suspension with CalceinAM dye (Life Technologies) at 37°C for 40min,
washed three times with PBS, and added onto indicated ‘recipient’ cells for 5 hours. Dye transfer
was quantified by BD LSRFORTESSA or BD LSR II (BD Biosciences). Gating strategy to
identify mCherry-positive, Calcein-positive cell population is described in Fig. S4.4. For cancer
cell-adipocyte transfer, monolayers of indicated control or Cx31 partial knockout lines (donors)
were labelled with 1 uM CalceinAM dye at 37°C for 40 min. Dye-loaded cells were washed
three times with PBS, and then primary mammary adipose tissues (recipient) were added for 5

hours. Primary adipose tissue was isolated from co-culture, washed with PBS, and dye transfer
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was quantified by measurement of total adipose fluorescence using a Tecan fluorescent plate

reader.

Gene expression analysis

TCGA breast-invasive carcinoma data set was sourced from data generated by TCGA Research
Network (http://cancergenome.nih.gov), made available on the University of California, Santa
Cruz (UCSC) Cancer Browser. Single-cell RNAseq data was sourced from data generated by
Chung, et al.[34]. For the MTBTOM data set, 11 endpoint MTBTOM orthotopic xenografts
generated as described above, and 3 mammary glands from naive mice, were flash-frozen in
liquid nitrogen. Library preparation and Illumina RNAseq was performed by Q*Solutions
(www.q2labsolutions.com). Gene expression analyses were performed using the ‘limma’ R
package [49]. For the panel of established TN and RP human breast cancer cell lines [48], library
preparation and Illumina RNAseq was performed by Novogene (www.novogene.com). All RNA

was isolated using the RN Aeasy kit (Qiagen).

ATP quantification

To determine the effects of CBX treatment on ATP levels, tumor cells were seeded in 96-well
plates at 5,000—7,000 cells per well and cultured in the presence of 0 or 150 uM CBX (Sigma)
for 24 hours, with triplicate samples for each condition. Relative ATP concentrations were

determined using the CellTiter-Glo Luminescent Cell Viability Assay (Promega).
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Isolation of primary mammary adipose tissue

Anonymous reduction mammoplasty samples were acquired from the Cooperative Human
Tissue Network (CHTN). Samples were washed in DPBS supplemented with 1 %
Penicillin/Streptomycin and 0.1 % Gentamicin (all GIBCO). Mammary adipose tissue was
separated mechanically from epithelial tissue using a razor blade, and was then cryopreserved in

freezing medium (10% DMSO (Sigma) in FBS (X&Y Cell Culture)).

Immunofluorescence staining and microscopy

For adipose tissue cancer cell co-cultures imaged whole mount, 2 X 10° of the indicated GFP-
labelled cell line was suspended in 500ul. DMEM/F-12(Gibco 11320033) containing 10% FBS
and injected into primary mammary adipose tissue from a healthy individual, then cultured at
37°C for 24 hours. For immunofluorescence labeling of co-culture tissues, samples were washed
three times in PBS and fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton X-100 for
15min, and blocked in 10% goat serum in PBS with 0.25g/L. BSA, 0.2% Triton X-100, and
0.41% Tween-20 overnight. Samples were then incubated overnight with primary antibodies
(Cx31, WH0002707M1, Sigma, 1:100, and pHSL(S563), 4139, Cell Sig, 1:100), and then
overnight with Alexa Fluor-647 or -546 conjugated antibodies. Finally, using an established
protocol for whole mount breast tissue imaging[37], co-culture tissues were cleared through
overnight incubation at 4 °C in a ‘FUnGI’ solution of 50% glycerol (vol/vol), 2.5 M fructose, 2.5
M urea, 10.6 mM Tris Base, and 1 mM EDTA. Confocal images were acquired using a Zeiss
LSM900 with Airyscan 2 detector. For pHSL(S563) image quantification, fluorescence was
measured using Fiji imaging software, and Difference of Gaussians was used for analysis of
puncta number and percent area. For sectioned adipose tissue co-culture, 1 X 10° of the indicated

mCherry-labelled cell line was injected into primary mammary adipose tissue and cultured at
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37°C for 18 hours. The co-cultures were examined using fluorescent microscopy to identify
regions of adipose tissue containing mCherry-positive cancer cells. These regions were isolated
and fixed in 4% paraformaldehyde and embedded in paraffin. Primary TNBCs used for
immunofluorescence were identified and retrieved from the clinical archives of the University of
California San Francisco (UCSF) Department of Pathology. All tumors consisted of estrogen
receptor (ER)-, progesterone receptor (PR)-, and HER2-negative invasive ductal carcinomas.
Breast tissue was fixed in 10% formalin and embedded in paraffin. Tumor blocks with sufficient
tumor and adjacent (at least 0.5 cm) normal tissue were selected, and 4um sections were cut on
plus-charged slides for immunofluorescence. This study was approved by the UCSF institutional
review board. For immunofluorescence labeling of sectioned co-cultures and primary TNBC,
slides were dewaxed in xylene followed by rehydration in graded ethanol (100, 95, 70%) and
deionized H20. Antigen retrieval was performed in 10mM Tris, ImM EDTA, 0.05% Tween 20,
pH 9 at 121 °C for 4 min. Subsequently, tissue sections were blocked in 1% bovine serum
albumin, 2% fetal bovine serum in PBS for 5 min, and incubated with primary antibodies (Cx31,
12880, Proteintech, 1:50 and pan-cytokeratin, sc-81714, Santa Cruz, 1:50) overnight at 4 °C.
Following several PBS washes, sections were incubated with Alexa Fluor-488 or -568
conjugated antibodies, counterstained with DAPI (Sigma), and mounted using Vectashield
(Vector). Epifluorescence images were acquired either by spinning disk microscopy on a
customized microscope setup as previously described [50-52] except that the system was
upgraded with a next generation scientific CCD camera (cMyo, 293 Photometrics) with 4.5 um
pixels allowing optimal spatial sampling using a A~60 NA 1.49 objective (CFI 294 APO TIRF;

Nikon), or at the UCSF Nikon Imaging Center using a Nikon Ti Microscope equipped with an
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Andor Zyla 5.5 megapixel sSCMOS camera and Lumencor Spectra-X 6-channel LED illuminator.

