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SUMMARY

Cancer stem cells (CSCs) are critical for cancer progression and chemoresistance. How lipid 

metabolism regulates CSCs and chemoresistance remains elusive. Here, we demonstrate that JAK/

STAT3 regulates lipid metabolism, which promotes breast CSCs (BCSCs) and cancer 

chemoresistance. Inhibiting JAK/STAT3 blocks BCSC self-renewal and expression of diverse lipid 

metabolic genes, including carnitine palmitoyltransferase 1B (CPT1B), which encodes the critical 

enzyme for fatty acid β-oxidation (FAO). Moreover, mammary adipocyte-derived leptin 

upregulates STAT3-induced CPT1B expression and FAO activity in BCSCs. Human breast cancer-

derived data suggest STAT3-CPT1B-FAO pathway promotes cancer cell stemness and 

chemoresistance. Blocking FAO and/or leptin re-sensitizes them to chemotherapy and inhibits 

BCSCs in mouse breast tumors in vivo. We identify a critical pathway for BCSC maintenance and 

breast cancer chemoresistance.

eTOC

Cancer stem cells play an important role in cancer development and chemoresistance. Wang et al. 

show that leptin-JAK/STAT3 regulates lipid metabolism through fatty acid β-oxidation (FAO), 

promoting breast cancer stemness and chemoresistance. Blocking FAO and/or depleting leptin re-

sensitize cancer cells to chemotherapy while reducing cancer stemness in vivo.

INTRODUCTION

Chemoresistance remains a major hurdle for cancer therapy. A subpopulation of cancer cells 

that is highly tumorigenic and resistant to various therapies constitute the so-called cancer 

stem cells (CSCs)(Bose et al., 2011; Oliva et al., 2010; Shafee et al., 2008). Although critical 

roles played by CSCs in tumor progression and resistance to therapies are established, 

targeting and eliminating these cells is still problematic in the clinic. Consequently, there is 

an urgent need to understand the molecular pathways sustaining CSC characteristics.

The critical role of metabolic regulation in cancer progression and, more recently, resistance 

to therapy has been recognized (Baumann et al., 2013; Camarda et al., 2016; Sounni et al., 

2014; Zhou et al., 2003). During tumor progression, cancer cells reprogram their metabolic 

profiles geared toward glycolysis, which provides building blocks for the synthesis of 
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macromolecules and biomass to support proliferation and survival. Proliferating cancer cells 

ferment glucose to generate ATP, despite sufficient oxygen available to support oxidative 

phosphorylation (OXPHOS), a phenomenon known as the Warburg effect (Hsu and Sabatini, 

2008; Vander Heiden et al., 2009).

Emerging studies reveal that CSCs are metabolically distinct from cancer cells, and the 

degree of glycolytic activity required for CSCs remains controversial (Ciavardelli et al., 

2014; Janiszewska et al., 2012; Mao et al., 2013; Vlashi et al., 2011). For example, 

glioblastoma stem cells (GSCs) consume less glucose and produce less lactate than their 

differentiated tumor cells (Vlashi et al., 2011). Notably, even in the presence of low 

glycolytic flux, GSCs still produce high ATPs and exhibit enhanced spare respiratory 

capacity, indicating that CSCs may rely on catabolism to generate ATP while utilizing 

anabolism to create biomass (Vlashi et al., 2011), and GSCs use OXPHOS to meet energy 

demands by interchangeably breaking down glucose, amino acids, and fats to fuel 

tricarboxylic acid (TCA) cycle and ATP production (Janiszewska et al., 2012). However, 

whether CSCs attain a unique phenotype through catabolic metabolism such as OXPHOS 

remains to be explored.

Previously we and others demonstrated that blocking JAK/STAT3 inhibits CSC self-renewal 

and tumor growth in vivo (Herrmann et al., 2014; Marotta et al., 2011; Schroeder et al., 

2014). The importance of STAT3 in promoting glycolysis through transcriptional regulation 

has been shown in proliferating breast cancer cells (Demaria et al., 2010). Interestingly, 

STAT3 is also found in the cell mitochondrion, and mitochondrial STAT3 sustains OXPHOS 

activities in breast cancer cells. Blocking STAT3 downregulates mitochondrial electron 

transport chain in breast cancer cells, and breast tumor growth in vivo (Tammineni et al., 

2013; Zhang et al., 2013). Although these findings suggest that STAT3 might contribute to 

tumor-promoting CSC phenotype and function by regulating anabolic and possibly also 

catabolic metabolism, no studies have delineated how JAK/STAT3 could regulate CSC 

metabolically, thereby impacting resistance to therapy.

RESULTS

JAK Regulates Lipid Metabolism in BCSCs

The pan-JAK small molecule inhibitorAZD1480 has been shown to effectively inhibit JAK 

and STAT3 activity in various cancer cells (Hedvat et al., 2009). Treating breast cancer cell 

line HCC1937 with AZD1480 significantly lowered the viability of its CSCs (CD44+/

CD24−)(Figure 1A), in contrast to non-cancer stem cells (NCSC) (Figure 1A). Similarly, 

treating MCF7 cells, which exhibit CSC-like characteristics in tumorspheres and initiate 

tumors in vivo with minimal numbers of engrafted cells (Al-Hajj et al., 2003; Wang et al., 

2014b), with AZD1480 suppressed tumorsphere formation (Figure 1B). To identify the JAK/

STAT3 downstream pathways responsible for regulating BCSC propagation, we performed 

RNAseq analyses using RNAs prepared from MCF7 tumorspheres treated with AZD1480, 

which indicated that some lipid metabolic genes might be regulated by JAK/STAT pathway. 

qRT-PCR showed that blocking JAK/STAT3 with AZD1480 downregulated several key lipid 

metabolism genes in BCSCs, including the rate limiting enzyme, carnitinepalmitoyl 

transferase 1 (CPT1), for Fatty Acid Oxidation (FAO) (Figure 1C). Metabolomic analyses 
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were performed using lysates prepared from Hs578T and MDA-MB-436, which are CD44+/

CD24− BCSC-enriched cell lines, and CD24+ HCC1500 and BT20 breast cancer cell lines, 

which are known to be mainly NCSCs (Sheridan et al., 2006). Tumorsphere formation was 

confirmed and the results for Hs578T, MDA-MB-436, HCC1500 and BT20 are provided in 

Figure S1A. The metabolomic analyses indicated that levels of long-chain acylcarnitines 

C16:0 and C18:1, but not medium- or short-chain acylcarnitines, were higher in Hs578T and 

MDA-MB-436 BCSC cell lines relative to HCC1500 and BT20 NCSC cell lines (Figure 1D 

and S1B). These findings are supportive of enhanced long-chain FAO metabolites in BCSCs 

as compared to NCSC populations.

BCSC Self-Renewal Requires Catabolic FAO

To investigate a role of FAO in BCSCs, we first compared the oxidation rate of 3H-palmitic 

acid in BCSCs vs. NCSCs. We used BBM2 and BBM3 cells, which were derived from 

patient breast-to-brain metastasis that retain their original tissue morphology (Neman et al., 

2014). Without well-defined CSC markers from patient primary cells, we used non-adherent 

mammosphere culture to enrich early progenitor/stem cells for BBM2 and BBM3 primary 

cells (Grimshaw et al., 2008). Tumorspheres of BBM2 and BBM3 and CSC (CD44+/

CD24−) MDA-MB-468 cells expressed high levels of stem cell markers including MSI1, 
OCT4 and NANOG (Figure S1C and D). In addition, CSC MDA-MB-468 cells showed 

increased ability to form colonies when plated in soft agar (Figure S1E) compared to NCSCs 

(CD24+). Importantly, BBM2 tumorspheres and BCSC cells from MDA-MB-468 exhibited 

elevated FAO rates compared to NCSC populations (Figure 2A).

