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Metabolic requirements necessitate microenvironmental crosstalk in breast 

cancer 

Roman Camarda 

Abstract 

 Despite marked advancements in targeted therapeutics, breast cancer remains 

the most diagnosed cancer and second leading cause of cancer-related death in 

women in the United States. The triple-negative subtype of breast cancer (TNBC), 

which lacks expression of the estrogen, progesterone and human epidermal growth 

factor 2 receptors, has the highest proliferative and metastatic indices, and there are no 

TNBC-specific therapies available in the clinic. Expression of the oncogenic 

transcription factor MYC is elevated in TNBC. By its nature as a transcription factor, it is 

challenging to drug MYC directly. An alternative strategy is a synthetic lethal approach 

in which pathways are identified that are essential for MYC-overexpressing tumor cells, 

but not normal cells. It has been shown that MYC alters metabolism during 

tumorigenesis, however, its role in TNBC metabolism remains largely unexplored. In 

addition, previous studies have largely been conducted in vitro, which may not 

recapitulate metabolism found in vivo.  

From targeted metabolomics on a transgenic mouse model of MYC-

overexpressing TNBC and RNA expression analysis of primary TNBC samples from 

The Cancer Genome Atlas (TCGA), I identified fatty acid oxidation (FAO) as 

dysregulated in TNBC. Using a variety of models, I demonstrated that MYC-

overexpressing TNBC has an increased bioenergetic reliance on FAO, and that 

inhibition of FAO abrogates tumor growth. Given the interface that exists between 
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cancer cells and adipocytes in the breast, I examined whether tumor-adjacent adipose 

tissue could be a source of fatty acids that fuel tumorigenesis. Studying tumors and 

adjacent tissue from patient cohorts and mouse models, I found that lipolysis is 

hyperactivated in breast tumor-adjacent adipocytes. I investigated the tumor-adipocyte 

interface and found that gap junctions form between breast cancer cells and adipocytes 

that transfer cAMP, a lipolysis-inducing signaling molecule, from tumor cells to 

adipocytes. In addition, tumor-adipocyte gap junction formation requires connexin 31 

(Cx31), the most upregulated connexin in the TCGA TNBC cohort, and Cx31 is 

essential for tumor growth and activation of lipolysis. Thus, I have identified FAO and 

tumor cell-adipocyte gap junctions as critical elements of TNBC tumorigenesis that may 

serve as new therapeutic targets to treat this aggressive subset of breast cancer. 
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Chapter 1 

In vivo reprogramming of cancer metabolism by MYC 
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Summary 

The past few decades have welcomed tremendous advancements towards 

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 MYC-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. 
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Introduction 

Cancer is a disease of uncontrolled growth, and proliferating cells change their 

metabolic demands compared to quiescent cells1,2. 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. 

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 clinic4,5. However, it has become 

increasingly apparent that while glycolysis and glutaminolysis certainly play major roles 

in some tumors4,5, alternative sources of “fuel” can be just as, if not more, important6. 

Notably, targeting of alternative metabolic pathways, for example lipid biosynthesis, is 

currently in clinical trials against a variety of tumor types, and cannot be undervalued7.  

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 cancers8. 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; Figure 1 and Table 1). For example, we and others 

have demonstrated that MYC expression is elevated in the estrogen, progesterone and 
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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 Lymphoma8,11. 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 metabolism8. 

Regulation of MYC’s transcriptional activity12, and the role of MYC’s transcriptional 

binding partners in the regulation of metabolism13 have been studied and reviewed, and 

will not be discussed here. It is also 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 challenging14,15. Thus, alternative strategies of targeting MYC-driven cancers 

via selective inhibition of cellular pathways, like metabolism, that may selectively kill 

MYC-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 al16, and expanded upon by many others17,18. 

The ability of MYC to dynamically regulate cellular metabolism in cancer is well 

established19,20. 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 models19,20. 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 environment21. Further, the dynamic nature of metabolic 

stressors and plasticity in vivo is difficult to model in vitro, particularly en masse. Primary 
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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 modelled in tissue culture21. 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 

metabolism22. This last point is particularly prescient given the recent demonstration by 

Altman et al that MYC itself can dysregulate circadian gene expression and 

metabolism23, however, these findings have yet to be validated in vivo. 

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 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 end24. 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 
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MYC-driven tumorigenesis, usually in the form of transgenic mouse models. While we 

acknowledge that many findings from in vitro studies of MYC-driven cancer metabolism 

hold true in vivo19,20, we will discuss here the various models used to study the 

regulation of cancer metabolism by MYC in vivo (summarized in Table 1), and provide 

broader context on some of the questions that remain to be answered. 
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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 

warrants21. One particularly important consideration is the difference between “snap-

shot” strategies of studying metabolism versus kinetic flux analyses, and how the use of 

chemically labelled 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 labelled 

metabolite25. A second snap-shot strategy is 13C tracer analysis, in which a 13C-labelled 

metabolite is infused or fed to the subject, and mass spectrometry is used to identify 

downstream metabolite labelling patterns26. The use of 13C-labelled 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 account26. A 

common approach to achieve flux analysis is with constant infusion of an isotopically 

labelled tracer, 13C-glucose for example, that will achieve isotopic steady state as 13C 

enrichment becomes stable over time26. 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 pathway25,26.  Moreover, 

interpretation and validation of metabolic data is critical, as for example, accumulation of 
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a particular metabolite could have multiple potential interpretations (i.e. increased 

activity of an upstream anabolic pathway or decreased activity of a downstream 

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 and many others 

has demonstrated, the composition of solid tumors includes a number of different cell 

types27 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 MYC-driven cancer (Table 1). The overall message is that while MYC-

driven metabolism during tumorigenesis is quite tissue-specific, some shared pathways 

also emerge (Figure 1). 
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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 

prognosis28–32. In addition, MYC expression is commonly found to be upregulated in 

hepatoblastoma (HB), a liver tumor type that predominates in pediatric patients33.  

To study MYC-dependent metabolism in HCC, we and others have utilized the 

MYC-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 doxycycline28. Importantly, mRNA 

expression analysis reveals that LT2-MYC tumors effectively model poorly 

differentiated, aggressive liver cancer29. 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 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 tumors34. 
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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 MYC 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 spectrometry35. The authors found that MYC-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 MYC-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 model36. This was in 

direct contrast to glucose and glutamine utilization in transgenic MYC-driven lung 

tumors37,38.  Unlike MYC-driven liver tumors, MYC-driven lung tumors displayed 

elevated lactate and glutamine levels, which was suggestive of increased glucose 

catabolism, but not glutamine catabolism. MYC-driven lung tumors displayed increased 

LDHA, Hk2, Gls1 as well as Glul. Likewise, a similar model of transgenic MYC-driven 

lung cancer displayed increased LDHA and Hk2, as well as enzymes from several other 

metabolic pathways, at the mRNA level39.  
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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 doxycycline40. Using 

desorption electrospray ionization mass spectrometry imaging (DESI-MSI), the authors 

studied the metabolic profiles of non-tumor kidney, MYC-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.  Schroff 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 MYChigh 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 sulfide (BPTES) abrogated the growth of MYC-driven kidney 

tumors40, implicating glutamine utilization as critical for MYC-driven RCCs, similar to 

what was found in MYC-driven HCC36. 

Additional evidence that MYC dysregulates glutamine metabolism was provided 

by a recent study that found elevation of the glutamine synthetase (Glul) enzyme and 
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glutamine abundance in a transgenic mouse model of dual MYC and KRAS-driven 

pancreatic cancer, compared to tumors driven by KRAS alone41.  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 

MYC- or AKT-driven prostate cancer42,43, 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 HK2 and 

the glucose transporter GLUT-1 in mouse and human prostate tumors that were 

MYChigh, compared to control tissue and AKThigh tumors. In addition, the authors found 

specific dysregulation of several long-chain fatty acids in MYChigh tumors, but the 

functional significance of these changes was not addressed44.  

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 downregulate 

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 potential40. 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 

metabolism34,35, other metabolic pathways had not been fully explored. Using the 

conditional MYC-driven liver cancer model we conducted global mRNA expression and 

mass spectrometry-based metabolomic analyses on LT2-MYC tumors versus control 

uninduced transgenic livers30. 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 

metabolism30. 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 MYC-driven 

liver cancer45. We found that glutamine-derived carbons preferentially fueled the TCA 

cycle versus glutathione production in MYC-driven liver tumors compared to control liver 

tissue. Mechanistically, we found that GCLC expression was downregulated by miR-18a 

in a MYC-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 
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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 cell loss, TUNEL staining as a marker of apoptosis, and decreased MYC 

expression30. Notably, it had been previously demonstrated in vitro that MYC-dependent 

suppression of miR-23a/b results in increased Gls1 and glutaminolysis activity46,47. 

Thus, MYC can alter the expression of specific miRNAs (i.e. miR18a and miR23a) 

which in turn regulate glutamine metabolism. MYC-dependent regulation of miRNAs 

may be a common mechanism through which MYC reprograms tumor metabolism 

(Figure 2) and deserves broader consideration beyond HCC.  

In neuroblastoma, the MYC-related transcription factor MYCN is found to be 

amplified in ~20% of neuroblastomas, and its amplification is associated with poor 

prognosis48. To study the role of MYCN in neuroblastoma metabolism, Carter & Sutton 

et al utilized the TH-MYCN transgenic model of MYCN-driven neuroblastoma in which 

MYCN is overexpressed in cells of the neural crest49. 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 MYCN-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, 
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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 MYCN-driven neuroblastoma could have an increased 

dependence upon glutathione metabolism. Indeed, the 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 alone48.  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 MYC-driven tumors, such as liver 

cancers, may be especially sensitive to exogenous oxidative stress30.  

Terunuma et al conducted mass spectrometry-based metabolomics on primary 

breast cancer samples and adjacent non-tumor tissue50. 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 versus 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 
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recently demonstrated that 2-HG can be produced via LDHA in the context of 

hypoxia51,52, but Terunuma et al did not address whether hyoxia could explain 2-HG 

production in the breast tumors analyzed. However, they did find a strong correlation 

between 2-HG levels, MYC 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 levels50 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 MYC-dependent regulation of LDHA, 

as discussed above, may contribute to the 2-HG production observed, but this remains 

to be determined. 

In summary, MYC’s regulation of glutamine metabolism is extensive. In the case 

of glutathione, relative decreases30 and increases48 were observed depending on the 

cancer type. With a decrease, tumors were found to be sensitive to an inducer of 

oxidative stress30, while an increase led the tumors to be sensitive to GCLC inhibition 

during the early phase of tumor formation48. 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 explored50. 
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MYC dysregulates lipid metabolism 

The role of MYC in HB metabolism has not been studied as extensively as 

HCC53, but it is worth noting that a recent study performed global mRNA expression 

analysis in a somatic transgenic model of b-catenin/YAP-driven HB performed in mice 

with either MYC-wildtype (WT) or MYC-knockout (KO) hepatocytes. The authors found 

that MYC 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 tumors33. For example, MYC-KO tumors displayed reduced 

expression of the fatty acid transporter CD36, with a concomitant decrease in lipid 

droplet levels and fatty acid oxidation (FAO)33. 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 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 ~200µm resolution54. 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 MYC-driven liver cancer later led the same lab to use 

DESI-MSI to study MYC-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 cases8,11. To study MYC-driven 

lymphoma Eberlin et al utilized the conditional Eµ-tTA/TRE-MYC transgenic mouse 

model in which MYC is specifically expressed in lymphocytes only in the absence of 

doxycycline55. The authors reported a number of lipids that displayed differential 
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abundance in MYC-driven lymphoma compared to control non-tumor thymus. In 

addition, the authors performed DESI-MSI on 15 human lymphoma samples, including 5 

cases of Burkitt’s lymphoma, that were profiled for MYC expression such that they were 

classified as MYChigh or MYClow. Interestingly, there were many similarities between the 

lipid profiles of the mouse MYC-driven lymphomas and the human MYChigh lymphomas, 

and both were distinct from the human MYClow lymphomas11. Interestingly, some of the 

most differentially increased lipids in MYC-driven lymphomas were multiple cardiolipin 

species, which are known to play critical roles in mitochondrial membrane integrity. 

Thus, although Eberlin et al did not pursue the functional significance of dysregulated 

lipid metabolism, these changes could support alternative aspects of MYC-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 MYC-driven lymphoma (Eµ-

MYC)56,57. 

As mentioned above, we and others have demonstrated that MYC expression is 

disproportionately elevated in TNBC compared to receptor-positive (RP) tumors9,10. 