Images were collected using a Plan Apo A 20x / 0.75 lens.

Generation of Cx31 partial expression loss lines
LentiCas9-Blast (Addgene plasmid #52962) and lentiGuide-Puro (Addgene plasmid #52963)

were gifts from Feng Zhang. sgRNAs against Cx31 were constructed using the Feng Zhang Lab

CRISPR Design Tool (crispr.mit.edu). sgRNAs used were as follows:

Cx31 exon 1 sgl: CCAGATGCGCCCGAACGCTGTGG (HS578T GJB3Med! and HCC1143
G.JB3Med)
Cx31 exon 1 sg2: CCGGGTGCTGGTATACGTGGTGG (HS578T GJB3¥2 and HCC1143
GJB3ov)

ShRNAs against Cx31 and GFP control were constructed using Tet-pLKO-Puro (Addgene

plasmid #21915). shRNAs used were as follows:

shCx31:

Cx31.shRNA3 forward:

ccggAAGCTCATCATTGAGTTCCTCctcgagGAGGAACTCAATGAT GAGCTTtttttg
Cx31.shRNA3 reverse: aattcaaaaa AAGCTCATCATTGAGTTCCTCctcgagGAGGAACTCAAT
GATGAGCTT

shGFP [53]:
shGFP_forward: CCGGTACAACAGCCACAACGTCTATCTCGACATAGACTTGTGGCTG
TTGTATTTTTG

shGFP_reverse: CAAAAATACAACAGCCACAACGTCTATGTCGAGATAGACGTTGTGG
CTGTTGTACCGG

Lentiviral transduction was performed in DMEM supplemented with 10% FBS and polybrene 10
pg/mL. For sgRNA transduction, Cas9-expressing cells were enriched by Blasticidin (10-15
ng/mL Gemini BioProducts) selection for seven days. Cas9+ cells were subsequently transduced
with lentiGuide-Puro (with sgRNAs targeting Cx31) followed by puromycin (1 pg/mL; Gibco)

for seven days. Thereafter, clonal selection was performed and clones screened for loss of target
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gene protein expression by immunoblot analysis. For shRNAs, cells were transduced with Tet-
pLKO-Puro (with shRNAs targeting Cx31 or GFP control[53]) followed by puromycin (2
ug/mL; Gibco) for seven days, after which knockdown of target protein was confirmed by

immunoblot analysis.

cAMP quantification
For in vitro studies, tumor cells were seeded in 96-well plates at 5,000—7,000 cells per well and

cultured in the presence of 0 or 150 uM CBX (Sigma) for 24 hours, with triplicate samples for
each condition. Changes in cAMP concentration were determined using the cAMP-Glo Assay
(Promega). For in vivo studies, frozen tissue was homogenized using a TissueLyser in 300 pl of
40:40:20 acetonitrile:methanol:water with the addition of 1 nM (final concentration) of D3-
[I5N]serine as an internal extraction standard (Cambridge Isotopes Laboratories Inc, DNLM-
6863). 10 ul of cleared supernatant (via centrifugation at 15,000 r.p.m., 10 min, at 4 °C) was
used for SRM-LC-MS/MS using a normal-phase Luna NH2 column (Phenomenex). Mobile
phases were buffer A (composed of 100% acetonitrile) and buffer B (composed of 95:5
water:acetonitrile). Solvent modifiers were 0.2% ammonium hydroxide with 50 mM ammonium
acetate for negative ionization mode. cAMP levels were analyzed using the MassHunter software
package (Agilent Technologies) by quantifying the transition from parent precursor mass to

product ions.

cAMP transfer
For cancer cell-adipocyte transfer, monolayers of indicated control or Cx31partial knockout lines

(donors) were labelled with 2uM fluo-cAMP (Biolog Life Science Institute) at 37°C for 30 min.
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cAMP-loaded cells were washed three times with PBS, and then primary mammary adipose
tissues (recipient) were added for 5 hours. Primary adipose tissue was isolated from co-culture,
washed with PBS, and cAMP transfer was quantified by measurement of total adipose

fluorescence using a Tecan fluorescent plate reader.

Preadipocyte differentiation and gRT-PCR
Primary mouse preadipocytes were differentiated as previously described [54]. Monolayers of

differentiated adipocytes were washed with PBS, and then treated with vehicle or 10uM
forskolin (Sigma), or seeded with 1 X 10° of the indicated cancer lines. Total RNA was isolated
from co-cultures after 20 hours using the RNeasy kit (Qiagen). One ng of total RNA was reverse
transcribed using iScript cDNA synthesis kit (Bio-Rad). The relative expression of UCP1, aP2,
and GAPDH was analyzed using a SYBR Green Real-Time PCR kit (Thermo) with an Applied
Biosystems QuantStudio 6 Flex Real-Time PCR System thermocycler (Thermo). Variation was
determined using the AACT method [55](48) with GAPDH mRNA levels as an internal control.