FAO requires the rate limiting enzyme CPT1 to transport lipids into the mitochondria 

(Carracedo et al., 2013). Of the three isoforms of CPT1, only CPT1 B was detected in 

BCSCs (Figure S2A). Immunofluorescent staining of CPT1B in conjunction with stem cell 

markers CD44 in human breast cancer tissue sections supported CPT1B/FAO enrichment in 

BCSCs (Figure 2B). While NCSCs exhibit a perinuclear mitochondria arrangement, BCSCs 

displayed a branched mitochondrial network which typically correlates with an oxidative 

cell phenotype (Figure S2D and E)(Rossignol et al., 2004). Furthermore, FAO inhibition 

with irreversible CPT1 inhibitor etomoxir significantly decreased ATP levels in BCSCs, but 

not in NCSCs (Figure 2C).

Etomoxir treatment decreased the cell viability in CSC MDA-MB-468 (Figure 2D) and in 

BBM2 and BBM3 tumorsphere (Figure S2B). Moreover, inhibiting FAO in BBM2 and 

BBM3 decreased their tumorsphere forming potential and the number of tumorsphere-

initiating cells (Figure 2D, E and S2B). In contrast, the viability of NCSCs, which exhibit 

low FAO rates and minimal CPT1 gene expression, was only slightly affected by etomoxir 

treatment (Figure 2D). Treating spontaneously developed mammary tumors in Mouse 
Mammary Tumor Virus-Polyoma Virus Middle T antigen (MMTV-PyMT) mice with an 

FAO inhibitor perhexiline, reduced tumor weight (Figure S2C) and percentage of CD44high/

Sca-1high mouse BCSCs within these tumors (Figure 2G). Ex vivo real-time PCR analysis of 

these tumors also indicated decreased expression of stem cells genes SOX2 and ALDH1A1 
(Figure 2G).
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STAT3 Inhibition Attenuates FAO in BCSCs

We next tested whether STAT3 directly modulates BCSC transcriptome important for FAO. 

Knocking down STAT3 in BCSCs reduced expression of genes involved in various 

metabolic pathways including FAO (Figure 3B). STAT3 silencing by siRNA in BBM2 

tumorspheres, CSC MDA-MB-468, and breast epithelial MCF10A cells (cultured in the 

presence of insulin and epidermal growth factor, which activate STAT3 (Vultur et al., 2004)) 

diminished FAO (oxidation of 3H-labeled palmitic acid) (Figure 3C). Knocking down 

STAT3 also reduced ATP production in MCF10A cells while increasing the ADP/ATP ratio 

(Figure 3D).

Inhibition of fatty acid catabolism typically causes lipid accumulation in the cytoplasm in 

the form of adiposomes due to decreased fatty acid utilization (Wang et al., 2014a). 

Consistently, we observed accumulation of adiposomes in BCSCs upon STAT3 silencing 

(Figure 3E). We tested whether the replacement of acetyl-CoA can rescue the reduced self-

renewal potential of STAT3-ablated BCSCs. Blocking STAT3 in BCSCs inhibited self-

renewal, whereas addition of acetyl-CoA (1 µM) into CSC MDA-MB-468 cells transfected 

with STAT3 siRNA rescued their survival (Figure 3F and S2F) as well as BBM2 

tumorsphere formation ability (Figure 3G). In addition, stimulating FAO with agonist, 

bezafibrate, also rescued BBM2 tumorsphere formation ability of STAT3-inhibited cells 

(Figure 3G).

STAT3 Promotes FAO by Regulating CPT1B Transcription

Silencing STAT3 with siRNA decreased CPT1B mRNA levels in BBM2 tumorspheres and 

CSC MDA-MB-468 cells with no compensation from other isoforms, CPT1A and C (Figure 

4A). Chromatin immunoprecipitation (ChIP) assay revealed that STAT3 regulated CPT1B 
expression in BCSCs by directly binding to the CPT1B promoter (Figure 4B). Furthermore, 

STAT3 siRNA significantly downregulated while constitutively-activated STAT3 (STAT3C) 

upregulated CPT1B promoter-driven luciferase activity (Figure 4C). Silencing STAT3 
reduced CPT1B protein expression in CSC MDA-MB-468 cells and BBM2 tumorspheres 

(Figure 4D and –E), leading to diminished CPT1B enzymatic activity (Figure 4F). We 

further confirmed the role of STAT3 in FAO and CPT1B regulation by supplementing 

BBM2 tumorspheres with medium-chain fatty acid, myristic acid (MA), which bypasses 

CPT1B to be metabolized in the mitochondria. Addition of MA reversed the inhibition of 

BBM2 tumorsphere formation induced by JAK inhibitor AZD1480 (Figure 4G).

Mammary Adipocyte-Derived Leptin Is Critical for BCSC STAT3-FAO Pathway

Aberrant lipogenesis and lipid accumulation are frequently observed in breast tumors and 

contribute to increased capacity for catabolic FAO (Baumann et al., 2013; Bozza and Viola, 

2010; Zhou et al., 2003). However, lipid droplet staining of BCSCs showed minimal lipid 

content (Figure 3E), suggesting that FAO in BCSCs may require exogenous lipid supplies 

for oxidation substrates. We tested whether BCSCs can uptake FAO substrates from the fat-

laden breast tumor environment to drive self-renewal and proliferation. Supplementing 

BCSC media with BSA-conjugated palmitic acid (PA) increased BCSC proliferation, while 

etomoxir reversed the increased proliferation (Figure S3A). Furthermore, conditioned 

medium (CM) from in vivo differentiated human-derived breast adipocytes (Figure S3B) 
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also increased proliferation of BBM2 tumorspheres (Figure S3C). Migration assay using 

human breast adipose CM indicated that BBM2 and BBM3 tumorspheres show tropism 

toward adipose-derived factors (Figure S3D). We next investigated if BBM2 tumorspheres 

could uptake lipids directly from the surrounding adipose tissue. We co-cultured BBM2 

tumorspheres with human-derived breast adipocytes loaded with fluorescent PA (BODIPY-

C16). During co-culturing, fluorescent lipids were transferred from adipocytes to BCSCs, 

indicating that adipocytes can serve as a reservoir of lipids to BCSCs (Figure S3E). In 

addition, sulfosuccinimidyl oleate sodium (SSO) treatment decreased fluorescent lipid 

uptake by BBM2 (Figure S3E), suggesting that the specific fatty acid transfer occurs rather 

than cell fusion. SSO has been shown to inhibit fatty acid translocase (FAT/CD36). At 200 

µM it can block uptake of long chain fatty acid by approximately 65% in cultured adipocytes 

(Abumrad et al., 1993; Harmon et al., 1991). Even though PA transporter has not been well 

characterized, the only protein located at the plasma membrane consistently shown to 

enhance fatty acid uptake is CD36(Krammer et al., 2011). Co-culturing BCSCs with mature 

adipocytes but not pre-adipocyte stimulated STAT3 phosphorylation (p-STAT3) in BBM2 

tumorspheres (Figure 5A). In addition, fatty acid uptake by BCSCs by co-culturing with 

adipocytes induced CPT1B and STAT3 upregulation in BCSCs (Figure S3F).

