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SUMMARY

Although it is established that fatty acid (FA)
synthesis supports anabolic growth in cancer, the
role of exogenous FA uptake remains elusive.
Here we show that, during acquisition of resistance
to HER2 inhibition, metabolic rewiring of breast
cancer cells favors reliance on exogenous FA
uptake over de novo FA synthesis. Through cDNA
microarray analysis, we identify the FA transporter
CD36 as a critical gene upregulated in cells with
acquired resistance to the HER2 inhibitor lapatinib.
Accordingly, resistant cells exhibit increased
exogenous FA uptake and metabolic plasticity.
Genetic or pharmacological inhibition of CD36
suppresses the growth of lapatinib-resistant but
not lapatinib-sensitive cells in vitro and in vivo.
Deletion of Cd36 in mammary tissues of MMTV-
neu mice significantly attenuates tumorigenesis.
In breast cancer patients, CD36 expression in-
creases following anti-HER2 therapy, which
correlates with a poor prognosis. Our results
define CD36-mediated metabolic rewiring as an
essential survival mechanism in HER2-positive
breast cancer.
Cell Repor
This is an open access article under the CC BY-N
INTRODUCTION

Fatty acids (FAs) play a critical role in a variety of biological pro-

cesses, including synthesis of plasmamembrane phospholipids,

cellular signal transduction, and energy production. As opposed

to normal cells, which preferentially acquire FAs from exogenous

sources, it is estimated thatmore than 90%of FAs in cancer cells

are de novo synthesized by the enzyme FA synthase (FASN)

(Ookhtens et al., 1984; Kamphorst et al., 2013). Furthermore,

cancer cells often exhibit aberrant FA production, even in the

presence of abundant extracellular free FAs, suggesting an

inherent dependency on the biosynthetic pathway (Menendez

and Lupu, 2007). Indeed, FASN overexpression is observed

across cancer types and is known to promote tumor growth, in-

crease with tumor stage, and predict a worsened prognosis in

cancer patients (Menendez and Lupu, 2007). Therefore, the ther-

apeutic potential of targeting FASN to kill cancer cells has been

explored extensively (Alli et al., 2005; Menendez and Lupu,

2007). In particular, the FASN pathway is highly active in cancers

overexpressing the receptor tyrosine kinase HER2 (human

epidermal growth factor receptor 2, ERBB2), which promotes

both FASN gene transcription and phospho-activation of FASN

protein (Slamon et al., 1987; Kumar-Sinha et al., 2003; Jin

et al., 2010). HER2 is overexpressed in 20%of all breast cancers,

and, like FASN, its overexpression is associated with develop-

ment ofmore aggressive tumors and poor prognoses (Kumar-Si-

nha et al., 2003; Yoon et al., 2007).
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Current HER2-targeted therapeutic agents, such as themono-

clonal antibody trastuzumab and the small molecule inhibitor la-

patinib, often exhibit only transient therapeutic efficacy because

of adaptations that allow tumors to evade drug sensitivity,

posing a major clinical challenge (Kaufman et al., 2009; Wilken

andMaihle, 2010; Nahta et al., 2006). Studies from our laboratory

and others have shown that acquired lapatinib resistance is, at

least in part, ascribed to activation of compensatory kinase path-

ways, including upregulation of ERBB family proteins and subse-

quent reactivation of phosphatidylinositol 3-kinase (PI3K)/AKT

signaling (Garrett et al., 2011; Canfield et al., 2015). Apart from

rewiring kinase activity, metabolic shifts have also been impli-

cated in facilitating the loss of drug sensitivity in cancer cells.

Metabolic reprogramming is a fundamental hallmark of cancer

(Hanahan and Weinberg, 2011), and it has been reported that

adjustments in metabolic preferences can arise as a result of

pro-survival mechanisms that allow cancer cells to adapt and

proliferate under stressful conditions, such as nutrient depriva-

tion, hypoxia, or drug-induced cytotoxicity (Holohan et al.,

2013). For instance, recent reports indicate that genes associ-

ated with glucose depletion (Komurov et al., 2012) and glutamine

metabolism (Deblois et al., 2016) are upregulated concomitant

with development of lapatinib resistance. In this study, we iden-

tify lipid metabolism as a critically altered pathway in lapatinib-

resistant cells. Our findings position the CD36 FA transporter

as a key determinant of survival in breast cancer cells that

acquire resistance to HER2-targeted therapy.