Mouse-specific primers used were as follows:

GAPDH forward: CCAGCTACTCGCGGCTTTA
GAPDH reverse: GTTCACACCGACCTTCACCA

UCP1 forward: CACCTTCCCGCTGGACACT

UCPI1 reverse: CCCTAGGACACCTTTATACCTAATGG
aP2 forward: ACACCGAGATTTCCTTCAAACTG

aP2 reverse: CCATCTAGGGTTATGATGCTCTTCA

Proliferation assays

To determine the effects of Cx31 partial knockout on cell proliferation and viability, the
indicated cell lines were seeded in 6-well plates at 1.5 X 10° cells/well. Cells were harvested at

24, 48 and 72 h. Cell counts and cell viability by trypan blue exclusion were determined using
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the Countess Automated Cell Counter (Life Technologies) according to the manufacturer’s

instructions.

Statistical analysis

Prism software was used to generate and analyze Spearman correlation (Fig 4.1D) and the
survival plots (Figs. 4.4B, 4.4C and 4.4G). Correlation P values were generated using ordinary
one-way ANOVA (Figs. 4.1H, 4.3F, 4.3H, 4.4D and 4.4F), ordinary one-way ANOVA with
multiple comparisons (Fig 4.2B), repeated measures one-way ANOVA (Figs. 4.1B, 4.1F, 4.3E,
and 4.3G), repeated measures mixed effects model (Figs. 4.1C, 4.1E and 4.1G), and unpaired
two-tailed t test (Figs. 4.4A, 4.4E, S4.1A, and S4.1B). Survival plot P values was generated
using a log-rank test. All differential expression analyses (Figs. 4.2D and 4.2F) were done using

the ‘limma’ R package [49].

Code availability
Publicly available data sets were acquired as noted. Our annotations of the TCGA data set are

available (https://bitbucket.org/jeevb/brca). All data and code related to these studies are
available in the main text, supplementary materials and indicated repositories. The raw RNAseq

data will be deposited on GEO.
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from breast cancer patients and mouse models of breast cancer. Figure caption continued on the

Figure 4.1. Lipolysis and lipolytic signaling are activated in breast tumor-adjacent adipocytes
next page.



Figure caption continued from the previous page. (A) Representative lipid content image (left)
and hematoxylin and eosin stained excision specimen (right) from patients with invasive breast
cancer. The lesion (L), and NAT 0-2 mm (R1), 2-4 mm (R2), and 4-6 mm (R3) away are
indicated. (B) Percent lipid content (lipid content / lipid + water + protein content) of L, R1, R2
and R3 from patients (n = 46) with invasive breast cancer. (C) Adipocyte area in R1 and R3 from
a subset of patients (n = 11) in B. The black line indicates mean adipocyte area, and each patient
identifier is indicated. Each point represents individual adipocyte. (D) Correlation of change in
lipid content in B and change in average adipocyte area in C from R3 to R1 for matched patients
in C. Spearman correlation and two-tailed t test were used to generate the correlation coefficient
and associated P value. (E) ssGSEA enrichment scores for cAMP- dependent lipolysis signature
in primary breast tumors (n=9), NAT lcm (n=7),2cm (n=15),3 cm (n=3), and 4 cm (n =4),
and healthy non-tumor breast tissue (n = 10). Dotted line indicates fixed effects analysis across
matched samples. (F) HNF4a peptide counts from LC-MS/MS of primary tissue from healthy
control breast tissue (n = 42), NAT (n = 4), stroma (n = 36), and luminal A (n = 38), luminal B (n
=6), luminal A/B (n = 1), HER2-amplified (n = 9), HER2-amplified/luminal B (n = 5), and basal
(n = 16) tumors. Each point represents individual sample LCM on which LC-MS/MS was
performed. LCM and LC-MS/MS was performed in technical duplicate on sequential
histological slides from each patient. (G) Immunoblot analysis (left) showing expression levels
of lipolysis activators HSL and HNF4a, and phosphorylated HSL (pHSL S563) in healthy non-
tumor mammary gland and NAT and tumor tissues from a panel of PDXs. Quantification (right)
of pHSL/HSL ratio, normalized to b-actin levels. (H) Immunoblot analysis (left) showing
expression levels of lipolysis activators HSL and HNF4a, and phosphorylated HSL (pHSL S563)
in healthy non-tumor mammary gland, mock-transplanted mammary gland, and NAT and tumor
tissues from MTBTOM allografts. Quantification (right) of pHSL/HSL ratio, normalized to b-
actin levels. For (B) and (E) black lines indicate matched samples from individual patients. For
(F) and (H) mean =+ s.e.m. is shown. *P < 0.05, **P < 0.01, ***P <(0.001, ****P <(.0001;
repeated measures one-way ANOVA (B) and (F), repeated measures mixed effects model (C),
(E), and (G), ordinary one-way ANOVA (H).
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Figure 4.2. Breast cancer cells form functional gap junctions and express Cx31.