We next performed an adipokine array on breast adipocyte-conditioned medium. Of the 58 

adipokines tested, the most abundantly expressed were pentraxin-3, leptin, adipsin, insulin-

like growth factor-binding proteins (IGFBP) 3 and 4, chemokine (C-C motif) ligand 

2(CCL2) and interleukin 8 (IL-8) (Figure 5B). To assess which adipokine(s) might be 

critical for activating STAT3 in BCSCs, qRT-PCR and flow cytometry were performed to 

detect the expression of the receptors of the identified adipokines inBBM2 and BBM3 

tumorspheres. The results showed that only leptin receptor (LEPR) expression was elevated 

in BBM2 and BBM3 tumorspheres (Figure 5C and S4). Among them, LEPR has been 

shown to maintain BCSC-like and metastatic properties (Feldman et al., 2012; Han et al., 

2013), and leptin can stimulate JAK2 and STAT3 phosphorylation in BCSCs. Consistent 

with a homeostatic role of leptin signaling in BCSCs, BBM2 tumorpheres treated with BSA 

and leptin showed an increased level of phosphorylated JAK2 and STAT3 (Figure 5D). 

Furthermore, supplementing culture media with BSA-leptin increased tumorsphere 

formation (Figure 5E). Leptin neutralizing antibody (α-leptin) in media reversed the 

induction of FAO enzymes CPT1B and ACADM (Figure 5F). AZD1480 also lowered the 

induction of FAO in BCSCs (Figure 5F). Consistently, MMTV-PyMT mice treated with α-

leptin reduced breast tumor development. Ex vivo flow cytometric analyses of the excised 

tumors showed that α-leptin treatments decreased the percentage of Cd44high/Sca-1high 

BCSCs in the breast tumors (Figure 5G and H). Recently, CSCs have been shown to play a 

critical role in cancer pathogenesis and chemoresistance (Han et al., 2013; Shafee et al., 

2008). In addition to our finding that CD44 CSC marker co-expresses with CPT1B in breast 

cancer patient tumors (Figure 2B), we found that LEPR expression was higher in the 

chemoresistant metastatic breast tumor sections and that LEPR -positive cells had elevated 

expression of CPT1B (Figure 5I).
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STAT3-CPT1B-FAO Pathway Promotes Breast Cancer and Chemoresistance

To further determine whether JAK/STAT3-CPT1B and its downstream FAO influence 

clinical outcome in human breast cancers, we identified several annotated breast tumor data 

sets in which we could compare CPT1B expression in normal versus tumor specimens and 

from patients with different outcomes and chemotherapeutic responses. Specifically, we 

compared the expression profiles of invasive breast carcinoma tissues (from 56 patients) 

with normal breast tissues (6 patients). We also compared the expression profiles in primary 

breast tumors from patients whose tumors recurred (11 patients) and those who did not (8 

patients) within 5 years. We found that CPT1B expression is elevated in breast carcinomas 

compared to normal breast tissues in several data sets (Figure 6A, S5A and B). Importantly, 

CPT1B expression levels were amplified in the breast tumor tissues upon disease recurrence 

(Figure 6B) and correlated with poor outcome (Figure S5C). CPT1B was also significantly 

adversely associated with therapeutic response of breast cancer patients (Figure 6C). 

Consistently, CPT1B and STAT3 mRNA levels were higher in ex vivo cultured breast cancer 

biopsies derived from post-chemotherapy (resistant) triple negative breast cancer (TNBC) 

tumors compared to pre-chemotherapy tumor tissues (primary)(Figure 6D). To test whether 

aberrant expression of CPT1B driven by FAO in BCSCs is a key contributing factor for 

refractory breast cancer, chemoresistant MDA-MB-231 TNBC cell line was generated by 

serial passage in media supplemented with paclitaxel. Consistent with our Oncomine data 

analyses, mRNA levels of CPT1B and FAO enzyme ACADM were significantly elevated in 

paclitaxel-resistant MDA-MB 231 cells (231-R) compared to their parental cells (231-P) 

(Figure 6E). Moreover, expression of stem cell markers MSI1 and OCT4, tumorsphere-

forming ability as well as FAO rate were significantly increased in chemoresistant TNBC 

cells (Figure 6F–I). To further validate our finding in more clinical relevant setting, we 

compared protein expression of CPT1B and CD44 in 6 pairs of patient biopsies before and 

after developing chemoresistance. We detected higher expression levels of CD44, which are 

positive also for CPT1B, in the chemoresistant tumor sections when compared to their 

counterparts prior to paclitaxel treatment (Figure 6J).

Untargeted metabolomic analyses further confirm that FAO metabolites are enriched in 

chemoresistant breast tumor cells. Such analyses revealed differences in integral FAO 

metabolites in chemoresistant 231-R vs. 231-P parental breast tumor cells (Figure 7A). In 

particular, we detected elevated levels of acylcarnitines, including CPT1-mediated 

acylcarnitine-C16:0, and carnitine-shuttle pathway intermediates in 231-R relative to 231-P 

cells, consistent with increased FAO in the chemoresistant TNBC cells (Figure 7A Lower 

left panels). Comparisons of major structural lipids between the cell line pairs indicated 

higher levels of lysophospholipids, phospholipids and sphingolipids and lower levels of 

triacylglycerols and cholesterol esters in the chemoresistant TNBC cells (Figure S6A).

To further confirm an enhanced FAO-dominant metabolic state in the resistant tumor cells, 

especially during drug treatment, we interrogated the dynamics of acute metabolic changes 

in 231-R and 231-P cells 2, 4 and 6 hours after initiation of paclitaxel treatment and 

compared these changes against respective time-matched vehicle controls. Chemoresistant 

231-R cells exhibited acute increases in lysophospholipids, namely 

lysophosphatidylethanolamines (LPE), within the first 2 hours of paclitaxel treatment, after 
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which LPE levels decreased (Figure S6B). LPEs are derived from the hydrolytic cleavage of 

fatty acid residues at the sn-2 position of phosphatidylethanolamines (PE), thereby releasing 

the fatty acid (Figure S6B). In addition, our metabolomic analyses indicated an 

accumulation of glycerophosphoethanolamine (a downstream degradation product of LPEs) 

in 231-R cells with 4 hours post-paclitaxel treatment, indicating the greatest increase relative 

to time-matched vehicle control (Figure 7B). The 231-R-associated elevation in 

glycerophosphoethanolamine and reduction in LPEs during the initial 4 hours of paclitaxel 

treatment implies a secondary hydrolysis of the fatty acid on the sn-1 position of the LPEs 

(Figure 7B and S7). The transfer of long-chain fatty acids (LCFA) into the mitochondrial 

matrix for FAO is highly reliant upon the carnitine shuttle pathway. Our findings indicate 

that carnitine and acetylcarnitine levels increase in 231-R cells acutely in response to 

paclitaxel treatment, suggesting an increased rate of LCFA-CoA transfer for FAO (Figure 7C 

and S7).

To investigate this notion and further define the contribution of FAO to paclitaxel-acquired 

resistance, chemoresistant 231-R TNBC cells were treated with paclitaxel in combination 

with FAO inhibitor perhexiline (Figure 7D). Although single-agent treatment of TNBC cells 

with paclitaxel or perhexiline showed minimal efficacy against TNBC cells, combinatorial 

regimens with both agents significantly decreased 231-R cell viability (Figure 7D), 

suggesting that perhexiline can sensitize drug-resistant breast cancer cells to chemotherapy.

DISCUSSION

Our study identifies a novel leptin-LEPR-JAK-STAT3-dependent FAO pathway as critical 

for BCSC self-renewal that is associated with breast cancer chemoresistance (Figure 7E). 

The induction of FAO may provide several metabolic advantages for BCSC maintenance: 

FAO products NADH and FADH2 counteract reactive oxygen species accumulation to 

reduce oxidative stress and increase ATP production as electron carriers of the electron 

transport chain (Carracedo et al., 2013). Acetyl-CoA serves as the intersection to many 

metabolic pathways and contributes to fatty acid synthesis, TCA cycle, and protein 

acetylation (Comerford et al., 2014; Yoshii et al., 2015). Of relevance, our study 

demonstrates the requirement of acetyl-CoA in maintaining BCSC survival. Importantly, 

protein acetylation is a prevalent modification in metabolic enzymes. Zhao et al. found 

nearly every enzyme in glycolysis, gluconeogensis, TCA cycle, and fatty acid metabolism 

was acetylated in human liver tissue. Protein acetylation levels also corresponded to enzyme 

activity (Zhao et al., 2010). This suggests that acetyl-CoA deprivation can depress the entire 

metabolic acetylome suspending the metabolic processes required for BCSC proliferation 

and survival.