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 

manner58. 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-
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TOM model does resemble the Basal/TN subtype of breast cancer59. 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 MYC-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 MYC-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 MYChigh TN PDX, but did not inhibit tumorigenesis in a MYClow TN 

PDX model61. Notably, a separate study found elevated FAO in TNBC, and described 

an additional downstream role for FAO in promoting autophosphorylation and activation 

of the oncogenic Src kinase62.  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 MYC-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 tissue50, supporting 

our findings of dysregulated FAO in TNBC61. 

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 
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in vitro, including MYC-dependent induction of mitochondrial biogenesis63, which has 

been functionally linked to FAO in the context of MYC inhibition64. 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 MYChigh, but not MYClow PDXs, and it has been demonstrated that downregulation of 

ACC2 in transgenic mice is sufficient to upregulate FAO in vivo65. 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 cell66. 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 tumorigenesis66. Furthermore, FABP5 has been found to be 

upregulated in TNBC, and is associated with poor prognosis and recurrence-free 

survival in TNBC67.  Thus, we postulate that MYC 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 TNBC68,69.  PIM expression can promote PGC1a expression, a 

master regulator of FAO70. 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 

MYC-overexpressing TNBC71,72. Further studies are necessary to determine which, if 

any, of these potential mechanisms are indeed at play in the regulation of FAO in MYC-

overexpressing TNBC. 
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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 MYC-overexpressing TNBC61, and a separate 

study found similar results in a model of MYC-driven lymphoma57, it will be interesting to 

determine if this strategy could be expanded to MYC-driven HB and/or HCC. 
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Studies of protein and nucleotide metabolism in MYC-driven lymphoma 

In addition to studies of lipid metabolism, the Eµ-MYC model has also been used 

for studies of protein and nucleotide metabolism. Eµ-MYC lymphomas display elevated 

protein translation, a common of feature of many cancer types73. 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 

Eµ-MYC model it resulted in decreased tumorigenesis73. With this model, the same lab 

recently utilized NMR-based metabolomic analysis to profile changes in a number of 

metabolic pathways in non-tumor lymphocytes, pre-tumor MYC-driven lymphocytes, 

lymphocytes with reduced translation, MYC-driven lymphocytes with normalized 

translation, and tumorigenic MYC-driven lymphocytes. Cunningham et al 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 MYC-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, MYC-driven lymphomagenesis is at least in part dependent upon PRPS2 

as Eµ-MYC crossed with PRPS2-null mice have a significant delay in tumor initiation as 

well as a significant increase in survival74. 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 autophagy75.  Thus, a 
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combined increase in translation and autophagy may contribute to MYC-driven 

metabolic adaptation in lymphomas. 
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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 Eµ-tTA/TRE-MYC 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 MYC phosphorylation, and reduced MYC levels76. In liver cancer, 

however, atorvastatin was found to decrease MYC phosphorylation and protein levels 

downstream of Rac GTPase activity77. The broader implication of this finding is that a 

HMG-CoA reductase inhibitor such as atorvastatin deserves further consideration in 

MYC-overexpressing tumor types, and indeed atorvastatin did have anti-tumorigenic 

activity in the aforementioned models of MYC-driven liver cancer and lymphoma76,77. 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 activity78. 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 elucidated79. 
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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 

analogue 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 tissues80. Upregulation of hexokinase, which is very likely a MYC transcriptional 

target in at least some tumor tissues given it’s strong MYC-dependent regulation as 

discussed above and elsewhere81, results in phosphorylation and trapping of the FDG 

probe in cancers80. Although 18F-FDG-PET imaging has generally 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 reasoned 

that a correlation between the expression of some mRNAs and 18F-FDG uptake may 

allow 18F-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 MYC-dependent transcriptional activity. In addition, 
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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 

uptake82. 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-negative80. 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 MYC-driven breast cancer model with 18F-(2S,4R)4-fluoroglutamine83, which 

could be useful in a number of MYC-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 tumors and tumors that have metastasized to the 

brain84,85. 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 

MYC-driven model of liver cancer, and increased expression of ACSS2 was associated 

with poor prognosis in TNBC84. 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 cycle85. Thus, acetate deserves broader 

consideration as a bioenergetics substrate in MYC-overexpressing tumors, both in 

terms of therapeutic targeting and for imaging purposes. Finally, hyperpolarized 1-13C-
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pyruvate MRSI has been used preclinically34, but has also been adopted for imaging of 

patient tumors as part of a first-in-man clinical trial86. 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 studied87. 

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 HCC88,89, as well as breast cancer90–92. In addition, integrated metabolomic 

and proteomic analysis has been performed on primary RCC tumors93. 
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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 metastases94. Given that cancer cell metabolism has been shown to 

change in metastasis initiating cells95, when the metastatic cells are in circulation96, and 

depending on which organ the metastatic tumor colonizes97, further studies will need to 

determine whether the reliance on FAO, glucose, glutamine or other metabolites 

present in primary MYC-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 oxidation98. 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 MYC98. Of course, T-effector cells are 

just one of a large number of immune cell types present in the tumor microenvironment, 
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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 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 active99. Thus, 

targeting MYC-dependent metabolism in cancer could likely impact MYC-dependent 

metabolism in non-tumor cell types. 
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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, dysregulation 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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Figure 1: A summary of the metabolic alterations found in each MYC-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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Figure 2: MYC-dependent miRNA regulation of glutamine metabolism. MYC was found 
to downregulate miR-23a/b, which targets Gls, resulting in increased production of 
glutamate from glutamine46. 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 cycle30. Grey lines indicate a 
decreased effect, and dotted lines indicate a multi-step metabolic pathway. 
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Table 1: 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. 
  

Table 1: In vivo transgenic models of MYC-driven cancer (excluding hydrodynamic models)
Tissue/cancer specificity Model MYC-dependent metabolic pathways altered
Liver - HCC LAP-tTA/TRE-MYC Glycolysis25,26, glutaminolysis26, glutathione biosynthesis23,

Lung - NSCLC SPC-rtTA/TRE-MYC Glycolysis26

Kidney - RCC GGT-tTA/TRE-MYC Glycolysis30, glutaminolysis30

Pancreatic - PDAC Pdx1-Cre/LSL-KRASG12D/R26-LSL-MYC Glutaminolysis31

Prostate - PIN Pbsn-MYC Glycolysis34, lipid metabolism34

Neural crest - NB TH-MYCN Glutathione biosynthesis38

lipid metabolism41

Lymphocytes - BL Eμ-tTA/TRE-MYC Lipid metabolism11

Eμ-MYC/RPL24+/-

Breast - TNBC MMTV-rtTA/TRE-MYC Fatty acid oxidation48

Protein metabolism58, nucleotide metabolism59
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Chapter 2 

Inhibition of fatty acid oxidation as a therapy for MYC-overexpressing triple-

negative breast cancer 
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Summary 

Expression of the oncogenic transcription factor MYC is disproportionately elevated in 

triple-negative breast cancer (TNBC), as compared to estrogen receptor–, progesterone 

receptor– or human epidermal growth factor 2 receptor–positive (RP) breast cancer1,2. 

We and others have shown that MYC alters metabolism during tumorigenesis3,4. 

However, the role of MYC in TNBC metabolism remains mostly unexplored. We 

hypothesized that MYC-dependent metabolic dysregulation is essential for the growth of 

MYC-overexpressing TNBC cells and may identify new therapeutic targets for this 

clinically challenging subset of breast cancer. Using a targeted metabolomics approach, 

we identified fatty acid oxidation (FAO) intermediates as being dramatically upregulated 

in a MYC-driven model of TNBC. We also identified a lipid metabolism gene signature in 

patients with TNBC that were identified from The Cancer Genome Atlas database and 

from multiple other clinical data sets, implicating FAO as a dysregulated pathway that is 

critical for TNBC cell metabolism. We found that pharmacologic inhibition of FAO 

catastrophically decreased energy metabolism in MYC-overexpressing TNBC cells and 

blocked tumor growth in a MYC-driven transgenic TNBC model and in a MYC-

overexpressing TNBC patient–derived xenograft. These findings demonstrate that 

MYC-overexpressing TNBC shows an increased bioenergetic reliance on FAO and 

identify the inhibition of FAO as a potential therapeutic strategy for this subset of breast 

cancer. 
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Results 

We hypothesized that MYC-dependent metabolic dysregulation is essential for 

MYC-overexpressing TNBC. To test this hypothesis, we investigated tumor metabolism 

in a conditional doxycycline-inducible transgenic model of MYC-overexpressing TNBC 

(MTB-TOM)5,6. We used mass spectrometry to compare the global metabolic profile of 

MTB-TOM tumors to that of naive mammary glands from MTB-TOM transgenic mice in 

which MYC was not induced. Metabolite analysis revealed a number of dysregulated 

pathways in MTB-TOM tumors that are commonly associated with tumorigenesis—

including glycolysis, the tricarboxylic acid (TCA) cycle and fatty acid metabolism (Fig. 

1a, Supplementary Fig. 1 and Supplementary Table 1). Although fatty acid synthesis 

(FAS) is upregulated in many types of cancer, a MYC-dependent role for FAO in breast 

tumorigenesis has not previously been described4,7,8. Considering the proximity of 

primary breast tumors to the adipose-rich mammary gland, we chose to focus on the 

dysregulation of FAO in MYC-overexpressing TNBC cells. 

To investigate the role of MYC in FAO upregulation in TNBC cells, we returned to 

our MTB-TOM metabolomic data (Supplementary Table 1). Acylcarnitines are an 

essential intermediate and are involved in the first committed step of FAO9. To 

catabolize long-chain fatty acids (such as palmitate) to acetyl–coenzyme A (acetyl-

CoA), a major fuel for biosynthetic and bioenergetic metabolism, acyl-CoAs must be 

enzymatically converted to acylcarnitines across the outer mitochondrial membrane by 

carnitine palmitoyltransferase 1 (CPT1A or CPT1B)9. We found that all six acylcarnitine 

intermediates detected in our metabolomic analysis were significantly elevated in MTB-

TOM tumors than in control tissue (Fig. 1b). To further validate these steady-state 
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findings in vivo, we assayed acylcarnitine production in MTB-TOM tumors 4 h after 

intraperitoneal (i.p.) injection of [13C]palmitate into tumor-bearing mice. Tumor tissue 

had a fourfold increase in [13C]palmitoyl-carnitine production, as compared to that in 

control mammary gland tissue (Fig. 1c). Because [13C]palmitoyl-carnitine production 

was not normalized to overall uptake in this experiment, this increase could reflect a 

relative increase in fatty acid uptake, fatty acid utilization via oxidation or both. 

Nevertheless, taken together, these data indicate that the first committed step of FAO is 

upregulated in MYC-overexpressing TNBC cells. 

To determine how FAO is altered in TNBC, we analyzed RNA expression data 

from primary human tumors (771 patient samples from The Cancer Genome Atlas 

(TCGA)). Of 336 genes associated with fatty acid metabolism in the Gene Ontology 

database (GO:0006631), we found that 244 (73%) were significantly dysregulated 

(false-discovery rate (FDR) < 0.05) in triple-negative (TN) versus RP breast tumors 

(Supplementary Table 2). We also found that TN tumors showed upregulation of many 

genes that encode activators of FAO (including the gene encoding the master 

transcriptional regulator PPARG coactivator 1 alpha (also known as PGC-1α; encoded 

by PPARGC1A)) and downregulation of many genes that encode activators of fatty acid 

synthesis (FAS) (including fatty acid synthase (FASN) and acetyl-coA carboxylase beta 

(ACACB; also known as ACC2)) (Supplementary Table 2). We applied the fatty acid 

metabolism signature identified from TCGA samples (Fig. 2a) to four additional breast 

cancer clinical cohorts (2,119 total patients including those from TCGA) and confirmed 

that this signature was highly correlated with TNBC tumor samples (Supplementary Fig. 

2 and Supplementary Table 3)10–13. Next we confirmed upregulation of key FAO 



 57 

activators and downregulation of key FAS activators at the protein level in TN versus 

RP human breast cancer cell lines (Fig. 2b)4,14,15. Notably, whereas FASN and ACC2 

were markedly downregulated in TN cell lines as compared to RP cells, ACACA (ACC1) 

was expressed equivalently in TN and RP cell lines. To directly test whether FAO is 

increased in MYChigh TNBC cells, we measured [14C]oleic acid conversion to 14CO2 and 

found an ~50% increase in FAO in MYChigh TNBC cells as compared to MYClow TNBC 

cells or to RP cells (Fig. 2c). Taken together, these data suggest that FAO is 

upregulated in MYChigh TNBC cells. 