(A) Relative frequency of dye transfer from Calcein AM- loaded cells (donor) to mCherry-
labelled cells (recipient) as determined by FACS (fluorescence- activated cell sorting) analysis.
(B) ATP levels in TN high MYC, TN low MYC, and RP cell lines after treatment with 150 uM
CBX for 24 hours relative to untreated (control) cells. (C) Relative frequency of dye transfer
from Calcein AM- loaded cells (donor) to mCherry-labeled cells (recipient) treated with 150uM
CBX or vehicle control for 24 hours, as determined by FACS analysis. (D) Fold change (log2) in
expression of indicated connexin genes in TN (n = 123) versus RP (n = 648) tumors based on
RNA-seq data acquired from TCGA of 771 breast cancer patients. Figure caption continued on
the next page.
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Figure caption continued from the previous page. (E) Fraction of cells in (n=11) patient tumors
of RP and TNBC subtypes expressing indicated gap junction (GJ) family members, based on sc-
RNA-seq of 317 tumor cells. (F) Fold change (log2) in expression of indicated connexin genes in
T (n=11) versus NT (n = 3) tissues based on RNA-seq data from MTBTOM allograft-bearing
mice or healthy controls, respectively. For (A) and (C) mean + s.e.m. of three independent
biological replicates is shown. **P < (.01, ****P < (.0001; unpaired two-tailed t test (A) and
(C), ordinary one-way ANOVA (B). For (D) and (F), all differential expression analysis was
done using the ‘limma’ R package.
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Figure 4.3. Breast cancer cell-adipocyte gap junctions form, transfer cAMP, and activate
lipolytic signaling in a Cx31-dependent manner. Figure caption continued on the next page.
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Figure caption continued from the previous page. (A) Staining with Cx31 (green) and pan-
cytokeratin (magenta) of primary TNBC patient biopsies. Scale bar, top 100 um, bottom 25 pum.
(B) Staining with Cx31 (green) and pan-cytokeratin (magenta) of primary mammary tissue from
a healthy individual (WD43177) injected with TN mCherry-HCC1143 cells and co- cultured
overnight. White arrowheads indicate co-staining of Cx31 with contact point between HCC1143
and adipocyte plasma membranes. Scale bar, 25 pm. (C) Immunoblot analysis showing protein
expression levels of Cx31 in vitro in a panel of clonally derived control GJIB3 WT and partial
depletion TN lines with one-third and two- thirds loss of GJB3 expression. For the Cx31-
depleted lines each clone is referred to by level of GJB3 expression (e.g. GJB3Med expresses
two-thirds WT level, and GJB3Low expresses one third GIB3WT level). Quantification of Cx31
level normalized to b-actin level is indicated. (D) Staining with Cx31 (magenta) and
pHSL(S563) (yellow) of primary mammary tissue from a healthy individual (WD49393) injected
with GFP-expressing HCC1143-GJB3WT (top), HCC1143-GJB3Low (middle), or T47D cells
(bottom) and co-cultured overnight. White arrowheads indicate co-staining of Cx31 and
pHSL(S563) at contact point between GFP cancer cells and adipocytes. Scale bar, 50 pm.

(E) Dye transfer from indicated HCC1143 control and Cx31-depleted lines to primary mammary
adipose tissue of indicated (n = 3) healthy individuals. (F) cAMP levels in TN high MYC, TN
low MYC, and RP cell lines after treatment with 150 uM CBX for 24 hours, relative to untreated
(control) cells. (G) cAMP transfer from indicated HCC1143 control and Cx31 partial expression
loss lines to primary mammary adipose tissue of indicated (n = 3) healthy individuals. (H) Fold
change in UCP1 and aP2 expression in differentiated adipocytes after treatment with vehicle
(control) or 10 uM forskolin, or co-cultured with indicated Cx31 partial expression loss lines for
24 hours. For (F) and (H) mean + s.e.m. of three independent biological replicates is shown. *P <
0.10, *P < 0.05, **P < 0.01, ***P < 0.001; repeated measures one-way ANOVA for (E) and (G),
ordinary one-way ANOVA for (F) and (H).
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Figure 4.4. Cx31 loss impairs breast cancer cell growth in vitro, tumorigenesis, and activation of
lipolysis in adjacent adipocytes in vivo. Figure caption continued on the next page.
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Figure caption continued from the previous page. (A) Cell growth of indicated Cx31 partial
expression loss lines in HCC1143 (left) and HS578T (middle) over 72 hours, and cell viability at
72 hours of indicated partial GJB3 depletion lines normalized to WT control (right). (B) Kaplan-
Meier analysis of tumor onset (top) and ethical endpoint survival (bottom) of mice bearing
indicated Cx31 partial expression loss orthotopic xenografts (n =5 per group). Ethical endpoint
survival indicates the percentage of mice bearing xenografts < 2cm in any dimension.

(C) Kaplan-Meier analysis of tumor onset in mice bearing indicated xenografts with inducible
Cx31 (shCx31) or GFP (shGFP) hairpin, with doxycycline (shGFP n =7, shCx31 n=5) and
without doxycycline (shGFP n = 13, shCx31 n = 5). (D) Immunoblot analysis (left) showing
expression levels of HSL and phosphorylated HSL (pHSL S563) in healthy non-tumor mammary
gland and NAT from mice bearing indicated Cx31 partial expression loss xenografts or mice that
were transplanted, but subsequently did not develop a tumor. Quantification of total HSL
(middle) and of pHSL/HSL ratio (right), normalized to b-actin levels. (E) Fold change in cAMP
levels in HCC1143 GJB3Med xenografts versus HCC1143 GIB3WT xenografts. (F) Adipocyte
area adjacent to HCC1143 GJB3Med xenografts (n = 5) and HCC1143 GIJIB3WT xenografts

(n =4) and area in control non-tumor (NT) mice (n=3). The black line indicates mean adipocyte
area. Each point represents an individual adipocyte. (G) Kaplan-Meier analysis of tumor onset of
mice bearing indicated Cx31 partial expression loss orthotopic xenografts (n = 5 per group) and
treated with vehicle or with Img/kg CL316243. For (D) and (E) mean =+ s.e.m. is shown. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; unpaired two-tailed t test (A) and (E), log-rank
test (B), (C) and (G), ordinary one-way ANOVA (D) and (F).
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Figure S4.1. NAT lipid content by receptor status and tumor grade, and adipocyte area
quantification.

(A) Change in lipid content in R3 of NAT versus R1 of NAT from TN and RP patients.

(B) Change in lipid content in R3 of NAT versus R1 of NAT from grade 1, 2 and 3 patients.
(C) Example of Adiposoft software output on manual mode before curation to identify whole,
individual adipocytes. P values indicated; unpaired two-tailed ¢ test (A) and (B).
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Figure S4.2. Fraction of cells expressing gap junction family by tumor compartment cell type.
Figure caption continued on the next page.