In addition to our findings that FAO is required for the maintenance of BCSCs and 

contributes to chemresistance, other studies showed the importance of FAO in cancer 

progression/metastasis. FAO has been implicated to be necessary to prevent anoikis 

associated with detachment from the extracellular matrix and anchorage independent 

growth, an event necessary for metastasis (Carracedo et al., 2012). Recently, a critical role of 

FAO in mediating c-Myc-overexpressed TNBC oncogenicity has been demonstrated 
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(Camarda et al., 2016). These results suggest that FAO contributes to cancer progression in 

multiple ways.

Recent publications have reported FAO to be important for maintenance of hematopoietic 

stem cell (HSC) and CD8+ memory T cells, which exhibit some stem cell phenotype 

(Gattinoni et al., 2011; Ito et al., 2012; Lugli et al., 2013). FAO inhibition in T cells prevents 

differentiation toward the memory T cell lineage (Lochner et al., 2015; Priyadharshini and 

Turka, 2015), and FAO inhibition in HSCs leads to eventual population depletion (Ito et al., 

2012). In contrast, rapidly dividing effector T cells and cancer cells preferentially upregulate 

glycolysis to sustain the high anabolic needs of proliferating cells (Lochner et al., 2015; 

Priyadharshini and Turka, 2015). These data suggest that FAO is favorable for sustaining 

homeostatic survival rather than rapid proliferation, suggesting a need of BCSCs for cell 

maintenance rather than rapid expansion. Coincidentally, STAT3 has also been reported to 

be critical for the development of memory T cells in viral infectious models; STAT3 steers 

naïve T cells away from the effector phenotype (Cui et al., 2011; Siegel et al., 2011). 

Whether STAT3 and FAO contribute to memory T cell maintenance in the setting of tumor 

development and obesity remains to be determined. We show that STAT3 transcriptionally 

upregulates the FAO rate limiting enzyme CPT1B, which may link the requirement of FAO 

with STAT3 in T cell development. More recently, however, deprivation of glycolysis in the 

tumor microenvironment due to rapidly proliferating tumor cells metabolically restricts T 

cell effector (TEFF) functions (Chang et al., 2015; Ho et al., 2015). Glycolysis by TEFF cells 

is necessary for IFNγ production and upregulating of its inducible Th1 immune mediators 

(Cham et al., 2008; Chang et al., 2013; Maciolek et al., 2014). A paradoxical observation 

initially described by our group that is validated by numerous studies is that STAT3, though 

a well-known transcription activator, is capable of inhibiting IFNγ and many Th1 mediators 

in the tumor microenvironment (Herrmann et al., 2010; Kortylewski et al., 2005; 

Kortylewski et al., 2009; Yue et al., 2015). Another project in our group based on the role of 

STAT3 in activating FAO pathway in BCSCs demonstrated a critical role of leptin-STAT3-

FAO pathway in CD8+ TEFF cells in inhibiting glycolysis and Th1 antitumor immunity in 

breast cancer. Inhibiting STAT3 or FAO promotes CD8+ TEFF cell glycolysis, Th1 antitumor 

immunity and reduces breast tumor development. Although our in vivo studies in MMTV-
PyMT mice using a FAO inhibitor showed a reduction of tumor growth and numbers of 

CSCs, we cannot rule out the possibility that the decrease in CSCs was contributed by the 

effects of the FAO inhibitor on the tumor microenvironment. Further in vivo experiments 

using patient CSC expressing CPT1b shRNA are required to formally demonstrate that 

targeting CPT1B/FAO reduces CSCs without impact from the tumor microenvironment. 

Nevertheless, our extensive data performed in the absence of tumor stromal cells clearly 

demonstrate an important role of STAT3-CPT1B/FAO intrinsic to BCSCs for self-renewal 

and for breast cancer chemoresistance.

When we probed Oncomine for clinical outcomes related to CPT1B expression, we found 

that elevated CPT1B expression correlated with poorer response to chemotherapy. Indeed, 

we find enhanced FAO is a characteristic of chemoresistant breast cancer cells, which can be 

sensitized to chemotherapy if FAO is inhibited by perhexiline. FAO has recently been shown 

to contribute to mitochondrial spare respiratory capacity (SRC), the extra capacity in cells to 

produce energy under conditions of increased stress (van der Windt et al., 2012). As such, 

Wang et al. Page 9

Cell Metab. Author manuscript; available in PMC 2019 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SRC is tightly associated with cell survival in conditions of chemotherapeutic stress. 

Furthermore, elevated SRC have been linked to resistance to both radiation and 

chemotherapy (Oliva et al., 2010; Vlashi et al., 2011). This suggests that the source of 

chemoresistance in breast cancer maybe FAO-induced elevation in SRC. These studies raise 

the possibility for concurrent use of FAO inhibitors with chemotherapy to reduce excess 

SRC. Perhexiline, the FAO inhibitor used in this study, is approved for use in Australia and 

Asia for angina, but long-term use often leads to liver toxicity (Hay and Gwynne, 1983). 

However, short-term use in combination with chemotherapy may not generate such side 

effects. Our findings identify potential metabolic targets to be tested in novel treatment trials 

as strategies to overcome breast cancer stem-cell associated chemoresistance.

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to the lead 

contact, Dr. Hua Yu (hyu@coh.org)

Experimental Model and Subject Details

Cell Lines

Female breast epithelial cell line MCF10A was cultured in DMEM/F12 supplemented with 

5% horse serum, 20 ng/mL EGF, 0.5 mg/ml hyfrocortisone, 10 µg/mL insulin and 100 

ng/mL cholera toxin. Female breast cancer cell lines MCF7, BBM2, and BBM3 

tumorspheres were cultured in DMEM/F12 supplemented with 2% B27 (Life Technologies), 

20 ng/mL hEGF, 20 ng/mL hFGF2 (Peprotech), and heparin. All adherent cell lines were 

cultured in 10% FBS in DMEM. All cultures were supplemented with 10µg/mL gentamicin. 

BBM2 and BBM3 tumor spheres were dissociated with collaganase and DNAse for several 

hoursat 37°C and plated and maintained in 20% FBS in DMEM for at least 5 passages. 

Primary female human preadipocytes were purchased from Zen-Bio, cultured in 

preadipocyte medium until 80% confluence and differentiated with differentiation medium 

for at least 2 weeks as established by the manufacturer. All media was purchased from Zen-

Bio. Female breast cancer cell lines MB231-P, Hs578T, MB436, HCC1500 and BT20 were 

grown in DMEM (Gibco) containing 10% FBS where as MB231-R was grown in DMEM 

containing 10% FBS plus 50 nM paclitaxel (Sigma Aldrich).