TNBC is the most aggressive subtype of breast cancer and is characterized by 

poor clinical outcome1,2. To determine whether FAO gene expression is associated with 

prognosis, we performed univariate analysis of the 336 fatty acid metabolism genes on 

a patient cohort with long-term distant recurrence-free survival data (Supplementary 

Table 4)11. We found that decreased expression of ACACB—which encodes the ACC2 

enzyme that produces malonyl-CoA to directly inhibit CPT1A and CPT1B, and therefore 

FAO—was associated with worse prognosis for all patients, as well as for the TNBC 

cohort (Fig. 2d)9. Although decreased ACACB expression was also associated with 

worse outcome for patients with RP tumors, the median time to distant recurrence-free 

survival was not reached in this cohort, suggesting that FAO may be a less important 

marker of tumor recurrence in RP cancers (Fig. 2d). These patient data suggest that 

decreased ACACB expression, and thus increased FAO, may contribute to the 

aggressiveness of breast tumors, with the worst outcome occurring in the TNBC subset. 

FAO is the primary bioenergetic pathway in many non-tumor tissues9. We 

therefore investigated whether this pathway is essential for energy production in MYC-
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overexpressing TNBC. We used etomoxir (a clinically tested, specific inhibitor of 

CPT1)16 to determine the effects of FAO inhibition on ATP and NAD(P)H production. 

We first examined nine human breast cancer cell lines (six TN and three RP) with 

various levels of MYC expression15. Etomoxir treatment dramatically inhibited ATP 

production in TNBC cell lines expressing high amounts of MYC, whereas TN and RP 

cell lines expressing low amounts of MYC were significantly less affected (Fig. 3). 

Analysis of cell proliferation and apoptosis revealed that etomoxir-treated MYChigh cells 

show decreased proliferation without a decrease in viability (Supplementary Fig. 3 and 

Supplementary Data). 

To validate the requirement for FAO in MYC-overexpressing TNBC, we used an 

orthogonal approach in which we extracted data from the Project Achilles data set17 for 

the knockdown of CPT1B. Specifically, the growth of 216 cancer cell lines was 

measured after each line was treated independently with five shRNAs specific for 

CPT1B17. To determine whether CPT1B expression was required for breast cancer 

growth, we focused on the 13 breast cancer cell lines tested (of which there was no 

overlap with the lines used above): BT20, CAL120, CAL51, HCC1187, HCC1395, 

HCC70, MDAMB453, BT474, EFM19, HCC1954, HCC2218, MCF7 and ZR7530. We 

categorized these lines as RP, TN MYClow and TN MYChigh (as in Fig. 3a) on the basis 

of MYC expression levels (data not shown). We found that the growth of TN MYChigh 

cells was significantly more sensitive to CPT1B knockdown than that of RP or TN 

MYClow cells (Fig. 3b). Additionally, we used siRNA to deplete CPT2, which encodes 

another essential FAO enzyme9. CPT2 knockdown markedly decreased proliferation of 

MYChigh TN cells, but it had a significantly weaker growth inhibitory effect on RP cells 
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(Fig. 3c and Supplementary Fig. 4). Thus, the results obtained with small-molecule 

inhibition or with knockdown of CPT1B, as well as with knockdown of CPT2, suggest 

that FAO is an essential metabolic pathway in MYC-overexpressing TNBC cells. 

FAO has been shown to be important for cells that have become detached from 

matrix and that are grown in nutrient-deprived conditions18,19. We therefore asked 

whether TN receptor and MYC status affect the response to FAO inhibition for tumor 

cells that are either not attached to matrix or deprived of glucose. To model matrix 

detachment, we used ultra-low-adhesion plates and grew breast cancer cell lines as 

spheres. Whereas TN MYChigh, TN MYClow and RP cells were all able to form viable 

spheres upon matrix detachment, TN MYChigh cells were significantly (P < 0.0001) more 

sensitive to FAO inhibition (Supplementary Fig. 5). Next we tested the additive effect of 

FAO inhibition and glucose deprivation. Both TN MYChigh and TN MYClow cells showed 

an increased sensitivity to glucose deprivation, as compared to that for RP cells 

(Supplementary Fig. 6), consistent with the well-established dependence on glycolysis 

for TNBC cell growth20. Concurrent depletion of glucose and inhibition of FAO resulted 

in an additive effect on ATP depletion in TN, but not in RP, cells (Supplementary Fig. 6). 

These results are consistent with previous findings that FAO is important for breast 

cancer cell survival and NADPH production, for conditions of limited glycolysis21, and 

suggest that TN MYChigh cells are more reliant on FAO for survival than MYClow cells 

under conditions of matrix detachment or nutrient deprivation. 

To confirm that the observed bioenergetic reliance for FAO in MYC-

overexpressing TNBC cells is a MYC-dependent phenotype, we examined whether 

conditional MYC expression alters the sensitivity of cells to FAO inhibition. We used two 
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approaches; the first was to use non-tumor human mammary epithelial (HMEC) cells 

expressing a 4-hydroxytamoxifen (TAM)-inducible MYC–estrogen receptor (ER) fusion 

protein (hereafter referred to as HMECMYC-ER cells), and the second was to use two RP 

lines, each stably transduced with a MYC overexpression construct or control vector1,15 

(Supplementary Fig. 7). TAM-induced HMECMYC-ER and MYC-transduced RP cells were 

significantly more sensitive to etomoxir than uninduced HMECMYC-ER and vector-

transduced RP cells, respectively (Fig. 3d). Furthermore, siRNA-mediated knockdown 

of MYC significantly rescued etomoxir sensitivity in three of four MYChigh TNBC cell lines 

tested (Fig. 3e and Supplementary Fig. 8). Finally, MYC protein expression significantly 

correlated with bioenergetic sensitivity to FAO inhibition in our panel of human breast 

cancer cell lines (Fig. 3f). Although MYC expression was not tightly correlated with FAO 

or FAS protein expression (Figs. 2b and 3f), it did correlate well with FAO-inhibition 

sensitivity and FAO activity (Figs. 2c and 3f). These data suggest that MYC expression 

is both necessary and sufficient to induce a bioenergetic reliance for FAO in breast 

epithelial and breast cancer cells. 

Given that our initial observation of dysregulated FAO was made in MYC-driven 

breast tumors, we sought to test the effects of FAO inhibition on the metabolism of 

MYC-overexpressing TNBC in vivo. We obtained a panel of human TN and RP breast 

cancer patient–derived xenografts (PDX) with various MYC levels (Fig. 4a)22. We 

administered etomoxir (60 mg per kg of body weight (mg/kg)) or vehicle by i.p. injection 

to mice bearing orthotopic HCI-002 MYChigh TNBC PDXs at two time points (0 and 24 h) 

(Fig. 4a)22. Metabolite analysis of HCI-002 tumors harvested at 26 h revealed a 

significant reduction in long-chain acylcarnitine levels, as well as a reduction in TCA 
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cycle intermediates (especially α-ketoglutarate) in drug-treated tumors, as compared to 

vehicle-treated tumors (Fig. 4b and Supplementary Table 5). Etomoxir-treated tumors 

had a significant increase in phosphorylated AMPK (pAMPK) levels, a well-established 

marker of bioenergetic stress, as compared to control-treated tumors (Fig. 4c). In a 

second metabolomic study, as compared to vehicle-treated tumors, MTB-TOM tumors 

that were treated with 20 mg/kg etoxomir for 14 d showed a marked reduction in the 

levels of the majority of TCA cycle intermediates measured, as well as in the level of 

ATP, and also showed a significant (P < 0.05) increase in AMP/ATP, ADP/ATP, 

UMP/UTP and UDP/UTP ratios (Supplementary Fig. 9 and Supplementary Table 6). 

These data indicate that treatment with an FAO inhibitor decreases bioenergetic 

metabolism in vivo in both transgenic and PDX models of TNBC. 

This observed reduction in bioenergetic metabolism prompted us to analyze the 

effects of prolonged FAO inhibition on the growth of MYC-overexpressing TNBC 

tumors. We performed orthotopic transfer of MTB-TOM or HCI-002 PDX tumors into the 

mammary fat pad of syngeneic FVB/N or immunodeficient NOD/SCID mice, 

respectively. In the case of MTB-TOM allograft-bearing mice, we administered 40 mg/kg 

etomoxir or vehicle by i.p. injection daily for 14 d; in the case of HCI-002 PDX–bearing 

mice, we administered 40 or 60 mg/kg etomoxir or vehicle by i.p. injection daily for 21 d. 

Etomoxir treatment resulted in a significant attenuation of tumor growth in both models 

and a significant extension of the time to ethical end point in the PDX model (Fig. 4d,e). 

In contrast, we observed no significant attenuation in tumor growth of mice with HCI-009 

MYClow TNBC PDX tumors that were treated with 40 mg/kg etomoxir (Fig. 4f). HCI-009 

showed a moderate level of ACC2 expression (Fig. 4a), suggesting that FAO might be 
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attenuated in these tumors and explaining their resistance to etomoxir. The efficacy of 

etoxomir in both MYChigh transgenic and PDX models, but not in a MYClow PDX model, 

suggests that high MYC expression, as well as low ACC2 expression, may serve as a 

biomarker of sensitivity to FAO inhibition. 

Next we determined the effects of FAO inhibition on cell proliferation and death. 

HCI-002 PDX–bearing mice that were treated with 60 mg/kg etomoxir showed 

significantly decreased staining of the cell proliferation marker Ki-67 in the tumors 

(indicative of decreased cell proliferation), as compared to tumors from vehicle-treated 

mice, and a dose-dependent increase in TUNEL staining (indicative of increased 

apoptosis) (Fig. 4g,h). In contrast, etomoxir treatment of cultured MYC-overexpressing 

TNBC cell lines had a marked effect on cell proliferation but no appreciable effects on 

cell death (Supplementary Fig. 3). These contrasting results suggest that FAO has a 

more critical role for in vivo tumor cell viability than it does in vitro. 

Elevated MYC expression was recently discovered to be a defining factor of 

TNBC1,2. The present study is among the first to investigate the role of MYC in TNBC 

metabolism in vivo20. Here we show that FAO is upregulated in MYC-overexpressing 

TNBC cells and that TNBC is sensitive to FAO inhibition in a MYC-dependent manner, 

as shown using several models of MYC-overexpressing TNBC in vitro and PDX and 

transgenic models in vivo. This work supports a critical role for FAO in TNBC, and it 

identifies high levels of MYC expression as a marker for this dependence. On the basis 

of our findings, inhibition of FAO as a therapeutic strategy for MYC-overexpressing 

TNBC should be further investigated. 
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Experimental procedures 

Patient-derived xenograft models. All human samples used to generate PDX tumors, 

as well as the human non-tumor samples, were previously described22. 

 

MTB-TOM tumor generation. All protocols described in this and other sections 

regarding animal studies were approved by the UCSF Institutional Animal Care and Use 

Committee. MTB-TOM (MMTV-rtTA/TetO-MYC) mice were generated as previously 

described5. Mice were bred and maintained off of doxycycline. At 12–15 weeks of age, 

female mice were put on doxycycline (200 mg/kg doxy chow, Bio-Serv) to induce MYC 

expression and tumorigenesis. Mice were monitored daily for tumor growth by 

inspection and caliper measurement in two dimensions. Mice were sacrificed as per 

ethical guidelines (tumors reaching 2 cm in any single dimension) and tumor(s) or 

mammary gland(s) were flash-frozen in liquid nitrogen. 

 

Metabolomics. For U-[13C]palmitate flux analyses, the labeled palmitate (Cambridge 

Isotope Laboratories Inc., CLM-409-0.5) or unlabeled palmitate (Sigma) was diluted in 

PEG40 (Spectrum) via sonication and was administered via intraperitoneal injection at 

100 mg/kg. 4 h after the injection, the animals were sacrificed and the tumors were 

flash-frozen. Nonpolar metabolites were extracted using a Dounce homogenizer in 4 ml 

of 2:1:1 chloroform:methanol:PBS spiked with 10 nmol of internal standards (C12:0 

dodecylglycerol and pentadecanoic acid; Sigma). Separation of organic and aqueous 

layers was achieved via centrifugation at 1,000g for 5 min at 4 °C. Secondary extraction 

of the aqueous layer was performed using 0.1% formic acid followed by addition of 2 ml 
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chloroform and further centrifugation. After combining the organic extractions, the lipid-

containing mixture was dried under nitrogen (N2) and dissolved in 120 μl chloroform. 