122



Figure caption continued from the previous page. Single cell (n = 515) RNA-seq of B cell
(n = 83), myeloid cell (n = 38), stromal cell (n =23), T cell (n = 54) and tumor (n = 317) cell
compartments from the patient (n = 11) tumor microenvironment
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Vehicle 13 0.016
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N: 318096 Min: 0 N: 318096 Min: 0
Mean: 17.867 Max: 255 Mean: 43.970 Max: 255
StdDev: 16.268 Mode: 5 (19872) StdDev: 33.520 Mode: 27 (5677)
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Co-cultured Line | No. of Puncta | Percent Area

HCC1143-GJB3"" 21 0.026
HCC1143-GJB3t 11 0.016
T47D 4 0.004

Figure S4.3. Quantification of lipolysis signaling in primary mammary adipose tissue from
indicated cancer cell co-cultures and controls. Figure caption continued on the next page.

124




Figure caption continued from the previous page. (A) Staining with Cx31 (magenta) and
pHSL(S563) (yellow) of control mammary adipose tissue injected with either vehicle (top) or 10
uM forskolin (bottom) and cultured for 24 hours. Scale bar, 50 pm. (B) Histogram of
pHSL(S563) expression in indicated co-culture control tissues. (C) Quantification of
pHSL(S563) puncta number and percent total area in indicated co- culture control tissues.

(D) Staining (top) and histogram (bottom) of pHSL(S563) in mammary adipose tissue co-
cultured with indicated GFP-tagged cancer cell lines. Cancer cell pHSL(S563) signal was
masked out using GFP tag. Scale bar, 50 um. (E) Quantification of pHSL(S563) puncta number
and percent total area in mammary adipose tissue co-cultured with indicated cell line.
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Figure S4.4. Flow cytometry gating strategy to identify mCherry-positive, Calcein AM-positive
cells.

Representative experimental control sample, HCC1143 cells. Side scatter and forward scatter
were used to distinguish all cells from debris. Forward scatter was used to distinguish singlets
(single cells) from all cells. Live cells were identified as negative for live/dead staining. Live
single cells positive for mCherry were identified. Of mCherry- positive cells, CalceinAM-
positive and -negative populations were distinguished.
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LTI

Table S4.2. Sample specifications and study sources for applied clinical samples and datasets.

Figure/Table Study Name/Title Author Sample Type Data Sample Number Reference no./
Name Collected Citation
Fig. 3.1B Mammographic Drukker et | Breast Three- Reference no. 16
- quantitative image al. 2014 mammography CB?QE?ETCIE?
Fig. 83.1 analysis and biologic imagery of imaging 3CB Pathology RCB
Tab. S3.1 image composition primary lesion
for breast lesion
Flg- 3.1C characterization and Triple-Negative Receptor-Positive
- classification 11/46 Unknown
Fig.3.1D i 6 40
Fig. 3.1E Epithelial progeny of | Cheng et | Microdissection | THC on primary Primary NAT 1 NAT NAT NAT Healthy NT Reference no. 19
estrogen-exposed al. 2008 of tissues from breast 15510“ Tumor o 2cm 3em 4Cm ey
breast progenitor patient sun:zn ding
cells diSplay a mastectomy tissue by radius,
cancer-like contralateral 9 7 5 3 4
methylome and normal
tissue
Tab. S3.2A | Data first reported Williams/C | Laser capture LC-MS/MS First reported here
here amarda microdissection
etal. of primary patient Her2-
tumors and ]gg;lttrl:)}l] NAT Stroma Lum.A Lum.B Lurg.A/ IZ(:;ZP; Amp/ Basal
Tab. S3.2B adjacent tissue, Lum.B
and healthy
patient control
Fig. 3.1F tissue.
42 4 36 38 16 1 9 5 16
Fig' 3.2C The Cancer Genome TCGA Primary breast RNA-Seq Triple-Negative Receptor-Positive TCGA Research
Atlas Program cancer lesion Network,
tissue 123 648 https://www.
cancer.gov/tcga
ig. 3. Data first reported Williams/C | Primary breast IHC First reported here
g P
here amarda adipose tissue
etal. if;(()i?\llﬁjng Ithy 8 samples prefixed ‘WD’
Werb Lab,
UCSF
Fig. 3.2E Single-cell RNA-seq Chung et | Primary breast scRNA-Seq Reference no. 34
enables al. 2017 cancer lesion
comprehensive tissue
Fio. S3.2 tumour and immune 317 cells total from 11 tumors were sequenced
18- 5. cell profiling in
primary breast
cancer




Additional Supplementary Table Legends:

Table S4.1. Patient ID, receptor status, histological section availability, percent lipid content
(lipid content / lipid + water + protein content) of L, R1, R2 and R3, and Scarff- Bloom-
Richardson (SBR) grade from patients (n = 46) with invasive breast cancer.

Table S4.3. LC-MS/MS of LCM samples from 75 patients with invasive breast cancer and 42
healthy subjects. (A) Sample number, ID number, tissue type, and tumor subtype (when
applicable) of 75 patients and 42 healthy subjects. (B) Spectral counts of proteins detected via
LC-MS/MS from samples in (A).