Patient Tumor Specimens

Female breast cancer patient specimens were obtained through a City of Hope Institutional 

Review Board approved protocol with voluntary patient consent. 10 female patients with 

triple negative breast cancer (TNBC) with ages between 45 and 79 (stage 1 to 4). Each pair 

of tumor specimens (primary and recurrent) was obtained from the same patient. Clinical 

and pathologic data were retrieved from medical records under institutionally approved 

protocols (IRB#09139 at City of Hope). Samples were de-identified to protect patient 

confidentiality. Paraffin-embedded tissue were obtained from breast tumor resections and 

prepared as 4 µm sections on unstained slides for subsequence analysis.
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Mice

MMTV-PyMT (PyMT) female mice were purchased from the Jackson Laboratory. Mouse 

care and experimental procedures were performed in accordance with established 

institutional guidance and approved protocols from Institutional Animal Care and Use 

Committee at the Beckman Research Institute of City of Hope National Medical Center. For 

some studies, mice were housed in a controlled environment (12-h light/12-h dark cycle) 

with access to water and fed a High Fat Diet (HFD, 60 kcal % fat; Research Diets D12492) 

generally from 6 to 8 weeks of age, to induce tumor formation. Body weight was measured 

weekly and food intake was monitored.

Method Details

ATP Measurement and Etomoxir Treatment

For Etomoxir treatment, 5,000 cells were seeded in a well of 96-well plate with 1% FBS/

DMEM overnight. Etomoxir was then added at the indicated concentration. In ATP 

measurement experiment, cells were treated as the indicated conditions overnight.

Tumorsphere Formation Assay

Tumorsphere formation was conducted by subculturing BBM2 and BBM3 cells in 

tumorsphere media. Cell culture was performed in 12-well plates (Corning). Accutase 

(Millipore) was used to dissociate tumorspheres into single cells. One thousand cells were 

plated, and tumorspheres were counted after 6 days. Leptin and acetyl-CoA were purchased 

from BD Pharmingen and Sigma Aldrich, respectively. BSA was added to leptin at 0.1% as 

carrier protein before supplementing to culture media. RNAi against human STAT3 was 

introduced using RNAi MAX (Life Technologies) according to manufacturer’s instructions. 

BSA and BSA-conjugated palmitic acid was purchased from Seahorse Biosciences. Myristic 

acid was purchased from Sigma Aldrich.

Limiting Dilution Assay

Cells were cultured for 2 weeks in tumorsphere-forming media. After dissociating spheres 

into single cells, cells were serially diluted from 500 to 2 cells per well into a 96-well plate 

in 18 replicates. Fresh media, hEGF and hFGF2 were replenished every 3 days. Frequency 

of wells containing tumorspheres was counted. Data was analyzed using the Extreme 

Limiting Dilution Algorithm (http://bioinf.wehi.edu.au/software/elda/).

Immunostaining (IF)

Formalin-fixed paraffin-embedded (FFPE) breast tumor sections were de-paraffinized and 

dehydrated through xylene and ethanol series, followed by antigen retrieval in sodium citrate 

buffer, pH 6.0. After blocking with normal goat serum for 30 min, the sections were stained 

with antibodies for CD44 (Cell Signaling), Leptin Receptor (Sigma) and CPT1B (Abcam), 

followed by incubation with secondary antibodies (Alexa Fluor 488 and Alexa Fluor 555, 

Invitrogen). Sections were counterstained with Hoechst 33342, mounted and imaged using 

the Zeiss LSM700 confocal microscope.
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CPT1B Promoter Reporter Assay

CPT1B promoter was cloned by PCR amplification of 1 kb up- and down-stream of 

chr22:51,017,100. The primers are listed in the above table. The promoter region of CPT1B 
was then sub-cloned into pGL 3.1 luciferase reporter vector. MDA-MB-468 and MDA-

MB-231 cells were co-transfected with pGL 3.1-CPT1B, pRL-TK vectors and STAT3 

siRNA or constitutively active STAT3 overexpressing construct (STAT3C) using 

lipofectamine 2000. Twenty four hours after transfection, cells were harvested and analyzed 

using Dual-Luciferase Reporter Assay System (Promega) according to manufacturer’s 

instruction.

Real-Time PCR

Total mRNA was extracted from cells using RNeasy Plus RNA isolation kit (Qiagen) as per 

the manufacturer's protocol. Total RNAs were converted to cDNA by using iScript cDNA 

Synthesis Kit (Bio-Rad) according to manufacturer’s protocol. Real-time PCR was 

performed using a CFX Connect Real-Time PCR Detection System (Bio-Rad). For real-time 

PCR of gene expression, the 20 µl PCR included 1 µL cDNA, 1× iQ SYBR Green Supermix 

(Bio-Rad) and 1 µl of 10 µM of primer mix. The primers for the qPCR are listed in 

Supplemental Table S1. The reactions were incubated in a 96-well optical plate at 95°C f or 

3 min, followed by 40 to 45 cycles of 95°C for 15 s and 60° for 30 s. The ΔCt was 

determinate using default threshold settings. The threshold cycle (Ct) is defined as the 

fractional cycle number at which the fluorescence passes the fixed threshold. The relative 

fold change was measured by the ΔΔ(CT) method between each treatments and the average 

of the control samples in expression.

Fatty Acid Oxidation Assay

The experiment procedures were performed as a previous study (Djouadi et al., 2003). In 

brief, at least 100,000 cells were seeded and treated with 1µM AZD1480, human control or 

STAT3 siRNA for 24h. For the oxidation assay, cultured cell layers or tumorspheres were 

washed three times with HBSS. Then, 200µLof [3H]-palmitic acid (1 mCi/mL, PerkinElmer 

Inc) bound to fatty-acid free albumin (100 µM; the ratio of palmitate:albumin is 2:1) and 1 

mM L-carnitine were added to each well. Incubation was carried out for 2h at 37°C. After 

incubation, the media was collected and added to a tube containing 200 µLof cold 10% 

trichloroacetic acid. The tubes were centrifuged 10 min at 3,000g at 4°C and aliquots of 

supernatants (350 µL) were removed, neutralized with 55 µL of 6N NaOH, and applied to an 

ion exchange column loaded with Dowex 1×2 chloride form resin (Sigma Aldrich). The 

radioactive product was eluted with water. Flow-through was collected and radiation was 

quantified using liquid scintillation counting. Radiation count was normalized to amount of 

protein, as quantified by BCA assay (Pierce).

Chromatin Immunoprecipitation Assay

ChIP assay was performed using Imprint Chromatin-Immunoprecipitation kit (Sigma) 

following manufacturer’s instructions. Chromatin was prepared from 3×106 BBM2 

tumorspheres and immunoprecipitated using 4 µg of anti-STAT3 rabbit polyclonal antibody 

(Santa Cruz) or rabbit IgG. The primers listed above were used to amplify the human 
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CPT1B promoter region that contained the putative STAT3-binding sites as suggested by 

TRANSFAC software and SA Biosciences. STAT3 binding site sequence for CPT1B is 5’-

GGGCTCCTACCCGGAAGTGAGC-3’. The relative amount of precipitated DNA were 

quantified by real time PCR and normalized to input DNA.

CPT1 Enzyme Assay

CPT1 enzyme assay was carried out as previously described (Guzman and Geelen, 1992). 

BCSCs were seeded in 24-well plates overnight. Cells were treated with human control or 

STAT3 siRNA for 24h. Cells were washed once with 150 mM NaCl. Cells were treated with 

medium containing 50 mM imidazle, 70 mM KCl, 80 mM sucrose, 1 mM EGTA, 0.1% fatty 

acid-free BSA, 2 mM MgCl2, 1 mM ATP, 70µM palmitoyl-CoA, 50 µg/mL digitonin, 0.5 

mM 3H-L-carnitine, and 1 mM DTT at 37°C for 3 minutes. Reaction was stopped by adding 

1M cold HCl. Cells were harvested with Accutase (Millipore) and pelleted. Pellet was 

washed once with 2 mM PCA, pelleted, and resuspended in water. Lipids were extracted 

with butanol and radiation was quantified using liquid scintillation counting.