Single-reaction monitoring (SRM) liquid chromatography–coupled to tandem mass 

spectrometry (LC-MS/MS)—on an Agilent 6400 series QQQ using 10 μl of sample—

was achieved using a reverse-phase C5 column (Phenomenex, Luna 50 mm × 4.6 mm, 

5-μm particle diameter). Mobile phases were buffer A (composed of 95:5 

water:methanol) and buffer B (60:35:5 2-propanol:methanol:water). Solvent modifiers 

were 0.1% formic acid with 5 mM ammonium formate or 0.1% ammonium hydroxide for 

positive and negative ionization modes, respectively. For polar metabolites, frozen 

tissue was homogenized using a TissueLyser in 300 μl of 40:40:20 

acetonitrile:methanol:water with the addition of 1 nM (final concentration) of D3-

[15N]serine as an internal extraction standard (Cambridge Isotopes Laboratories Inc, 

DNLM-6863). 10 μl 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 0.1% formic acid 

or 0.2% ammonium hydroxide with 50 mM ammonium acetate for positive and negative 

ionization modes, respectively. All metabolites were analyzed using the MassHunter 

software package (Agilent Technologies) by quantifying the transition from parent 

precursor mass to product ions for each individual metabolite. 

 

Gene expression analysis. TCGA breast-invasive carcinoma data set was sourced 

from data generated by TCGA Research Network (http://cancergenome.nih.gov), made 
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available on the University of California, Santa Cruz (UCSC) Cancer Browser. Series 

matrix files for ISPY1 (accession code GSE22226) and a neoadjuvant chemotherapy–

treated cohort (accession code GSE25066) were downloaded from the Gene 

Expression Omnibus (GEO) site and processed using the GEOquery R package10,11,23. 

A chemotherapy-naive cohort and an aggressively treated early-stage cohort were 

obtained from the UCSC Cancer Browser12,13. Multiple probes corresponding to the 

same gene were collapsed using the ‘MaxMean’ method in the weighted correlation 

network analysis (WGCNA) R package24,25. A fatty acid metabolism gene set was 

compiled using genes containing the Gene Ontology term, GO:0006631 

(http://geneontology.org). An average expression profile (centroid) of these genes was 

calculated for the triple- negative subset of samples within the breast-invasive 

carcinoma data set from TCGA. Similarities between this centroid and the gene 

expression profiles of samples from the four independent clinical cohorts were then 

quantified using a Pearson correlation metric. Heat maps and clustering analyses were 

performed using the ‘gplots’ (http://cran.r-project.org/web/packages/gplots/index.html) 

and ‘cluster’ (http://cran.r-project.org/web/packages/cluster/index.html) R packages 

respectively. To generate Kaplan-Meier plots, samples were grouped by receptor status 

and dichotomized by ACC2 expression at an optimal threshold, yielding groups with the 

most significant difference in distant recurrence-free survival based on the log-rank test. 

Kaplan-Meier plots were then generated for the respective groups using the ‘survival’ 

(http://cran.r-project.org/web/packages/survival/ index.html) R package. Univariate Cox 

proportional-hazards regression analysis was performed using the ‘survival’ R package 

to assess the correlation of fatty acid metabolism gene expression to distant recurrence-
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free survival in the pooled neoadjuvant chemotherapy–treated cohort11. This was 

conducted for all tumors, TN tumors and RP tumors. 

 

Cell lines and propagation. A panel of established TN and RP human breast cancer 

cell lines, and their culture conditions, have previously been described15. Primary 

human mammary epithelial (HMEC) cells were derived from histologically normal breast 

tissues and cultured as previously described26. The cells were infected with a lentivirus 

expressing shRNA specific for the p16 isoform–encoding sequence of CDKN2A (as 

meant by ‘p16 shRNA’) and were then infected with the pBabe-MycER virus and named 

B1389-shp16-MycER (HMECMYC-ER) cells, as previously described27,28. Although 

expression of p16 shRNA delays senescence, the cells are not immortalized and 

undergo spontaneous senescence when continuously cultured. Therefore, these cells 

were not used beyond 12 passages after their derivation. HMECMYC-ER cells were 

treated with 4-hydroxytamoxifen (TAM) at 500 nM to induce MYC activation. RP 

(HCC1428 and T47D) cells stably overexpressing MYC have been previously 

described1. 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. 

 

Immunoblot analysis. Proteins were extracted using RIPA buffer (50 mM Tris-HCl pH 

7.6, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 2 mM 

EDTA) and proteinase (Roche) plus phosphatase (Roche) inhibitor cocktails. Protein 
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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: β-

actin (actin) (sc-47778 HRP, Santa Cruz, 1:10,000), PGC-1α (ab54481, Abcam, 1:500), 

BBOX1 (WH0008424M1, Sigma-Aldrich, 1:500), CPT2 (ab71435, Abcam, 1:500), FASN 

(SAB1403807, Sigma-Aldrich, 1:1,000), pACC1/2 (11818, Cell Signaling, 1:1,000), 

ACC1 (4190, Cell Signaling, 1:1,000), ACC2 (8578, Cell Signaling, 1:1,000), AMPK 

(2532, Cell Signaling, 1:1,000), pAMPK (2535, Cell Signaling, 1:1,000) and c-MYC 

(MYC) (ab32072, Abcam, 1:1,000). 

 

ATP and NAD(P)H quantification. To determine the effects of etomoxir 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 200 μM etomoxir (Sigma-Aldrich) for 48 h, with triplicate 

samples for each condition. Relative ATP concentrations were determined using the 

CellTiter-Glo Luminescent Cell Viability Assay (Promega). To determine the effects of 

etomoxir treatment on NAD(P)H levels, HMECMYC-ER cells were seeded in 96-well 

plates at 2,000 cells/well and cultured in the presence of 0 or 500 nM TAM for 48 h, 

then with 0 or 200 μM etomoxir for 24 h, with six samples for each condition. Relative 

NAD(P)H concentration was determined using CellTiter-Glo 96 AQueous One Solution 

Cell Proliferation Assay (Promega). 
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Fatty acid oxidation assay. To determine relative fatty acid oxidation pathway activity, 

tumor cells were seeded in 24-well plates at 100,000 cells/well in triplicate. Cells were 

incubated in serum-free medium for 2 h and then incubated in standard medium for 1 h. 

[14C]oleic acid (Moravek Biochemicals, MC406) at 0.1 μCi/μl was added, 2 × 2 cm 

squares of Whatman paper were taped over the wells, and the cells were incubated for 

3 h at 37 °C. After adding 200 μl 3 M NaOH directly to each square of Whatman paper, 

100 μl 70% perchloric acid was added to each well and CO2 was captured at room 

temperature for 1 h. The Whatman paper was dried at room temperature and placed in 

a scintillation vial with 5 ml scintillation fluid. 14C radioactivity was measured using a 

liquid scintillation counter and normalized to protein concentration. 

 

RNAi knockdown. MYC-specific (L-003282-02-0005), CPT2-specific (M-008574-01-

005) and nontargeting (D-001810-10-20) siRNAs were purchased from GE Dharmacon 

(SMARTpool, four siRNAs per gene). 30 pmol siRNA was used to transfect cells with 

the Lipofectamine RNAiMAX Transfection Reagent (Life Technologies), according to the 

manufacturer’s instructions. Cells were incubated with siRNA for 72 h. For siMYC 

studies, medium was changed at 24 h, and 0 and 200 μM etomoxir was added for 48 h 

before ATP levels were quantified as described above. For siCPT2 studies, the relative 

number of cells was determined at 72 h as described below. The CPT1-knockdown data 

was extracted from the Project Achilles data set17. The viability score represents the 

ATARiS solution, which is the computationally derived score that quantifies the gain or 

loss of growth specific to knockdown of the gene from pooled shRNA screens. 
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Proliferation and viability assays. To determine the effects of etomoxir treatment on 

cell proliferation, cells were seeded in 6-well plates at 100,000–150,000 cells/well and 

cultured in the presence of 0 or 200 μM etomoxir. Cells were harvested at 24, 48 and 72 

h. Cell counts were determined using the Countess Automated Cell Counter (Life 

Technologies) according to the manufacturer’s instructions. Cell viability was assessed 

by performing the flow cytometry–based Guava ViaCount viability assay (Millipore) 

according to the manufacturer’s instructions. To determine the effects of siCPT2 

treatment on cell proliferation, cells were seeded in 6-well plates at 100,000–150,000 

cells per well and transfected with siNT or siCPT2 as described above. Cells were 

harvested at 24, 48 and 72 h, and cell counts were determined using the Countess 

Automated Cell Counter (Life Technologies) according to the manufacturer’s 

instructions. Three independent biological replicates were performed for each time point 

and condition. 

 

Matrix detachment assays. To determine the effects of matrix detachment, cells were 

seeded in ultra-low adhesion round-bottom 96-well plates at 1,000 cells/well. Sphere 

formation was judged by bright-field imaging 4 d after seeding, and then spheres were 

subsequently cultured in 0 or 200 μM etomoxir for 48 h, with triplicate samples for each 

condition. Relative ATP concentrations were determined as described above. 

 

Glucose-starvation assays. To determine the effects of glucose starvation, cells were 

seeded in 96-well plates at 5,000–7,000 cells/well and cultured in replete medium, 

glucose-depleted medium, 200 μM etomoxir or glucose-depleted medium with 200 μM 
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etomoxir for 24 h, with triplicate samples for each condition. Relative ATP concentration 

was determined as described above. 

 

Orthotopic allograft and xenograft studies. 4-week-old WT FVB/N and 

immunocompromised NOD/SCID female mice were purchased from Taconic 

Biosciences. The derivation of HCI-002 and HCI-009 TN patient–derived xenograft 

tumors has been previously described22. Viably frozen MTB-TOM, HCI-002 and HCI-

009 tumor samples were transplanted into the cleared mammary fat pads of FVB/N and 

NOD/SCID mice, respectively. Tumor growth was monitored daily by caliper 

measurement in two dimensions. Researchers were not blinded to the treatment 

groups. For the [13C]palmitate experiment (Fig. 1c), tumors were allowed to reach ~1.5 

cm3, and then the mice were randomized into experimental groups. Mice received 100 

mg/kg [12C]palmitate or [13C]palmitate, delivered by i.p. injection at t = 0 h. The palmitate 

solution was prepared by sonication into PEG-40 (Spectrum). Mice were euthanized at t 

= 4 h, following which tumors and contralateral non-tumor mammary glands were flash-

frozen in liquid nitrogen. For the HCI-002 acute etomoxir-treatment experiment (Fig. 4b), 

tumors were allowed to reach ~1.5 cm3, and mice were then randomized into 

experimental groups. Mice received vehicle or 60 mg/kg etomoxir, delivered by i.p. 

injection, at t = 0 and 24 h. Mice were euthanized at t = 26 h, and the tumors were 

flash-frozen in liquid nitrogen. For the remaining in vivo studies, tumors were allowed to 

reach ~1 cm3; mice were then randomized into experimental groups, and drug 

treatment was initiated. For the MTB-TOM studies (Fig. 4d, Supplementary Fig. 9 and 

Supplementary Table 6), mice received vehicle or 20 or 40 mg/kg etomoxir, delivered by 
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i.p. injection, daily for 14 d. Tumor growth was monitored daily by caliper measurement. 

Mice were euthanized after 14 d of treatment or after tumors reached 2 cm in any 

dimension, following which the tumors were flash-frozen in liquid nitrogen. For the HCI-

002 and HCI-009 studies (Fig. 4e,f), mice received vehicle, 40 or 60 mg/kg etomoxir, 

delivered by i.p. injection, daily for 21 d. Tumor growth was monitored daily by caliper 

measurement. Mice were euthanized after 21 d of treatment or after tumors reached 2 

cm in any dimension; for the HCI-002 study, two pieces of tumor from separate 

locations were fixed in 4% paraformaldehyde (n = 5 for vehicle; n = 7 for 40 mg/kg; n = 

4 for 60 mg/kg). The remaining tumor tissue was flash-frozen in liquid nitrogen. 