Table S4.4. RNA expression changes in MTB-TOM tumors (n = 11) compared to non- tumor
mammary glands (n = 3). Differential expression analysis was performed using the ‘limma’ R
package [49].
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In Vivo Optical Metabolic Imaging of Long-Chain Fatty Acid Uptake in Orthotopic

Models of Triple-Negative Breast Cancer

Targeting a tumor’s metabolic dependencies is a clinically actionable therapeutic approach;
however, identifying subtypes of tumors likely to respond remains difficult. The use of lipids as a
nutrient source is of particular importance, especially in breast cancer. Imaging techniques offer
the opportunity to quantify nutrient use in preclinical tumor models to guide development of new
drugs that restrict uptake or utilization of these nutrients. We describe a fast and dynamic approach
to image fatty acid uptake in vivo and demonstrate its relevance to study both tumor metabolic
reprogramming directly, as well as the effectiveness of drugs targeting lipid metabolism.
Specifically, we developed a quantitative optical approach to spatially and longitudinally map the
kinetics of long-chain fatty acid uptake in in vivo murine models of breast cancer using a
fluorescently labeled palmitate molecule, Bodipy FL c16. We chose intra-vital microscopy of
mammary tumor windows to validate our approach in two orthotopic breast cancer models: a
MY C-overexpressing, transgenic, triple-negative breast cancer (TNBC) model and a murine
model of the 4T1 family. Following injection, Bodipy FL c16 fluorescence increased and reached
its maximum after approximately 30 min, with the signal remaining stable during the 30-80 min
post-injection period. We used the fluorescence at 60 min (Bodipy60), the mid-point in the plateau
region, as a summary parameter to quantify Bodipy FL c16 fluorescence in subsequent
experiments. Using our imaging platform, we observed a two- to four-fold decrease in fatty acid
uptake in response to the downregulation of the MYC oncogene, consistent with findings from in
vitro metabolic assays. In contrast, our imaging studies report an increase in fatty acid uptake with
tumor aggressiveness (6NR, 4T07, and 4T1), and uptake was significantly decreased after

treatment with a fatty acid transport inhibitor, perphenazine, in both normal mammary pads and in
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the most aggressive 4T 1 tumor model. Our approach fills an important gap between in vitro assays
providing rich metabolic information at static time points and imaging approaches visualizing

metabolism in whole organs at a reduced resolution.
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Simple Summary: A dysregulated metabolism is a hallmark of cancer. Once understood, tumor
metabolic reprogramming can lead to targetable vulnerabilities, spurring the development of novel
treatment strategies. Beyond the common observation that tumors rely heavily on glucose, building
evidence indicates that a subset of tumors use lipids to maintain their proliferative or metastatic
phenotype. This study developed an intra-vital microscopy method to quantify lipid uptake in
breast cancer murine models using a fluorescently labeled palmitate molecule, Bodipy FL c16. This
work highlights optical imaging’s ability to both measure metabolic endpoints non-destructively and
repeatedly, as well as inform small animal metabolic phenotyping beyond in vivo optical imaging of
breast cancer alone.

Abstract: Targeting a tumor’s metabolic dependencies is a clinically actionable therapeutic approach;
however, identifying subtypes of tumors likely to respond remains difficult. The use of lipids as
a nutrient source is of particular importance, especially in breast cancer. Imaging techniques offer
the opportunity to quantify nutrient use in preclinical tumor models to guide development of new
drugs that restrict uptake or utilization of these nutrients. We describe a fast and dynamic approach
to image fatty acid uptake in vivo and demonstrate its relevance to study both tumor metabolic
reprogramming directly, as well as the effectiveness of drugs targeting lipid metabolism. Specifically,
we developed a quantitative optical approach to spatially and longitudinally map the kinetics of
long-chain fatty acid uptake in in vivo murine models of breast cancer using a fluorescently labeled
palmitate molecule, Bodipy FL c16. We chose intra-vital microscopy of mammary tumor windows to
validate our approach in two orthotopic breast cancer models: a MYC-overexpressing, transgenic,
triple-negative breast cancer (TNBC) model and a murine model of the 4T1 family. Following
injection, Bodipy FL c16 fluorescence increased and reached its maximum after approximately 30 min,
with the signal remaining stable during the 30-80 min post-injection period. We used the fluorescence
at 60 min (Bodipyg), the mid-point in the plateau region, as a summary parameter to quantify
Bodipy FL c16 fluorescence in subsequent experiments. Using our imaging platform, we observed
a two- to four-fold decrease in fatty acid uptake in response to the downregulation of the MYC
oncogene, consistent with findings from in vitro metabolic assays. In contrast, our imaging studies
report an increase in fatty acid uptake with tumor aggressiveness (6NR, 4T07, and 4T1), and uptake
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MYC Dysregulates Mitosis, Revealing Cancer Vulnerabilities

Tumors that overexpress the MYC oncogene are frequently aneuploid, a state associated
with highly aggressive cancers and tumor evolution. However, how MYC causes aneuploidy is
not well understood. Here, we show that MY C overexpression induces mitotic spindle assembly
defects and chromosomal instability (CIN) through effects on microtubule nucleation and
organization. Attenuating MY C expression reverses mitotic defects, even in established tumor
cell lines, indicating an ongoing role for MYC in CIN. MYC reprograms mitotic gene
expression, and we identify TPX2 to be permissive for spindle assembly in MY C-high cells.
TPX2 depletion blocks mitotic progression, induces cell death, and prevents tumor growth.
Further elevating TPX2 expression reduces mitotic defects in MY C-high cells. MYC and TPX2
expression may be useful bio-markers to stratify patients for anti-mitotic therapies. Our studies
implicate MYC as a regulator of mitosis and suggest that blocking MYC activity can attenuate

the emergence of CIN and tumor evolution.
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SUMMARY

Tumors that overexpress the MYC oncogene are
frequently aneuploid, a state associated with highly
aggressive cancers and tumor evolution. However,
how MYC causes aneuploidy is not well understood.
Here, we show that MYC overexpression induces
mitotic spindle assembly defects and chromosomal
instability (CIN) through effects on microtubule
nucleation and organization. Attenuating MYC
expression reverses mitotic defects, even in estab-
lished tumor cell lines, indicating an ongoing role
for MYC in CIN. MYC reprograms mitotic gene
expression, and we identify TPX2 to be permissive
for spindle assembly in MYC-high cells. TPX2 deple-
tion blocks mitotic progression, induces cell death,
and prevents tumor growth. Further elevating TPX2
expression reduces mitotic defects in MYC-high
cells. MYC and TPX2 expression may be useful bio-
markers to stratify patients for anti-mitotic therapies.
Our studies implicate MYC as a regulator of mitosis
and suggest that blocking MYC activity can atten-
uate the emergence of CIN and tumor evolution.