In Vivo Experiments

MMTV-PyMT mice were fed on high fat diet (HFD, 60% kcal fat, Research Diets D12492) 

from 8–10 weeks of age followed by treatment with PBS or perhexiline (5 mg/kg) from day 

120 when tumors were not palpable once every two days for three weeks. For leptin 

neutralizing experiments, mice were treated were treated with PBS or anti-mLeptin (R&D, 

250 µg/kg) once every two days for three weeks. Mice were humanely euthanized and 

tumors were harvested for weight measurements and single-cell suspensions from tumors 

were analyzed by flow cytometry.

Cell Culture for Metabolomics

For metabolomic analysis of Hs578T, MB436, HCC1500 and BT20, cells were seeded at 

50–60% confluency in 6 cm dishes in DMEM containing 10% FBS and allowed to adhere 

overnight. The following day, cells were washed twice with DMEM containing 0.1% FBS 

and cell lysates collected for metabolomic analysis. All experiments were performed in 

biological duplicate or triplicate.

For analysis of MDA-MB231-P and MDA-MB231-R lysates before and after challenge with 

paclitaxel, cells were seeded and washed as mentioned above followed by the addition of 

either DMEM containing 0.1% FBS plus 5 nM paclitaxel (231-P) or 50 nM paclitaxel (231-

R) or DMEM containing 0.1% FBS plus vehicle (DMSO). Cell lysates were collected 

directly after washing (baseline) and 2, 4 and 6 hours post challenge with either paclitaxel or 

vehicle. All experiments were performed in biological triplicate.

Metabolomics

Cell lysates were washed 2× with pre-chilled 0.9% NaCl followed by addition of 1 mL of 

prechilled extraction buffer (3:1 isopropanol:ultrapure water) to quench and remove cell 

media. Cells were then scraped in extraction solvent and transferred to a 1.5 mL eppendorf 

tube. After vortexing briefly, the extracted cell lysates were centrifuged at 4°C for 10 min at 

2,000×g. Thereafter, 1 mL of the supernatant containing the extracted metabolites were 
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transferred to eppendorf tubes. 100 µL of Cell lysate supernatant was aliquoted into two 96-

well plates (Eppendorf) and evaporated to dryness under vacuum. The samples were then 

reconstituted as follows: for the HILIC assays, the dried samples were dissolved in 65 µL of 

ACN (Fisher Scientific): 100 mM Ammonium Formate pH3 (9:1) whereas for the reverse 

phase C18 assays, the dried samples were dissolved in 65 µL of H2O: 100 mM ammonium 

formate pH3 (9:1). The samples were then spun down to remove any insoluble materials and 

transferred to a 384-well plate for high throughput analysis using LCMS. For Complex 

Lipids sample preparation, 10µL supernatant of the extracted cell lysate metabolites was 

diluted with 90 µL of 1:3:2 100 mM ammonium formate, pH3: acetonitrile: 2-propanol 

(Fisher Scientific) and transferred to a 384-well microplate (Eppendorf) for analysis using 

LCMS. Untargeted metabolomics analysis was conducted on Waters Acquity UPLC system 

with 2D column regeneration configuration coupled to a Xevo G2-XS quadrupole time-of-

flight (qTOF) mass spectrometer. Chromatographic separation was performed using HILIC 

(Acquity™ UPLC BEH amide, 100 Å, 1.7 µm 2.1× 100 mm, Waters Corporation, Milford, 

U.S.A) and C18 (Acquity™ UPLC HSS T3, 100 Å, 1.8 µm, 2.1×100 mm, Water 

Corporation, Milford, U.S.A) columns at 45°C. Quaternary solvent system mobile phases 

were (A) 0.1% formic acid in water, (B) 0.1% formic acid in acetonitrile and (D) 100 mM 

ammonium formate, pH 3. Samples were separated using the following gradient profile: for 

the HILIC separation a starting gradient of 95% B and 5% D was increased linearly to 70% 

A, 25% B and 5% D over a 5 min period at 0.4 mL/min flow rate, these final conditions 

were maintained for 1 min at 0.4 mL/min flow rate. For reverse phase C18 separation, a 

chromatography gradient was started at 100% A, and linearly increased to final conditions of 

5% A, 95% B at 5 mL/min, followed by isocratic gradient at the final conditions for 1 min at 

5 mL/min. The solvent system mobile phases were (A1) 100 mM ammonium formate, pH 3, 

(A2) 0.1 % formic in 2-propanol and (B1) 0.1 % formic acid in acetonitrile. The HILIC 

column was stripped using 95% A1 for 2 min followed by 5 min equilibration using 5% A1, 

95% B1 at 0.4 mL/min flow rate. Reverse phase C18 column was striped using 90% A2 for 

5 min at 0.2 mL/min, followed by column 2 min equilibration using 100% B1 at 0.3 mL/

min. Lipidomic assay, untargeted metabolomics analysis was conducted on a Waters 

Acquity™ UPLC system coupled to a Xevo G2-XS quadrupole qTOF mass spectrometer. 

Chromatographic separation was performed using a reverse phase C18 (Acquity UPLC HSS 

T3, 100 Å, 1.8 µm, 2.1×100 mm, Water Corporation, Milford, U.S.A) column thermostated 

at 55°C. The mobile phases were (A) water, (B) Acetonitrile, (C) 2-propanol and (D) 500 

mM ammonium formate, pH 3. A starting elution gradient of 20% A, 30% B, 49% C and 

1% D was increased linearly to 10% B, 89% C and 1 % D for 5.5 min, followed by isocratic 

elution at 10% B, 89%C and 1% D for 1.5 min and column equilibration with initial 

conditions for 1 min. Mass spectrometry data was acquired for positive electrospray 

ionization mode within 50–1200 Da range for primary metabolites and 100–2000 Da for 

complex lipids. For the electrospray acquisition, the capillary voltage was set at 1.5 kV 

(positive), sample cone voltage 30V, source temperature at 120°C, cone gas flow 50 L/h, 

desolvation temperature 400 °C and desolvation gas flow rate of 800 L/h with scan time of 

0.5 sec in continuum mode. Leucine enkephalin [556.2771 Da (positive) was used for 

lockmass correction, and scans were performed every 0.5 min. The mass spectrometer was 

calibrated according to the manufacturer recommended procedure using sodium Iodide for 

complex lipid or sodium formate for primary metabolites. The samples were injected 
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randomly at 3 µL volume. MSe data were processed using Progenesis QI (Nonlinear, 

Waters) and values were reported as area units. Annotations were determined by matching 

accurate mass and retention times using customized libraries created from authentic 

standards and/or by matching experimental tandem mass spectrometry data against the NIST 

MSMS or HMDB v3 theoretical fragmentations. To correct for drift caused by injection 

order, each feature was normalized using data from repeat injections of quality control 

samples collected every 10 injections throughout the samples acquisition. Measurement data 

were smoothed by Locally Weighted Scatterplot Smoothing signal correction as previously 

described (Dunn et al., 2011). Feature values between quality control samples were 

interpolated by a cubic spline. Metabolite values were rescaled by using the overall median 

of the historical quality control peak areas across all samples. Only detected features 

exhibiting a relative standard deviation (RSD) less than 30 in either the historical or pooled 

quality controls samples were considered for further statistical analysis. To reduce data 

matrix complexity, annotated features with multiple adducts or acquisition mode repeats 

were collapsed to one representative unique feature. Features were selected based on 

replicate precision (RSD<30), highest intensity and best isotope similarity matching to 

theoretical isotope distributions. Values were subsequently normalized to total protein.