 

Immunohistochemical analysis. PFA-fixed tumor samples were paraffin-embedded, 

and a tissue microarray of HCI-002 tumors was created using two 2-mm punch cores 

per tumor. Immunohistochemical staining of tissue microarrays for Ki-67 was performed 

using the MIB-1 antibody clone (1:50 dilution; DAKO, Carpinteria, CA, USA), after 20 

min of antigen retrieval with epitope-retrieval solution 2 (Leica Biosystems, Buffalo 

Grove, IL, USA). Images were scored as the percentage of Ki-67+ tumor cell nuclei per 

total tumor cell nuclei in each captured field using Immunoratio software 

(http://jvsmicroscope.uta.fi/immunoratio/). TUNEL staining was performed using the 

ApopTag Peroxidase In situ Apoptosis Detection Kit (Millipore) according to the 

manufacturer’s instructions. Images were scored as the total number of TUNEL+ cells 

per captured field. All quantification was performed in a fashion that was blinded to 

treatment group. 
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Statistical analysis. Prism software was used to generate and analyze Pearson 

correlations (Fig. 3f) and the survival plot (Fig. 4e). Correlation P values were generated 

using a two-sided t-test. Clade-enrichment P value was generated using a Fisher’s 

exact test. Survival plot P value was generated using a log-rank test. All differential 

metabolite abundance and gene expression analyses were performed using the ‘limma’ 

R package. Differential metabolite abundance between MTB-TOM tumors and non-

tumor mammary glands was performed using the limma R package29. Metabolites that 

were significantly different between these groups at a false- discovery rate of 0.05 were 

extracted for downstream analyses. Pathway enrichment within this set of metabolites 

was quantified using the ‘MaxMean’ method within the ‘piano’ R package30, based on 

annotations from the Kyoto Encyclopedia of Genes and Genomes (KEGG; 

http://www.genome.jp/kegg/). Significantly enriched pathways were identified at a P 

value cutoff of 0.05. For all other comparisons, unpaired two-sided t-tests were used 

(GraphPad). No statistical method was used to predetermine sample size. The 

investigators were not blinded to allocation for the in vivo experiments. The investigators 

were blinded to allocation for immunohistochemical analyses. For all in vivo studies, 

mice were randomized to treatment groups when tumors reached a predetermined 

volume on a per experiment basis, as described above. For each data set, the data 

meet the assumptions of the statistical test used, as determined by distribution and 

variance. The sample size for all experiments (in vitro and in vivo) was not chosen with 

consideration of adequate power to detect a prespecified effect size. For in vitro studies, 

all completed experiments are reported. For in vivo studies, the number of indicated 

mice represents the total number of mice treated and processed for each experiment. 
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No samples were fully processed for metabolomic, western blot, or 

immunohistochemical analysis and then excluded. For the etomoxir-treatment studies, 

mice were euthanized at the ethical endpoint (~2 cm) or at the study endpoint, unless 

they failed to meet the predetermined UCSF Institutional Animal Care and Use 

Committee quality-of-life guidelines. No mice that completed the studies were excluded 

from analyses. In the prolonged PDX-etomoxir study (Fig. 4e), two mice from the 

vehicle group and one mouse from the 60 mg/kg experimental group were found dead 

of unknown causes, and these tumors were not included in further analyses. 

 

Code availability. Publicly available data sets were acquired as noted. Our annotations 

of the data sets are available (https://bitbucket.org/jeevb/brca). All code used for this 

project has been deposited to Github (https://github.com/snjvb/fam_study). 
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Figure 1. MTB-TOM tumors show dysregulated FAO. (a) Volcano plot for changes in 
metabolite concentrations in MTB-TOM tumors (seven tumors from five induced mice) 
as compared to those from non-tumor mammary glands (five mammary glands from 
four uninduced mice). (b) Fold change in acylcarnitine (AC) levels in MTB-TOM tumors 
versus non-tumor mammary glands, in the same mice as in a. Values are shown as 
minimum-to-maximum box plots. Error bars indicate range of smallest to largest value 
recorded. The x axis designations indicate acyl-carbon chain length followed by the 
location of any double bonds (e.g., ‘AC-02:0’ indicates a two-carbon acyl group with no 
double bonds). (c) [13C]palmitoyl-carnitine production from [13C]palmitate, as assessed 
by carbon flux analysis, in MTB-TOM orthotopic transplants, as compared to that in the 
contralateral non-tumor mammary gland in the same mouse (n = 4 mice). Throughout, 
the values shown are mean ± s.e.m. In c, a two-tailed unpaired t-test was used to 
compare non-tumor to tumor samples. In a,b, all differential metabolite-abundance 
analyses were performed using the ‘limma’ R package. *P < 0.05, **P < 0.01, ****P < 
0.0001. 
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Figure 2. Human TNBC shows dysregulated FAO. (a) Hierarchical clustering of TCGA 
RNA-seq samples from 771 breast cancer patients for 336 fatty acid metabolism genes 
in TN and RP tumors. Individual gene expression is row-normalized from −1 (blue) to 1 
(red). A Fisher’s exact test was used to calculate the indicated P value, which 
demonstrated significant enrichment of genes in the clade indicated by a red box 
in TN tumors (116/123). (b) Immunoblot analysis showing expression levels of FAO 
activators PGC-1α and BBOX1 and of fatty acid synthesis enzymes FASN, ACC1, 
ACC2, and phosphorylated ACC1 and ACC2 (pACC) in a panel of TN and RP human 
cell lines (RP lines, n = 3; TN lines, n = 6). (c) Quantification of FAO assays in TN 
MYChigh, TN MYClow and RP cells. Relative 14CO2 production was normalized for 
each cell line to total protein levels. Values shown are mean ± s.e.m. A two-tailed 
unpaired t-test was used to compare non-tumor to tumor samples. ****P < 0.0001. (d) 
Kaplan-Meier survival graphs for all patients with tumors (left) or for those with TN 
(middle) or RP (right) tumors, from a pooled neoadjuvant chemotherapy–treated cohort 
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and grouped on the basis of ACACB (ACC2) mRNA expression at an optimal threshold 
indicated by percentile numbers. Samples with decreased ACACB expression are 
represented with black lines. Median survival times (MSTs) are indicated by the black 
dashed lines. For all tumors, ACACBlow MST = 3.76 years; for TN tumors, ACACBlow 
MST = 2.18 years; the MST was not reached in any other group. A log-rank test was 
used to calculate P values. In a, differential gene expression analyses were performed 
using the limma R package. 
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Figure 3. FAO inhibition has MYC-dependent bioenergetic effects in vitro. (a) ATP 
levels in TN MYChigh, TN MYClow and RP cell lines relative to those in untreated (control) 
cells or in cells treated with 200 μM etomoxir for 48 h. (b) Growth response of an 
independent panel of TN MYChigh, TN MYClow and RP cell lines treated with a pool of 
shRNAs targeting CPT1B. KD, knockdown. (c) Proliferation response of TN MYChigh and 
RP cell lines to siRNA-mediated CPT2 knockdown, 48 h and 72 h after siRNA 
transfection, relative to that of cells transfected with a nontargeting control siRNA 
(siNT). (d) Left, NAD(P)H levels in HMECMYC-ER cells ± MYC activation for 48 h, followed 
by treatment ± 200 μM etomoxir for 24 h. Bars represent NAD(P)H levels relative to 
those in control (etoxomir-untreated) cells. Right, ATP levels in RP cell lines ± MYC 
overexpression, following treatment ± 200 μM etomoxir for 48 h. Red bars indicate 
MYC-induced or MYChigh cells; blue bars indicate MYClow cells. (e) ATP levels in TN 
MYChigh cells in the presence (siMYC) or absence (siNT) of siRNA-mediated MYC 
knockdown ± treatment with 200 μM etomoxir for 48 h. Bars represent ATP levels 
relative to those in control (etoxomir-untreated) cells. (f) Top, correlation of MYC protein 
expression and mean ATP/NAD(P)H response to etomoxir treatment in TN and RP cell 
lines in a and in HMECMYC-ER cells without MYC in b. Pearson correlation and two-tailed 
t-test were used to generate the correlation coefficient and associated P value. The 
color code is the same as in a, except that HMECMYC-ER cells are indicated in dark blue. 
Bottom, immunoblot analysis showing MYC protein levels in the indicated cell lines. 
Throughout, values shown are mean ± s.e.m. from triplicate samples (a,d,e), the 
indicated number of cell lines (b) or three biological replicates (c). The number of 
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biological replicates is indicated (a,c–e). A two-tailed unpaired t-test was used to 
compare experimental groups (a–e); *P ≤ 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
  



 80 

 

 
 

Figure 4. FAO inhibition has MYC-dependent bioenergetic and growth effects in vivo. 
(a) Immunoblot analysis of MYC and ACC2 protein expression in patient-derived 
xenografts from individuals with TN (n = 5) or RP (n = 3) tumors, as well as in human 
non-tumor reduction mammoplasty tissues (non-tumor–1 and non-tumor–2). (b) Fold 
change in metabolite levels in etomoxir-treated xenograft tumors (HCI-002) versus 
vehicle-treated tumors. Values are shown as minimum-to-maximum box plots for three 
mice in each group. (c) Left, immunoblot analysis of pAMPK and AMPK expression in 
etomoxir- or vehicle-treated HCI-002 tumors (n = 3 mice). Right, quantitation of the 
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pAMPK/AMPK ratio, normalized to β-actin levels. Eto, etomoxir. (d) Relative tumor 
volume of orthotopic MTB-TOM (MYChigh) tumor allografts in FVB/N mice that were 
treated with vehicle (n = 6 mice) or etomoxir (40 mg/kg; n = 7 mice) daily for 14 d. (e) 
Left, relative tumor volume of orthotopic HCI-002 (MYChigh) xenografts in NOD/SCID 
mice that were treated with vehicle (n = 7) or with 40 mg/kg (n = 5) or 60 mg/kg (n = 5) 
etomoxir daily for 21 d. Right, Kaplan-Meier analysis of mice with HCI-002 xenografts 
that were treated with vehicle (n = 7) or with 40 mg/kg (n = 5) or 60 mg/kg (n = 5) 
etomoxir. Ethical endpoint survival indicates the percentage of mice bearing xenografts 
<2 cm in size. P = 0.0045 by log-rank test. (f) Relative tumor volume of orthotopic HCI-
009 (MYClow) xenografts in NOD/SCID mice that were treated with vehicle or etomoxir 
(40 mg/kg) daily for 21 d (n = 3 mice per group). (g,h) Representative (of three high-
powered (20×) fields from two separate areas of each tumor) Ki-67 (top) and TUNEL 
(bottom) staining of HCI-002 tumors in mice (killed at the end of the study) that were 
treated with vehicle (left) or with 40 mg/kg (middle) or 60 mg/kg (right) etomoxir (g) and 
quantification of Ki-67+ cells/field (h, left) and TUNEL+ cells/field (h, right). The number 
of mice analyzed in each treatment group is indicated in h. Scale bars, 200 μm. In b, all 
differential metabolite abundance analyses were performed using the limma R package. 
Unless otherwise specified, values shown are mean ± s.e.m. In d–f, tumor volume is 
shown relative to tumor volume on day 1 of treatment. A two-tailed unpaired t-test was 
used to compare experimental groups (c–g); ^P ≤ 0.10, *P ≤ 0.05, **P < 0.01, ***P < 
0.001; n.s., not significant. 
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Supplemental Figure 1. Metabolic pathway alterations in MTB-TOM tumors compared 
to non-tumor mammary glands. Differential abundance of metabolites in five metabolic 
pathways commonly associated with tumorigenesis (amino acid, nucleotide, glycolysis, 
TCA cycle and pentose phosphate pathway) is shown. Detected metabolites were 
grouped by pathway (although many of these metabolites are intermediates in multiple 
pathways), and unbiased hierarchical clustering was used to display relative abundance 
of metabolites in MTB-TOM tumor versus non-tumor mammary gland. All differential 
metabolite abundance analyses were performed using the limma R package. 
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Supplemental Figure 2. Correlation analyses of TN and RP tumors to TCGA TN fatty 
acid metabolism centroid. A matrix of average fatty acid metabolism expression values 
was calculated for TCGA TN tumors. A sample-wise correlation analysis within each 
cohort against the TCGA TN centroid reveals the expression pattern to be significantly 
TN-specific (for P-values see Supplementary Table 3). 
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Supplemental Figure 3. Effect of etomoxir on TNBC cell proliferation and viability. 
Indicated cell types were treated with vehicle (dH2O) or 200 μM etomoxir for 24, 48 or 
72 h. Cell growth plots showing effect of etomoxir on proliferation. Viability assay 
showing effect of etomoxir on viability. A two-tailed unpaired t-test was used to compare 
etomoxir-treated (red) to untreated (blue) cells. Values shown are mean ± s.e.m. from 
three biological replicates. *P ≤ 0.05 
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Supplemental Figure 4. CPT2 knockdown. Indicated cell types were treated with 30 
pmol of CPT2 (M- 008574-01) or non-targeting (D-001810-10-20) siRNA pool for 72 h, 
then examined by immunoblotting for indicated protein expression. 
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Supplemental Figure 5. Effects of matrix detachment on TN MYChigh, TN MYClow and 
RP cells. Brightfield images of indicated cell lines 4 d after being seeded in ultra-low 
adhesion plates. After 4 d, indicated cell types were treated with 200 μM etomoxir or 
vehicle control for 48 h and ATP was measured. A two-tailed unpaired t-test was used 
to compare response of etomoxir-treated to untreated cells. Values shown are mean ± 
s.e.m. from five technical replicates. Number of biological replicates is indicated. ****P < 
0.0001 
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Supplemental Figure 6. Effects of glucose starvation and/or etomoxir on TN MYChigh, 
TN MYClow and RP cells. Indicated cell types were treated with glucose-depleted 
medium and/or 200 μM etomoxir or vehicle control for 24 h and ATP was measured. A 
two-tailed unpaired t-test was used to compare response of treated to untreated cells. 
Values shown are mean ± s.e.m. from triplicate samples. Number of biological 
replicates is indicated. ***P < 0.001, ****P < 0.0001 
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Supplemental Figure 7. MYC overexpression. Indicated cell types were examined by 
immunoblotting for indicated protein expression. 
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Supplemental Figure 8. MYC knockdown. Indicated cell types were treated with 30 
pmol of MYC (L- 003282-02-0005) or non-targeting (D-001810-10-20) siRNA pool for 72 
h, then examined by immunoblotting for indicated protein expression. 
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Supplemental Figure 9. Effects of etomoxir on metabolite levels in MTB-TOM tumors. 
MTB-TOM allografts were treated with 20 mg/kg daily via IP injection for 14 d. Fold 
change in metabolite levels in etomoxir-treated xenografts versus vehicle-treated 
tumors are shown. A two-tailed unpaired t-test was used to compare metabolite levels in 
etomoxir-treated to untreated tumors. Values are shown as min-to-max box plots from 
six mice in the control group and seven mice in the etomoxir-treated group. ^P ≤ 0.10, 
*P ≤ 0.05, **P < 0.01 
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Supplemental tables 1-6 