INTRODUCTION

Aneuploidy, a state of abnormal chromosome number, is a hall-
mark of cancer, with >70% of common solid tumors found to be
aneuploid (Boveri, 2008; Cimini, 2008). Aneuploidy is frequently
caused by chromosomal instability (CIN), chromosome misse-
gregation that leads to chromosome loss or gain (Lengauer
et al., 1997; Thompson and Compton, 2008). CIN is a major
driver of tumor evolution and promotes drug resistance and

3368 Cell Reports 30, 3368-3382, March 10, 2020 © 2020 The Authors.
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metastasis (Bakhoum et al., 2018; Greaves, 2015; Turajlic and
Swanton, 2017); however, the major mechanisms that induce
CIN remain poorly understood.

The MYC oncogene is frequently overexpressed in a wide
variety of aggressive and metastatic tumors and has been asso-
ciated with aneuploidy (Felsher and Bishop, 1999a; Karlsson
et al., 2003; McCormack et al., 1998; Soucek and Evan, 2010).
One of the key biological functions of MYC is its ability to facili-
tate entry and progression through G1 and S phases of the cell
cycle by regulating gene transcription (Bretones et al., 2015).
However, whether MYC also affects mitotic progression and in-
duces CIN is unclear. We and others have found that cells with
elevated MYC activity are sensitive to mitotic interruption such
as treatment with microtubule-targeting agents, mitotic kinase
inhibitors, or small interfering RNA (siRNA)-mediated depletion
of spindle-related genes (Dauch et al., 2016; Goga et al., 2007;
Horiuchi et al., 2012; Kessler et al., 2012; Littler et al., 2019; Mar-
tins et al., 2015; Menssen et al., 2007; Pereira et al., 2017;
Topham et al., 2015). However, a molecular mechanism for the
synthetic-lethal interactions of MYC with mitotic regulators is
missing. Clarifying such a mechanism could reveal novel treat-
ment strategies for aggressive MYC-overexpressing cancers.

Chromosome segregation is mediated by the mitotic spindle,
while spindle error detection occurs through the spindle assem-
bly checkpoint (SAC). The SAC delays chromosome segregation
until appropriate attachments of chromosomes to spindle micro-
tubules are established (Joglekar, 2016). In cancer cells, where
CIN is common, chromosomes frequently missegregate as a
result of microtubule-chromosome attachment errors that are
not detected by the SAC (Bakhoum et al., 2009). Various defects
in spindle formation can cause attachment errors and CIN
(Cimini, 2008). One key mediator of spindle formation is the
microtubule-binding protein TPX2, which is overexpressed in
many aggressive human tumors, and its overexpression is highly
correlated with CIN (Carter et al., 2006; Hu et al., 2012). However,
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Chapter 6: Concluding remarks

142



Summary

Defining the cellular adaptations that permit altered fatty acid metabolism (FAM) and
aggressive growth in TNBC has both clinical value and a broader bearing in elucidating tumor-
microenvironment interactions. In Chapter 2, we reviewed the role of driver oncogenes in tissue-
specific alteration to tumor metabolism, the importance of modeling tumor metabolism in vivo,
and how potent oncogene MYC can drive disparate metabolic changes through carcinogenesis
based on tumor tissue of origin. We described strategies for in vivo modeling of MY C-driven
tumor metabolism, and technological advancements including the shift from snapshot
metabolomics towards kinetic flux analysis. MYC drives tumor metabolic reprogramming in a
tissue-specific fashion, and glucose and glutamine metabolism can each increase or decrease
based on tissue of origin; understanding specific dependencies in each context could bear clinical
significance. MYC also drives changes to downstream utilization of glutamine, with various
cancers showing relative increases and decreases to glutathione levels and regulation that lend
different therapeutic vulnerabilities. Finally, we outline various MY C-driven changes to lipid
metabolism, with dysregulation observed in MY C-driven hepatoblastoma and hepatocellular
carcinoma but mechanistic links not well-established. In TNBC with elevated MYC (a majority),
prior studies identified elevated FAO, and targeting FAO machinery was shown to block in vivo
tumor progression.

To look for targetable features in TNBC lipid metabolism, I next explored the
intracellular adaptations that permit increased FAO. In Chapter 3 1 examined the role of fatty
acid binding proteins in TNBC, and their link to MYC level. Upregulation of Fatty acid binding
protein 5 (FABPS) has been identified in patient TN tumors and a mouse model for MYC-driven

breast cancer, and its role in lipid metabolism is interrogated. I observed elevated FABPS in
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patient-derived triple-negative (TN) cell lines, but increased expression across TN MY C-high
and -low lines suggested, in contrast to prior evidence, that levels may not be solely regulated by
MYC. Consistent with prior findings, I found that inhibition of FABP5/7 with an available
compound impaired TNBC cell proliferation and disrupted lipid homeostasis, indicating
therapeutic potential for targeting FABPS5. A prior study showed transient FABPS silencing
impaired cell proliferation and lipid metabolism, in line with results of pharmacological
inhibition, however I found that complete genetic knockout did not recapitulate deficits to
growth and FAM. It is possible that other FABPs compensate following FABPS loss, suggesting
it may be difficult to model specific contributions to FAM using persistent genetic knockout.
Preclinical studies indicate that targeting FA import machinery including CD36 could be
sufficient to disrupt lipid metabolism in breast cancer. Proposed cell-extrinsic contributions of
CD36 to breast tumorigenesis through adipocyte reprogramming emphasize a need to consider

TNBC interactions with the tumor microenvironment to decode its dysregulated FAM.