Quantification and Statistical Analyses

Each experiment was conducted three times, as indicated n=3 in Figure Legend. Figures 

shown are representative. All analyses were carried out in Microsoft Excel and GraphPad 

Prism 7. Oncomine box plots were generated using GraphPad Prism. Unless otherwise 

noted, all statistical comparisons were made by unpaired two-tailed Student’s t-test and were 

considered significant if p<0.05, *p<0.05, **p<0.005, and ***p<0.0005. Limiting dilution 

assay was analyzed using Chi-Squared test. Oncomine analyses are displayed as Tukey 

boxplots. Oncomine analyses of the Finak breast cancer data set comparing relative CPT1B 
mRNA expression in normal breast tissues (n=6) and breast carcinoma tissues (n=53) and 

tumors from patients with recurrence (n=11) and no recurrence (n=8) within 5 years. 

Oncomine analysis of Gluck breast cancer dataset of CPT1B mRNA expression in breast 

tumors from patients with no (n=6), partial (n=72), near complete (n=6), and complete 

response (n=10) to paclitaxel taxol chemotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Inhibition of FAO preferentially eliminates BCSCs

• JAK/STAT3 activates FAO through transcription of CPT1B

• Adipocyte-derived leptin is critical for JAK/STAT3-FAO in BCSCs

• Targeting FAO/leptin inhibits BCSCs, chemoresistance and breast tumor 

growth
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Figure 1. Inhibiting JAK BCSCs Reduces Self-Renewal and Expression of Lipid Metabolic 
Genes
(A) Effects of AZD1480 on proliferation/survival of non-cancer stem cells (NCSC; CD24+) 

and cancer stem cells (CSC; CD44+/CD24−) of HCC1937 cells as shown by the ratio of 

trypan blue negative cells (live cells) treated with AZD1480 at the indicated concentrations 

or DMSO (0). Shown are mean ± SD (n=3). (B) Tumorsphere-forming assay comparing 

impacts of AZD1480 and DMSO treatments on tumorsphere formation of MCF7 cells. 

Shown are mean ± SD (n=3). (C) Real–time PCR analysis assessing expression of key lipid 

metabolic genes in MCF7 tumorspheres treated with DMSO or 1µM AZD1480. Shown are 

mean ± SD (n=3). (D) Fold-change in fatty acylcarnitines and L-carnitine in Hs578T, MDA-
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MB-436 and HCC1500 relative to BT20. Significance was determined by One-Way ANOVA 

with Tukey HSD Post Hoc Test. *p<0.05, **p<0.005, and ***p<0.0005
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Figure 2. FAO is Elevated in BCSCS and Required for Self-Renewal
(A) FAO assay comparing of FAO levels in BBM2 tumorspheres (CSC) vs. adherent BBM2 

cells (NCSC) and CD44+/CD24− (CSC) vs. CD24+ (NCSC) MDA-MB-468 cells. Shown 

are mean ± SD (n=3). (B) Immunofluorescent images of patient breast cancer tissues 

showing CD44+ cells with CPT1B elevated expression. (C) ATP luminescence assay 

showing differential ATP production in etomoxir-treated CSC MDA-MB-468, BBM2 and 

BBM3 tumorspheres compared to NCSC MDA-MB-468, BBM2 and BBM3 adherent cells. 

Shown are mean ± SD (n=3). (D) Cell proliferation of CSC and NCSC MDA-MB-468 cells 

after etomoxir treatments at the indicated concentrations. Shown are mean ± SD (n=3). (E) 
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Limiting dilution assay demonstrating etomoxir impact on tumorsphere formation of BBM2 

tumor cells (1 in 5.14 to 1 in 20.2 cells, p=9.26×10−9 with Χ2, n=18). (F) Flow cytometric 

analysis of the proportion of CD44high/Sca-1high cells in tumors harvested from MMTV-
PyMT mice treated with PBS or 5mg/kg perhexiline. Shown are mean ± SD (n=4). (G) Real 

time PCR showing gene expression of SOX2 and ALDH1A1 in tumors harvested from 

MMTV-PyMT treated with PBS or 5 mg/kg perhexiline. Shown are mean ± SD 

(n=4).*p<0.05, **p<0.005, and ***p<0.0005
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Figure 3. Inhibiting JAK/STAT3 Attenuates FAO and Decreases BCSC Self-Renewal
(A) FAO assay comparing levels of FAO in DMSO and 1µM AZD1480-treated BBM2 and 

BBM3 tumorspheres. Shown are mean ± SD (n=3). (B) Real-time PCR showing the effects 

of STAT3 siRNA on lipid metabolic genes in BBM2 tumorspheres. Shown are mean ± SD 

(n=3). (C) Comparison of FAO rates in CSC MDA-MB-468, BBM2 tumorspheres, and 

MCF-10A cells treated with control siRNA vs. STAT3 siRNA. Shown are mean ± SD (n=3). 

(D) Relative ATP and ADP/ATP ratio in MCF-10A cells after control or STAT3 siRNA 

treatment. Shown are mean ± SD (n=4). (E) BODIPY 493/503 staining showing effect of 

STAT3 siRNA on lipid droplets in CSC MDA-MB-468 cells. The fluorescence intensity was 
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quantified and shown on the right side. (F) Cell survival assay of CSC MDA-MB-468 cells 

or tumorsphere formation of BBM2 tumor cells after indicated treatments. Shown are mean 

± SD (n=4). (G) Tumorsphere formation of BBM2 after indicated treatments of 1µM 

AZD1480 or/and 5µM Bezafibrate. Shown are mean ± SD (n=3).*p<0.05, **p<0.005, and 
***p<0.0005
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Figure 4. STAT3 Modulates FAO through Transcriptional Regulation of CPT1B
(A) Real time PCR measuring CPT1A, CPT1B, and CPT1C mRNA levels in BBM2 

tumorspheres and CSC MDA-MB-468 cells transfected with control or STAT3 siRNA. 

Shown are mean ± SD (n=3). (B) ChIP assay showing STAT3 binding to the CPT1B 
promoter in BBM2 tumorspheres. The results were normalized to input DNA. Shown are 

mean ± SD (n=3). (C) CPT1B promoterluciferase assay was measured in MDA-MB-468 and 

−231 breast cancer cells 24 hours after control or STAT3 siRNA transfection. Constitutively 

activated STAT3 (STAT3C) was used as a positive control. The luciferase activity was then 

normalized with control siRNA transfection. (D) Immunofluorescent images of CPT1B 
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levels in CSC MDA-MB-468 cells transfected with control or STAT3 siRNA. White bar 

presents 10 µm. The fluorescence intensity was quantified and shown on the right side. (E) 

Western blotting measuring CPT1B and STAT3 protein levels in BBM2 tumorspheres 

transfected with control siRNA or STAT3 siRNA. β-actin was detected as a loading control. 

(F) Measurement of relative radioactivity (per µg protein) showing effects of STAT3 siRNA 

on CPT1 enzyme activity in CSC MDA-MB-468 cells and BBM2 tumorspheres. Shown are 

mean ± SD (n=3). (G) Tumorsphere formation of BBM2 tumorspheres treated with 1 uM 

AZD1480 or 5 µM myristic acid (MA). Shown are mean ± SD (n=3).*p<0.05, **p<0.005, 
and ***p<0.0005
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Figure 5. Adipocyte-Derived Leptin Activates STAT3-CPT1B to Drive FAO in BCSCs
(A) Western blot showing increased phosphorylation of STAT3 at Y705 (pSTAT3) in BBM2 

tumorspheres after co-culture with human breast adipocytes or pre-adipocyte. BBM2 culture 

alone was used as control. (B) Adipokine array identifying adipokines in supernatant from 

human breast adipocytes. Right, table listing the most highly secreted adipokines. (C) Real-

time PCR measuring LEPR mRNA levels in BBM2 and BBM3 tumorspheres (CSC) vs. 

adherent cells (NCSC). LEPR expression of CSC was then normalized with NCSC. Shown 

are mean ± SD (n=3). (D) Western blot showing increases in phosphorylation of JAK2 

(pJAK2) and STAT3 (pSTAT3) in BBM2 tumorspheres upon leptin stimulation with the 
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indicated conditions. (E) Tumorsphere formation of BBM2 cells treated with leptin at the 

indicated concentrations. Shown are mean ± SD (n=3). (F) Real-time PCR comparing 

expression of CPT1B and ACADM in BBM2 tumorspheres cultured with or without human 

breast adipocytes, treated with leptin neutralizing antibody (α-Leptin) or 1µM AZD1480. 