All supplemental tables can be found using the following link: 

https://www.nature.com/articles/nm.4055#supplementary-information 
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Chapter 3 

Tumor cell-adipocyte gap junctions activate lipolysis and are essential for breast 

tumorigenesis 
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Summary 

During tumorigenesis, a heterotypic interface exists between cancer and stromal cells 

that can both support and repress tumor growth. In the breast, studies have 

demonstrated a pro-tumorigenic role for adipocytes. However, the molecular 

mechanisms by which breast cancer cells coopt adipocytes remain elusive. Studying 

breast tumors and normal adjacent tissue (NAT) from several patient cohorts and 

mouse models, we show that lipolysis and lipolytic signaling are activated in NAT. We 

investigate the tumor-adipocyte interface and find that functional gap junctions form 

between breast cancer cells and adipocytes. As a result, cAMP, a critical lipolysis-

inducing signaling molecule, is transferred from breast cancer cells to adipocytes and 

activates lipolysis in a gap junction-dependent manner; a fundamentally new 

mechanism of lipolysis activation in adipocytes. We find that gap junction formation 

depends upon connexin 31 (Cx31), and that Cx31 is essential for breast tumor growth 

and activation of lipolysis in vivo. Thus, direct tumor cell-adipocyte interaction is critical 

for tumorigenesis and may serve as a new therapeutic target in breast cancer. 
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Results 

A variety of cancers, including those of the breast, arise near or within adipose 

tissue depots (23). Therefore, during tumor development in these organs a heterotypic 

cell-cell interface exists between adipocytes and cancer cells. We and others have 

demonstrated that triple-negative breast cancers (TNBC, estrogen/progesterone/HER2 

receptor-negative) utilize and require fatty acid oxidation to fuel bioenergetic metabolism 

(24, 25). The origin of the fatty acids being oxidized remains largely unclear. Several 

studies have demonstrated that tumor cells can secrete cytokines such as tumor 

necrosis factor-� that induce lipolysis in adjacent adipocytes, and that adipocyte-

derived fatty acids can be taken up and oxidized by cancer cells (26–31). These 

studies, however, have mostly relied upon transwell co-culture methods that do not 

recapitulate the direct cell-cell contact observed in vivo (27–30). Furthermore, evidence 

of enhanced lipolysis in adipocytes adjacent to breast tumors has not been well 

established in clinical patient samples. 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 (31, 32). 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), 

we employed four independent strategies. First, we employed three-component breast 

(3CB) composition measure, a radiographic imaging method derived from dual-energy 

mammography that allows water, lipid and protein content of a tissue to be quantified 

(1). We postulated that if tumors induce lipolysis in adipocytes, we would observe 
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differences in lipid content between NAT near the tumor compared to NAT further away. 

Using 3CB imaging, we assessed the lipid content of clinical breast tumors and the first 

6 mm of NAT segmented into 2 mm “rings” from 46 patients with invasive breast cancer 

(Fig. 1A and Table S1). As we have previously demonstrated (5), we found a significant 

decrease in lipid content in lesions compared to NAT 0-2 mm away (R1) (Fig. 1B). This 

is congruent with breast tumors being epithelial in nature, while the major constituent of 

normal breast is adipose tissue (32). 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. 1B). In addition, we asked whether changes in lipid content 

between R3 and R1 NAT correlate with receptor status or tumor grade (Table S1). We 

found that NAT surrounding triple-negative (TN) and grade 2/3 tumors trended towards 

a greater average change in lipid content than receptor-positive (RP) and grade 1 

tumors, respectively (Fig. S1, 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.  

Previous studies have demonstrated that adipocyte size is inversely correlated to 

lipolysis status in mammary tissue (33). We quantified average adipocyte size in R1 and 

R3 in 11 of the 46 patients for whom we had access to histological sections of 

treatment-naïve tumor and NAT at the time of surgical resection (Fig. 1A, Fig. S1C and 

Table S1). Similar to the change in lipid content observed, we found a significant 

decrease in adipocyte size in R1 compared to R3 in all patients analyzed, indicating that 

adipocytes are smaller when closer to breast tumors (Fig. 1C). Finally, we correlated the 

change in lipid content and adipocyte size on an individual patient basis. We found a 
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positive correlation (R = 0.5818, p = 0.0656) between the change in lipid content and 

adipocyte area (Fig. 1D). Taken together, these data suggest adipocytes are smaller 

and have diminished lipid content when adjacent to breast tumors, two phenotypes that 

are established indicators of increased lipolysis (33). 

Second, we sought to determine if gene expression changes associated with 

lipolysis were observed in tumor-adjacent adipocytes. To first generate a lipolysis gene 

expression signature, we identified the 100 most upregulated genes when a 

differentiated adipocyte cell culture model is stimulated with cAMP, a critical pro-lipolytic 

signaling molecule (9). We then used a publically available dataset of gene expression 

data for primary breast tumors as well as matched NAT 1, 2, 3 and 4 cm away from the 

tumor. We sought to determine if enrichment of the lipolysis signature occurred in NAT 

compared to non-tumor breast tissue obtained from healthy individuals using single-set 

gene set enrichment analysis (10, 11). We found a significant elevation of the cAMP-

dependent lipolysis signature in tumor and NAT from all regions analyzed compared to 

control tissue (Fig. 1E). These data indicate that lipolytic signaling is activated in breast-

tumor adjacent adipocytes up to 4 cm away from the primary tumor. Adipose tissue is 

sparsely innervated and a recent study found that adipocytes can propagate pro-lipolytic 

sympathetic signals via direct transfer of cAMP through adipocyte-adipocyte gap 

junctions (34). Thus, tumor-adjacent adipocytes receiving a pro-lipolytic stimulus may 

disperse this signal to distant adipocytes via gap junctions, which might explain the 

elevation of cAMP signaling we observed up to 4 cm away from the tumor (Fig. 1E). 
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Third, we sought to determine if there are changes in 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 PAM50 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 S2A). Global proteomic analysis was 

performed using liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Table 

S2B). 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. 1F). As HNF4a is an established, essential 

activator of lipolysis in adipose tissue (35), these data indicate lipolysis is highly 

activated in breast-tumor adjacent adipose tissue. 

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 protein kinase A (PKA) leads to phosphorylation at 

serine 563 (33), while prolonged activation results in down-regulation of total HSL 

expression through a negative feedback mechanism (21, 22). We performed 

immunoblot analysis to probe for HSL, phospho-HSL (S563) and HNF4a in tumor and 

NAT tissues from three well-characterized breast cancer patient-derived xenograft 

(PDX) models (HCI002, HCI009, HCI010) and a transgenic model of MYC-driven TNBC 

(MTBTOM) (14, 15), as well as corresponding control mammary tissues. In all models 

analyzed, total HSL was decreased in NAT compared to control tissues (Fig. 1, G and 

H). Downregulation of total HSL has been observed in obesity and in an independent 
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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 (36, 37). Additionally, in 3 of 

the 4 models examined we found an increase in HNF4a or the phospho-HSL/HSL ratio 

(Fig. 1, G and H), both characteristic of increased lipolysis (33, 35). Taken together, our 

concurrent findings in 3 independent clinical datasets and several models of patient-

derived and transgenic breast cancer in mice indicate that lipolysis is activated, albeit 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 (38); 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 called connexins, which are known to transport a variety 

of small molecules (<1 kD), including cAMP (34, 39). Connexins were long thought to 

play tumor-suppressive roles in cancer, but recent evidence from a variety of tumor 

types has challenged this notion (39–42). Given that adipocytes are capable of 

transferring cAMP and activating lipolysis in a homotypic interaction (34), we 

hypothesized that gap junctions may form between tumor cells and adipocytes in a 

heterotypic fashion and activate lipolysis via transfer of cAMP. Using a well-established 

dye transfer assay (41), we first assayed 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 amongst 
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HCC1143 cells was 30-fold increased (Fig. 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 the MYC 

oncogene in the majority of TNBC (43, 44), we asked whether MYC expression affects 

gap junction dependence. We examined if gap junction inhibition alters cell viability in a 

panel of TN and RP human breast cell lines with varying MYC levels (24). We assayed 

intracellular ATP levels as a proxy for cell number. Intriguingly, TNBC cell lines with high 

MYC expression (24), including HCC1143, was significantly more sensitive to 48 hours 

of treatment with the pan-gap junction inhibitor carbenoxolone (CBX) than the low MYC 

TNBC or RP cell lines tested (Fig. 2B). These data suggest that gap junction 

communication occurs between breast cancer cells, and that a threshold amount of gap 

junction activity may be especially important in TN breast cancer cells with high MYC. 

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 TN (n = 

123) and RP (n = 648) tumors using publically available RNAseq data from The Cancer 

Genome Atlas (TCGA). Of the 20 connexins for which data was available, 5/20 were 

significantly downregulated, 11/20 were significantly upregulated, and 4/20 were not 

significantly changed in TN versus RP tumors (Fig. 2C). We noted that 5 of 7 members 

of the GJB class of gap junction proteins were upregulated (Fig. 2C). As an independent 

approach to examine expression of connexins in TNBC, we performed RNAseq on 

MTBTOM tumors and non-tumor control tissue (Table S3). 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 
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versus control tissue (Fig. 2D). Connexin 31 (GJB3, Cx31) was the most significantly 

elevated connexin in both human TN tumors and the MYC-driven TNBC model. Thus, 

we focused the remainder of our studies on Cx31. In non-tumor tissues Cx31 

expression has been identified in keratinocytes, the small intestine, and the colon (45, 

46). Although roles for various connexins as oncogenes and/or tumor suppressors have 

been described (39, 40), the function of Cx31 in tumorigenesis has not been 

established.  