In Chapter 4, 1 described a mechanism by which MY C-driven TNBC drive
reprogramming of FAM in adipocytes through cancer cell-adipocyte contact. Studying breast
tumors and normal adjacent tissue from several patient cohorts and patient-derived xenograft
models, we showed that lipolysis and lipolytic signaling are activated in tumor-adjacent
adipocytes. We investigated the tumor-adipocyte interface and found that functional gap
junctions form between cancer cells and, and that cAMP, a critical lipolytic signaling molecule,
is transferred in a gap junction-dependent manner. We observed specific elevation of connexin
31 (GJB3) in patient TN tumors and a mouse model for MY C-driven breast cancer, and
engineered GJB3-depleted TN MY C-high and -low cell lines to define its contributions to tumor

progression. I performed direct cancer cell-adipocyte co-cultures using normal patient breast fat
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and determined that GJB3 depletion lowered transfer of gap junction-dependent dye and of
cAMP to breast adipocytes. Using immunofluorescence and tissue clearing, I imaged direct co-
cultures and saw marked contact between GJB3-WT TN cells and breast adipocytes, with
contrasting, tangential contact by RP cels or GJB3-depleted TN cells. We performed in vivo
studies with GJB3-depleted and -knockdown PDX lines, and found GJB3 depletion was
sufficient to block tumor growth. GJB3-depleted tumors displayed increased intracellular cAMP,
and proximate adipocytes displayed increased size and decreased lipolysis compared to WT.
From this study we concluded that pro-lipolytic tumor cell-adipocyte interactions contribute to

tumorigenesis, may have potential as new therapeutic target in breast cancer.

These studies, in summary, portray how TNBC both permit altered intracellular FAM and
transduce pro-tumorigenic signals that alter FAM in the tumor niche. Altered metabolism is a
hallmark of cancer, and is often reflective of the tumor microenvironment; here we observed
altered FAM both in and near tumor cells. The invasive tumor front abuts adipocytes in a range
of cancer contexts, and defining mechanistic roles for cancer cell-adipocyte contact in tumor
growth has relevance in unraveling links between obesity and cancer, and in targeting tumor
metastasis to fat depots, both current topics of interest. While prior studies examining roles of
adipocytes in tumorigenesis have broadly identified indirect, autocrine, paracrine and endocrine
signaling from adipocytes to tumors, this work highlights the importance of modeling direct
cancer cell-adipocyte contact, and of accounting for the tumor microenvironment when

examining altered metabolism in cancer.
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Future Directions

The foundational observation that most TNBCs feature and depend upon elevated fatty
acid oxidation (FAO), insights into altered intracellular fatty acid (FA) trafficking (Chapter 3),
and the discovery of cancer cell signaling to alter FAM in surrounding tissue (Chapter 4), beget
new and important questions about bioenergetic reliance on FAO in this aggressive subset of
breast cancers. | emerged with greater appreciation for contact-dependent cancer cell signaling
with the tumor microenvironment, for the unforeseen contributions of gap junctions in TNBC
tumor growth, and for the role of tumor-adjacent lipolysis in TNBC progression. Still, a direct
connection between adipocyte lipolysis in the TNBC tumor microenvironment and the import
and catabolism of released FA by tumor cells has yet to be established. Given evidence that they
induce lipolysis in surrounding adipocytes, do TNBC tumors rely on FA liberated from adipocyte
lipolysis for tumor growth? Metabolic tracing co-culture studies would be required to delineate
whether FA derived from adipocyte lipolysis undergo import and FAO in proximate breast
cancer cells. Do TNBC feature altered FA import machinery? Given the metabolic shift to FAO
in these aggressive breast cancers and evidence that Cx31 tumor cell-adipocyte gap junctions are
pro-tumorigenic (Chapter 4), understanding whether pro-lipolytic cAMP signaling from these
tumors specifically satisfies a need for available FA in TNBC cells would lend new insight to
how tumor cells can coopt surrounding tissue to fulfill their metabolic requirements. In any case,
with in vivo data indicating genetic depletion of Cx31 is sufficient to impair tumor growth, would
selective GJB3 (Cx31) inhibition block TNBC growth in a clinical setting? There are some
selective Cx43 hemichannel inhibitors available for GJA1 (Cx43), the most well-characterized

gap junction in cancer.
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This work also gives rise to broader questions about the contributions of cancer cell-
adipocyte gap junctions to tumorigenesis in other cancer contexts. Our ability to quantify lipid
content and adipocyte size in normal adjacent tissue (NAT) of breast cancer patients in Chapter
4 is owed to a pioneering study (from our collaborator John Shepherd, PhD) wherein advanced
mammographic imaging termed ‘three compartment breast lesion detection’ (3CB) was used to
quantify compositional thicknesses of water, protein, and lipid for breast cancer screening
patients. These data and associated tumor and NAT pathology allowed us to assess clinical
evidence of lipolysis across a significant number of breast cancer patients and at standardized
margins from respective breast lesions. The co-culture and in vivo work that followed reveals
mechanistic evidence for an established clinical trend. Though tumor cells border adipocytes in a
range of primary and metastatic cancers, exploration of tumor-adjacent lipolysis in other fat
depots such as the omentum would not be bolstered by this sort of powerful clinical dataset.
Mouse models do, however, exist for ovarian cancers with omental tropism. Does gap-junction
dependent lipolysis contribute to tumorigenesis in other cancers with adipose
microenvironments, such as omental metastases? Is there a role for gap junction-dependent
lipolysis in driving obesity-linked cancers? Are gap junctions or lipolysis in the tumor

microenvironment viable therapeutic targets in other cancer contexts?
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