Shown are mean ± SD (n=3). (G) Tumor weights of tumors collected from multiple sites in 

MMTV-PyMT mice treated with PBS or α-Leptin (250 µg/kg). Shown are mean ± SD 

(n=4). (H) Flow cytometric analyses of single-cell suspensions prepared from tumors 

collected from MMTV-PyMT mice treated with PBS or α-Leptin (250 µg/kg). Shown are 

mean ± SD (n=4). (I) Expression of Leptin receptor and CPT1B in primary and resistant 

TNBC tumors. FFPE tissue sections from TNBC patients were stained by 

immunofluorescence for Leptin receptor (red) and CPT1B (green); nuclei were 

counterstained with Hoechst (blue).*p<0.05, **p<0.005, and ***p<0.0005.
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Figure 6. STAT3-CPT1B Mediated FAO Pathway Promotes Chemoresistance
(A, B) Oncomine analyses of the Finak§ breast cancer data set comparing relative CPT1B 
mRNA expression in normal breast tissues and breast carcinoma tissues and tumors from 

patients with recurrence and no recurrence within 5 years. (C) Oncomine analysis of Gluck§ 

breast cancer dataset of CPT1B mRNA expression in breast tumors from patients with no, 

partial, near complete, and complete response to paclitaxeltaxol chemotherapy. (D) Real 

time PCR to assess CPT1B and STAT3 gene expression in ex vivo cultured breast cancer 

biopsies collected before (primary) and after chemotherapy (resistant). (E) Real time PCR 

measuring CPT1B and ACADM gene expression in 231-P (parental) and 231-R (resistant) 
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cells. Shown are mean ± SD (n=3). The results were normalized with GAPDH expression. 

(F) Real time PCR comparing gene expression of MSI1 and OCT4 in 231-P and 231-R cells. 

Shown are mean ± SD (n=3). The results were normalized with GAPDH expression. (G) 

Limiting dilution assay comparing tumorsphere forming ability of 231-P and 231-R cells (1 

in 13.56 to 1 in 2.24 cells, p=1.26×10−16 with Χ2, n=18). (H) Immunofluorescent images 

comparing protein levels of CPT1B and pSTAT3 in 231-P and 231-R cells. Right, 

quantification of relative fluorescence intensities of CPT1B and STAT3. Shown are mean ± 

SD (n≥5). (I) Comparison of FAO rates between 231-P and -R cells. Shown are mean ± SD 

(n=3). (J) Expression of CD44 and CPT1B in primary and resistant TNBC tumors. FFPE 

tissue sections from TNBC patients were stained by immunofluorescence for CD44 (red) 

and CPT1B (green); nuclei were counterstained with Hoechst (blue). §Databases are named 

after the first author of originally published data. *p<0.05, **p<0.005, and ***p<0.0005.
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Figure 7. Metabolomic Analyses Reveal an FAO Signature in Drug-Resistant Tumor Cells
(A) Heatmap depicting abundances of detected FAO- and carnitine-shuttle pathway-related 

metabolites in chemoresistant 231-R and parental 231-P TNBC cell lines. Values were 

autoscaled; clustering was conducted using Euclidean Distance and Ward’s method. Fold-

change in glycerophosphoethanolamine abundance (B) and carnitine/acetylcarnitine levels 

(C) following 2, 4 or 6 hours of paclitaxel challenge in 231-R and -P TNBC cell lines 

relative to respective time-matched vehicle (DMSO) controls. P-value represents differences 

in the area under the curve between 231-R and -P cells. * p<0.05. (D) Cell survival assay 

showing perhexilline sensitizes 231-R cells to paclitaxel. Shown are mean ± SD (n=4). (E) 
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Schematic of how JAK/STAT3 activates FAO in BCSCs through intrinsic and extrinsic 

pathways.
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-CD44 Cell Signaling Technology Cat# 3570S; clone 156-3C11

Mouse monoclonal anti-LEPR Sigma Aldrich Cat# SAB1402837-100UG; clone 
2H5

Rabbit polyclonal anti-CPT1B Abcam Cat# ab104662

Rabbit polyclonal anti-STAT3 Santa Cruz Biotech Cat# SC-482

Rabbit polyclonal anti-pY705-STAT3 Cell Signaling Technology Cat#9145S

Rabbit polyclonal anti-GAPDH Santa Cruz Biotech Cat#sc-25778

Rabbit polyclonal anti-phospho-Jak2 (Tyr1007/1008) Cell Signaling Technology Cat# 3771S

RNA polymerase Sigma Aldrich Cat#05-952

Normal rabbit IgG Santa Cruz Biotech Cat# SC-2027

Leptin neutralizing antibody: Mouse monoclonal anti-LEPR R&D Systems, Inc. Cat# AF497

Bacterial and Virus Strains

N/A

Biological Samples

Breast cancer patient specimens City of Hope National Cancer Center N/A

Chemicals, Peptides, and Recombinant Proteins

Recombinant LEPR BD Pharmingen Cat# 564376

Recombinant CCR2 BD Pharmingen Cat# 561744

Recombinant CXCR1 BD Pharmingen Cat# 555939

Recombinant CXCR2 BD Pharmingen Cat# 551126

[3H]-palmitic acid PerkinElmer Inc Cat# NET043001MC

[3H]-Acetyl Coenzyme A PerkinElmer Inc Cat# NET290050UC

Acetyl-coA Sigma Aldrich Cat# A2056

Myristic acid Sigma Aldrich Cat# M3128

paclitaxel Sigma Aldrich Cat# T7402

Etomoxir Sigma Aldrich Cat# 236020

Accutase Millipore Cat# SCR005

Critical Commercial Assays

Imprint Chromatin-Immunoprecipitation kit Sigma Aldrich Cat# CHP1-96RXN

Adipokine array R&D Systems Cat# ARY024

ChIPAb+ RNA Pol II - ChIP Validated Antibody and Primer 
Set

Sigma Aldrich Cat#17-620

RNeasy Plus Mini Kit Qiagen Cat#74134

iScript cDNA Synthesis Kit Bio-Rad Cat#1708890

iQ SYBR Green Supermix Bio-Rad Cat#1708880

Deposited Data

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

MCF10A ATCC CRL-10317

MCF-7 ATCC HTB-22

MDA-MB-468 ATCC HTB-132

MDA-MB-231-Parental This paper N/A

MDA-MB-231-Resistant This paper N/A

BBM2 Neman and Jandial, 2004 N/A

BBM3 Neman and Jandial, 2004 N/A

Hs578T ATCC HTB-126

MDA-MB-436 ATCC HTB-130

HCC1500 ATCC CRL-2329

BT20 ATCC HTB-19

Preadipocyte Zen-Bio BR-F

Experimental Models: Organisms/Strains

Mouse: FVB/N-Tg(MMTV-PyVT)634Mul/J The Jackson Laboratory Cat# 002374

Oligonucleotides

Stat3 siRNA (h) Santa Cruz Biotech Cat# sc-29493

Please see supplemental table 1 for primer sequence

Recombinant DNA

pRC-CMV-STAT3C This paper N/A

pGL 3.1 Promega Cat# E1751

pGL3.1-CPT1B This paper N/A

Software and Algorithms

Oncomine Rhodes and Chinnaiyan, 2004. https://www.oncomine.org/
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