Accordingly, we sought to determine if functional Cx31-containing gap junctions 

form between breast cancer cells and adipocytes. To model the direct cell-cell contact 

observed in vivo between breast cancer cells and adipocytes, we developed three 

independent co-culture approaches. First, we stably transduced HCC1143 (TNBC) and 

T47D (RP) cells with an mCherry expression plasmid. We then injected either mCherry-

HCC1143 or -T47D cells directly into primary mammary adipose tissue isolated from a 

healthy individual (WD43177). After overnight co-culture we imaged the adipose tissue 

using confocal microscopy to identify regions of potential cell-cell contact. These 

regions were formalin-fixed and paraffin-embedded and probed for Cx31 and pan-

cytokeratin expression, to distinguish epithelial tumor cells, using immunofluorescent 

microscopy. We found that HCC1143 cells formed close cell-cell contacts with primary 

adipocytes, and that both HCC1143 cells and adipocytes robustly expressed Cx31 at 

the plasma membrane (Fig. 3A). In contrast, T47D cells, despite forming cancer cell-

cancer cell contacts, did not form close contacts with adipocytes (Fig. 3B). To further 

validate the presence of cancer-adipocyte gap junctions in TNBC, we examined Cx31 

expression in primary patient biopsies. We found that both TN tumor cells and 
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adipocytes robustly express Cx31 at the plasma membrane, and that many points of 

direct cell-cell contact occur in vivo (Fig. 3C). These data suggest breast cancer cells 

are capable of forming close cell-cell contacts with adipocytes. Additionally, we note that 

our observations of such contacts correlated with the presence of Cx31 at both the 

tumor cell and adipocyte plasma membrane. 

To determine whether breast cancer cells and adipocytes rely upon Cx31-

dependent gap junctions, we utilized CRISPR/Cas9 technology to generate an allelic 

series of GJB3 knockout lines. Despite several attempts we were unable to generate 

any cancer cell lines with homozygous GJB3 deletion, strongly suggesting that a basal 

level of Cx31 expression is required for breast cancer cell growth. Therefore, we 

focused our studies on two TN lines, HS578T and HCC1143, that both have 3 copies of 

GJB3 to generate partial knockout lines. Specifically, we generated two independent 

clones of the HS578T line with 1 of 3 copies of GJB3 deleted (HS578T 1-GJB3+/+/- and 

2-GJB3+/+/-), and from the HCC1143 line one clone with 1 of 3 copies deleted 

(HCC1143 GJB3+/+/-) and a second clone with 2 of 3 copies deleted (HCC1143 

GJB3+/-/-) (Fig. 3D).  

To determine if Cx31 expression impacted tumor cell-adipocyte communication 

we developed a co-culture model in which HCC1143 GJB3+/+/+, GJB3+/+/- or GJB3+/-

/- 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 ensure 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 
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transfer occurred from the HCC1143 GJB3+/+/+ cells to mammary adipocytes of all 

three patients (Fig. 3E). However, reduction of Cx31 level by 1/3 or 2/3 in the GJB3+/+/- 

and GJB3+/-/- lines, respectively, resulted in a significant decrease in dye transfer 

compared to GJB3+/+/+ control cells (Fig. 3E). These data suggest functional gap 

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

manner.  

Since adipocytes can activate lipolysis in neighboring adipocytes via gap 

junction-dependent transfer of cAMP (34), we suspected cAMP may be transferred via 

breast cancer cell-adipocyte gap junctions. 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. In 5 of 6 lines tested we found marked increases in the levels of 

intracellular cAMP concentration in CBX-treated versus vehicle-treated cells (Fig. 3F). 

Additionally, significantly higher concentrations of cAMP were observed in high MYC TN 

cells in comparison to low MYC TN or RP cells (Fig. 3F). Given the recent observation 

that increased intracellular cAMP selectively decreases the viability of TN cells (47), our 

finding that high MYC TN cells display increased sensitivity to prolonged CBX treatment 

(Fig. 2B) may be due in part to increased levels of intracellular cAMP (Fig. 3F). Thus, 

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+/+/+, 

GJB3+/+/- or GJB3+/-/- cells were seeded and loaded with a fluorescent cAMP 
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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 cAMP. We found that cAMP transfer occurred from 

control cells to adipocytes from all three patients (Fig. 3G). However, as we observed 

with transfer of gap junction-permeable dye (Fig. 3E), reduction of Cx31 expression 

resulted in a significant reduction of cAMP transfer (Fig. 3G). These results indicate that 

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 (9). 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 knockout 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) UCP1 expression, a known cAMP-

responsive gene (9) to measure cAMP signaling. We also assayed for mouse aP2 

expression as a marker of adipocyte differentiation. Our positive control, forskolin, which 

raises intracellular cAMP levels by activating adenylyl cyclase (9), robustly induced 

UCP1 expression compared to vehicle-treated cells (Fig. 3H). The HCC1143 GJB3+/+/+ 
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and GJB3+/+/- lines both induced UCP1 expression, but UCP1 induction was 

significantly reduced with the GJB3+/-/- cells (Fig. 3H). In contrast, none of the HS578T 

lines, including the GJB3+/+/+ control, were capable of inducing UCP1 expression (Fig. 

3H). All conditions, including forskolin treatment, resulted in reduced aP2 expression 

(Fig. 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 GJB3+/-/- cells (Fig. 3D), and that neither activate cAMP 

signaling (Fig. 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 has been described between adipocytes in a homotypic interaction (34), here 

we identify for the first time a gap junction-dependent activation of lipolysis in adipocytes 

by tumor cells. 

Finally, we sought to determine the contribution of breast cancer Cx31-

dependent gap junctions to tumorigenesis. We found that HS578T 1-GJB3+/+/- and 2-

GJB3+/+/-, and HCC1143 GJB3+/+/- lines did not display a difference in proliferation 

compared to their respective GJB3+/+/+ control lines. In contrast, HCC1143 GJB3+/-/- 

cells demonstrate a significant reduction in cell proliferation (Fig. 4A), but no reduction 

in cell viability (data not shown). 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 knockout lines into cleared mammary 

fat pads of immunocompromised NOD-SCID/gamma (NSG) female mice and 

determined the time of tumor onset and time to reach ethical endpoint (when tumor 
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reaches 2cm in any dimension). Remarkably, with the HS578T lines, in which partial 

GJB3 knockout had no effect on cell proliferation in vitro (Fig. 4A), 0/10 mice that 

received HS578T 1-GJB3+/+/- or 2-GJB3+/+/- xenografts (5 per line) developed tumors 

within 180 days (Fig. 4B). Among the HCC1143 lines, the GJB3+/+/- 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. 4B). Our data indicates that Cx31 promotes breast 

tumorigenesis in vivo. 

We sought to clarify the effects of Cx31 expression on lipolysis versus other 

effects on tumor growth. To determine if control and Cx31 partial knockout 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, consistent with persistent activation of lipolysis (Fig. 4C). 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 knockout (Fig. 4C). Interestingly, we 

found a marked increase in phospho-HSL/HSL ratio in both the HCC1143 GJB3+/+/+ 

and GJB3+/+/- NAT samples, but this difference was significantly reduced in HCC1143 

GJB3+/-/- NAT (Fig. 4C). The increase in phospho-HSL/HSL in GJB3+/+/- NAT may be 

due to alternative modes of lipolysis activation, such as secreted pro-lipolytic cytokines 

(26), which is congruent with the observed increase in UCP1 expression during 
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GJB3+/+/--adipocyte co-culture (Fig. 3H). To further interrogate lipolytic signaling in 

NAT, we probed for cAMP abundance in HCC1143 GJB3+/+/+ and GJB3+/+/- tumors 

by mass spectrometry. We found a significant increase in intratumoral cAMP level in 

HCC1143 GJB3+/+/- tumors compared to the GJB3+/+/+ control tumors (Fig. 4D), 

consistent with diminished transfer of cAMP to NAT. We examined GJB3+/+/+ and 

GJB3+/+/- tumors and associated NAT, and assayed for differences in adjacent 

adipocyte size, as an indicator of lipolysis. Strikingly, we found a significant increase in 

the average size of adipocytes adjacent to GJB3+/+/- tumors compared to GJB3+/+/+ 

control tumors (Fig. 4E), again supporting a decreased induction of lipolysis in NAT from 

Cx31 partial knockout tumors. Finally, if the delay in HCC1143 GJB3+/+/- tumor onset 

(Fig. 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 CL316273, a specific �3-

receptor agonist known to activate lipolysis in vivo (48), completely rescued the delay in 

tumor onset observed in HCC1143 GJB3+/+/- tumors, but did not further promote the 

growth of HCC1143 GJB3+/+/+ tumors (Fig. 4F). 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 manner. Finally, we discovered a previously 
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unappreciated role for Cx31-dependent gap junctions in breast tumor growth and 

activation of lipolysis in tumor-adjacent adipose tissue in vivo. Cx31 may represent a 

new therapeutic target to treat pro-lipolytic breast tumors. Furthermore, the recent 

discovery of gap junction formation between brain metastatic carcinoma cells and 

astrocytes (41) suggests that gap junction-dependent heterotypic interaction between 

tumor and non-tumor cells may be an emerging hallmark of tumorigenesis. 
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Experimental procedures 

3CB imaging protocol. The 3CB method combines dual-energy X-ray mammography 

attenuations and a breast thickness map to solve for the three unknowns: water, lipid, 

and protein content (1). We used Hologic Selenia full-field digital mammography system 

(Hologic, Inc.) to image women with 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 (2). The 

thickness validation procedure concluded in a weekly scanning of specially designed 

quality assurance phantom (3). The calibration standards and 3CB algorithms are 

described in full elsewhere (1, 4). 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. 
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3CB patient population. Five hundred women with suspicious mammography findings 

(BIRADS 4 or greater) were recruited and imaged before their biopsies using a 3-

component decomposition dual-energy mammography protocol (3CB) for a multicenter 

study with two recruitment sites: The University of California at San Francisco and 

Moffitt Cancer Center, Tampa, Florida (5).  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. This study 

was approved by the institutional review board of the respective institutions. 

 

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 and embedded in 

paraffin, and 4 micron sections were cut for hematoxylin and eosin (H&E) and 

immunohistochemical ER, PR, and HER2 staining, as well as HER2 fluorescence in situ 

hybridization (FISH) for a subset of tumors. ER, PR, and HER2 were scored according 
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to ASCO/CAP guidelines (6, 7). 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 400× 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 open source Adiposoft v1.13 plugin (8).  

 

cAMP-dependent lipolysis signature. The cAMP-dependent lipolysis gene signature 

was generated using RNA-seq data of cAMP-treated adipocytes (9). 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 

(10). “cAMP 100 signature” enrichment scores were calculated for a dataset containing 

multiple samples from multiple regions surrounding breast tumors (11). The dataset 

includes samples from the tumor itself (n = 9), and NAT 1 cm (n = 7), 2 cm (n = 5), 3 cm 

(n = 3) and 4 cm (n = 4) away from the tumor, in addition to healthy normal samples (n = 

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 Affymetrix GeneChip Human Genome U133 

Plus 2.0 CDF obtained from BrainArray (12). The processing and normalization were 

performed using the Robust Multi-array Average (RMA) procedure on Affymetrix 

microarray data. 
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Laser Capture Microdissection. Breast tumor tissue was sectioned at 6 µm 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 infra¬red 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 �L of SDS 

sample buffer, reduced with DTT and heated in a 70-80C 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, 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 
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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 �g of modified trypsin 

(Promega) in 100 mM NH4HCO3, 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 �L 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 NanoLC 2D pump and AS-1 autosampler as described previously (13). 

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 (13). 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 

indistinguishable protein identifications. The protein-level FDR for the final assembly 
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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 (14). The generation of the MTBTOM tumor model has been previously 

described (15). 4-week-old WT FVB/N and immunocompromised NOD/SCID-gamma 

(NSG) female mice were purchased from Taconic Biosciences. Viably frozen MTBTOM, 

HCI002, HCI009 and HCI010 tumor samples were transplanted into the cleared 

mammary fat pads of FVB/N and NSG mice, respectively. 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 

knockout orthotopic xenografts, 5 x 105 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+/+/+ and GJB3+/+/- xenografts, a 

central slice of tumor and surrounding NAT from separate was fixed in 4% 

paraformaldehyde and embedded in paraffin for histological sectioning, H&E staining 

and adipocyte area quantification, while the remaining tumor and NAT tissues were 
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flash-frozen in liquid nitrogen. For other xenografts, NAT was isolated and flash-frozen 

in liquid nitrogen. For the CL316273 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 CL316273, delivered by 

intraperitoneal injection, daily until tumor incidence was recorded via palpation.  

 

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: β-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. 

 

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 (16). No 

cell line used in this paper is listed in the database of commonly misidentified cell lines 
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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 1 µM CalceinAM dye (Life Technologies) at 

37°C for 40 min. Dye-loaded cells were washed three times with PBS, and then single-

cell suspensions of 1.5 X 105 mCherry-labelled cells (recipients) were added for 5 

hours. Dye transfer was quantified by BD LSRFORTESSA or BD LSR II (BD 

Biosciences). For cancer cell-adipocyte transfer, monolayers of indicated control or 

Cx31 partial knockout lines (donors) were labelled with 1 µM 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 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 (cancergenome.nih.gov), made 

available on the University of California, Santa Cruz (UCSC) Cancer Browser. For the 

MTBTOM data set 11 endpoint MTBTOM orthotopic xenografts generated as described 

above and 3 mammary glands from naïve mice were flash-frozen in liquid nitrogen. 

RNA was isolated using the RNAeasy kit (Qiagen). Library preparation and Illumina 
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RNAseq was performed by Q2Solutions (www.q2labsolutions.com). All gene expression 

analyses were performed using the ‘limma’ R package (17). 

 

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 μM CBX (Sigma) for 48 hours, with triplicate samples for each 

condition. Relative ATP concentrations were determined using the CellTiter-Glo 

Luminescent Cell Viability Assay (Promega). 

 

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-

culture, 1 X 106 of the indicated mCherry-labelled cell line was injected into primary 

mammary adipose tissue and cultured at 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 
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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 4μm sections were cut on plus-charged slides for 

immunofluorescence. This study was approved by the UCSF institutional review board. 

For immunofluorescence labeling, slides were dewaxed in xylene followed by 

rehydration in graded ethanol (100, 95, 70%) and deionized H2O. Antigen retrieval was 

performed in 10mM Tris, 1mM 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 (18–20) except 

that the system was upgraded with a next generation scientific CCD camera (cMyo, 293 

Photometrics) with 4.5 μm pixels allowing optimal spatial sampling using a Å~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 Andor Zyla 5.5 megapixel sCMOS camera and 

Lumencor Spectra-X 6-channel LED illuminator. Images were collected using a Plan 

Apo λ 20x / 0.75 lens. 
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Generation of Cx31 partial knockout 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 sg1: CCAGATGCGCCCGAACGCTGTGG (HS578T 1-GJB3+/+/- and 

HCC1143 GJB3+/+/-) 

Cx31 exon 1 sg2: CCGGGTGCTGGTATACGTGGTGG (HS578T 2-GJB3+/+/- and 

HCC1143 GJB3+/-/-) 

Lentiviral transduction was performed in DMEM supplemented with 10% FBS and 

polybrene 10 μg/mL. Cas9-expressing cells were enriched by Blasticidin (10-15 μg/mL 

Gemini BioProducts) selection for seven days. Cas9+ cells were subsequently 

transduced with lentiGuide-Puro (with sgRNAs targeting Cx31) followed by puromycin 

(1 μg/mL; Gibco) for seven days. Thereafter, clonal selection was performed and clones 

screened for loss of target gene protein expression 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 μM 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 μl of 40:40:20 

acetonitrile:methanol:water with the addition of 1 nM (final concentration) of D3-

[15N]serine as an internal extraction standard (Cambridge Isotopes Laboratories Inc, 

DNLM-6863). 10 μl of cleared supernatant (via centrifugation at 15,000 r.p.m., 10 min, 
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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 2�M fluo-cAMP (Biolog Life 

Science Institute) at 37°C for 30 min. 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 qRT-PCR. Primary mouse preadipocytes were 

differentiated as previously described (21). Monolayers of differentiated adipocytes were 

washed with PBS, and then treated with vehicle or 10μM forskolin (Sigma), or seeded 

with 1 X 105 of the indicated cancer lines. Total RNA was isolated from co-cultures after 

20 hours using the RNeasy kit (Qiagen). One μg 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 
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(Thermo). Variation was determined using the ΔΔCT method (22) with GAPDH mRNA 

levels as an internal control. Mouse-specific primers used were as follows: 

GAPDH forward CCAGCTACTCGCGGCTTTA 

reverse GTTCACACCGACCTTCACCA 

UCP1 forward CACCTTCCCGCTGGACACT 

reverse CCCTAGGACACCTTTATACCTAATGG 

aP2 forward ACACCGAGATTTCCTTCAAACTG 

reverse CCATCTAGGGTTATGATGCTCTTCA 

 

Proliferation assays. To determine the effects of Cx31 partial knockout on cell 

proliferation, the indicated cell lines were seeded in 6-well plates at 1.5 X 105 cells/well. 

Cells were harvested at 24, 48 and 72 h. Cell counts were determined using 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. 1D) and the survival plots (Fig. 4B). Correlation P values were 

generated using a two-sided t-test. Survival plot P values was generated using a log-

rank test. All differential expression analyses (Fig. 2, C and D) were done using the 

‘limma’ R package (17). 

 

Code availability. Publicly available data sets were acquired as noted. Our annotations 

of the TCGA data set is available at (https://bitbucket.org/jeevb/brca). 
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Fig. 1. Lipolysis and lipolytic signaling are activated in breast tumor-adjacent adipocytes 
from breast cancer patients and mouse models of breast cancer. (A) Representative 
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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 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 1 cm (n = 7), 2 cm (n = 5), 3 cm (n = 3), 
and 4 cm (n = 4), and healthy non-tumor breast tissue (n = 10). (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 < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; paired 
two-tailed t test (B), unpaired two-tailed t test (C), (E), and (F). 
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Fig. 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 
�M CBX for 48 hours relative to untreated (control) cells. (C) 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. (D) 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 (B) mean ± s.e.m. of three independent biological 
replicates is shown. **P < 0.01, ****P < 0.0001; unpaired two-tailed t test (A) and (B). 
For (C) and (D) all differential expression analysis was done using the ‘limma’ R 
package. 
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Fig. 3. Breast cancer cell-adipocyte gap junctions form, transfer cAMP, and activate 
lipolytic signaling in a Cx31-dependent manner. (A) 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 
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indicate co-staining of Cx31 with contact point HCC1143 and adipocyte plasma 
membranes. Scale bar, 25 µm. (B) Staining with Cx31 (green) and pan-cytokeratin 
(magenta) of primary mammary adipose tissue from a healthy individual (WD43177) 
injected with RP mCherry-T47D cells and co-cultured overnight. Scale bar, 25 µm. (C) 
Staining with Cx31 (green) and pan-cytokeratin (magenta) of primary TNBC patient 
biopsies. Scale bar, top 100 µm, bottom 25 µm. (D) Immunoblot analysis showing 
expression levels of Cx31 in a panel of clonally derived control (GJB3+/+/+) and Cx31 
partial knockdown TN lines. For the Cx31-knockdown lines each clone is referred to by 
number of GJB3 alleles expressed (e.g. GJB3+/+/- is missing 1/3 functional alleles). 
Quantification of Cx31 level normalized to b-actin level is indicated. (E) Dye transfer 
from indicated HCC1143 control and Cx31 partial knockout lines to primary mammary 
adipose tissue of indicated healthy individuals. (F) cAMP levels in TN high MYC, TN low 
MYC, and RP cell lines after treatment with 150 µM CBX for 24 hours relative to 
untreated (control) cells. (G) cAMP transfer from indicated HCC1143 control and Cx31-
knockdown lines to primary mammary adipose tissue of indicated healthy individuals. 
(H) Fold change in UCP1 and aP2 expression in differentiated adipocytes after 
treatment with vehicle (control) or 10 µM forskolin, or co-cultured with indicated Cx31 
partial knockout 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; paired two-
tailed t test (E), (G), and (H), unpaired two-tailed t test (F). 
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Fig. 4. Cx31 is essential for breast cancer cell growth in vitro, and tumorigenesis and 
activation of lipolysis in adjacent adipocytes in vivo. (A) Cell growth of indicated Cx31 

0 30 50 90 120 150 180
0

50

100

Time since transplantation (d)

Tu
m

or
-fr

ee
 s

ur
vi

va
l (

%
) HCC1143 GJB3+/+/+

HCC1143 GJB3+/+/-

HCC1143 GJB3+/-/-

* **

0 24 48 72
0

2

4

6

8

Hours

C
el

l n
um

be
r (

x1
05 )

HCC1143 GJB3+/+/+

HCC1143 GJB3+/+/-

HCC1143 GJB3+/-/-

n.s.

*

A

Figure 4

0 24 48 72
0

2

4

6

8

Hours

C
el

l n
um

be
r (

x1
05 ) HS578T 2-GJB3+/+/-

HS578T GJB3+/+/+

HS578T 1-GJB3+/+/-

n.s.

B

0 50 90 120 150 180
0

50

100

Time since transplantation (d)

Et
hi

ca
l e

nd
po

in
t s

ur
iv

al
 (%

)

HCC1143 GJB3+/+/+

HCC1143 GJB3+/+/-

HCC1143 GJB3+/-/-

**

**

0 30 60 90 120 150 180
0

50

100

Time since transplantation (d)
Tu

m
or

-fr
ee

 s
ur

vi
va

l (
%

) HS578T GJB3+/+/+

HS578T 1-GJB3+/+/-

HS578T 2-GJB3+/+/-

**

0 50 90 120 150 180
0

50

100

Time since transplantation (d)

Et
hi

ca
l e

nd
po

in
t s

ur
iv

al
 (%

)

HS578T GJB3+/+/+

HS578T 1-GJB3+/+/-

HS578T 2-GJB3+/+/-

***

C

HCC11
43

 G
JB

3+
/+/

+

HCC11
43

 G
JB

3+
/+/

-
0

1

2

3

4

Fo
ld

 c
ha

ng
e 

in
 c

AM
P 

le
ve

l

*

D

F

0 20 30 35 40 45 50 55
0

50

100

Time since transplantation (d)

Tu
m

or
-fr

ee
 s

ur
vi

va
l (

%
) HCC1143 GJB3+/+/+ Vehicle

HCC1143 GJB3+/+/+ CL316273

HCC1143 GJB3+/+/- Vehicle

HCC1143 GJB3+/+/- CL316273

** HCC11
43

 G
JB

3+
/+/

+

HCC11
43

 G
JB

3+
/+/

-
0

50

100

150

200

Ad
ip

oc
yt

e 
ar

ea
 (µ

m
2 )

****

pHSL S563

HSL

Actin

Non
-tu

mor 
1

Non
-tu

mor 
2

HCC11
43

 G
JB
3+
/+/
+  N

AT 1

HCC11
43

 G
JB
3+
/+/
+  N

AT 2

HCC11
43

 G
JB
3+
/+/
+  N

AT 3

HCC11
43

 G
JB
3+
/+/
-  N

AT 1

HCC11
43

 G
JB
3+
/+/
-  N

AT 2

HCC11
43

 G
JB
3+
/+/
-  N

AT 3

HCC11
43

 G
JB
3+
/-/-  N

AT 1

HCC11
43

 G
JB
3+
/-/-  N

AT 2

HCC11
43

 G
JB
3+
/-/-  N

AT 3

HCC11
43

 G
JB
3+
/-/-  n

o t
um

or 
NAT 1

HCC11
43

 G
JB
3+
/-/-  n

o t
um

or 
NAT 2

Naiv
e N

T

HCC11
43

 G
JB

3+
/+/

+

HCC11
43

 G
JB

3+
/+/

-

HCC11
43

 G
JB

3+
/-/-

HCC11
43

 G
JB

3+
/-/-

 no
 T

0

1

2

3

pH
SL

-S
56

3/
H

SL
/A

ct
in

 (A
U

)

*
E



 133 

partial knockout lines over 72 hours. (B) Kaplan-Meier analysis of tumor onset (top) and 
ethical endpoint survival (bottom) of mice bearing indicated Cx31 partial knockout 
orthotopic xenografts (n = 5 per group). Ethical endpoint survival indicates the 
percentage of mice bearing xenografts < 2cm in any dimension. (C) 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 
knockout xenografts or mice that were transplanted, but subsequently did not develop a 
tumor. Quantification (right) of pHSL/HSL ratio, normalized to b-actin levels. (D) Fold 
change in cAMP levels in HCC1143 GJB3+/+/- xenografts versus HCC1143 GJB3+/+/+ 
xenografts. (E) Adipocyte area adjacent to HCC1143 GJB3+/+/- xenografts (n = 5) and 
HCC1143 GJB3+/+/+ xenografts (n = 4). The black line indicates mean adipocyte area. 
Each point represents individual adipocyte. (F) Kaplan-Meier analysis of tumor onset of 
mice bearing indicated Cx31 partial knockout orthotopic xenografts (n = 5 per group) 
and treated with vehicle or with 1mg/kg CL316273. For (C) and (D) mean ± s.e.m. is 
shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; unpaired two-tailed t test 
(A), (C), and (D), log-rank test (B) and (F). 
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Fig. S1. 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 
t test (A) and (B). 
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Supplementary Tables 1-3 

All supplementary tables can be found using the following link: 

https://www.biorxiv.org/content/early/2018/03/07/277939.figures-only 
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