RESULTS

Lapatinib-Resistant Cells Differentially Express Genes
Involved in FA Metabolism
Wepreviously produced an in vitromodel of acquired tyrosine ki-

nase inhibitor (TKI) resistance by culturing HER2-positive breast

cancer cell lines in gradually increasing concentrations of the

HER2/EGFR dual antagonist lapatinib over several months

(Kurokawa et al., 2013). Although lapatinib-resistant cells are

insensitive to lapatinib-induced apoptosis (Figure S1A), lapatinib

retains the ability to exert its TKI activity in these cells to prevent

downstream phosphorylation of AKT and ERK (Kurokawa et al.,

2013; Figures S1B–S1D). To identify activated compensatory

pathways in these cells, we performed cDNAmicroarray analysis

of matched lapatinib-resistant and parental lapatinib-sensitive

BT474 breast cancer cells (here referred to as rBT474 and

BT474, respectively) before and after acute lapatinib treatment
Figure 1. Lapatinib-Resistant BT474 Cells Differentially Express Genes
(A) BT474 and rBT474 were harvested 0 (T0), 10 (T10), and 20 h (T20) after treatme

using the Illumina Human HT-12 platform.

(B) Venn diagram representing all kinases and phosphatases that exhibit a 1.5-fold

controls (FDR < 0.05).

(C) Hierarchical clustering of the top 1,000 genes with the highest variance after a

values.

(D) Top 10 ‘‘Hallmark Gene Sets’’ upregulated in rBT474 comparedwith parental B

related to lipid metabolism.

(E) Genes in the GO term ‘‘lipid metabolic process’’ found to be enriched in rBT

(p < 0.01, FDR < 0.05, fold change > 1.5). CD36 is highlighted in gray.

(F) Volcano plot showing differential expression results comparing rBT474 and

FDR < 0.01. CD36 was among the most upregulated genes, with a log fold chan
(Figure 1A). Because rBT474 cells were continuously maintained

in the presence of 1 mM lapatinib, we circumvented confounding

effects of chronic exposure to the drug by culturing rBT474 cells

in lapatinib-free medium for 1 week prior to analysis so that

intrinsic tyrosine kinase activity could be restored, as described

previously (Kurokawa et al., 2013).

A total of 304 differentially expressed genes were identified

with more than 1.5-fold change and a false discovery rate

(FDR) of less than 0.05 between sensitive and resistant cells in

the absence of lapatinib treatment (Tables S1 and S2). To

broadly assess potential effects of lapatinib on cellular kinase

signaling, we examined alterations in gene expression of kinases

and phosphatases between resistant and parental cells.

Although acute lapatinib exposure elicited differential expression

of many kinases and phosphatases in both cell lines, few kinases

were differentially expressed between lapatinib-resistant and

parental cells (Figures 1B, S1F, and S1G). Although compensa-

tory upregulation of HER family receptor tyrosine kinases is a

well-established mechanism of acquired TKI resistance (Garrett

et al., 2011; Canfield et al., 2015), we did not observe differential

expression of ERBB kinases in the absence of lapatinib (Tables

S1 and S2). Furthermore, HER2 protein levels remained similar

between sensitive and resistant lines (Kurokawa et al., 2013;

Canfield et al., 2015; Figure S1B). PI3K/AKT pathway hyperacti-

vation has been implicated as a major contributor to acquired

TKI resistance (Garrett et al., 2011); however, we did not observe

significant differences in the expression of genes encoding PI3K

or AKT proteins (Tables S1 and S2).

To assess the global gene expression changes induced by la-

patinib treatment, we performed hierarchical clustering of the

expression data using high-variance genes. We observed that

the gene expression profile of lapatinib-sensitive cells in the

absence of lapatinib (Time 0 = T0) appeared to cluster with

that of lapatinib-resistant cells at all time points before and after

drug treatment (Figure 1C). Furthermore, lapatinib-sensitive cells

exhibited substantial changes in gene expression clustering pat-

terns 10 (T10) or 20 h (T20) after drug treatment (Figure 1C).

These results demonstrate that lapatinib elicits a dynamic

response at the transcriptional level in drug-sensitive cells,

whereas drug-resistant cells remain largely unaffected.

Therefore, we focused our investigation on the inherent differ-

ences in gene expression profiles between these cell lines in the

absence of lapatinib at T0. To this end, we conducted a gene set

enrichment analysis (GSEA) andGeneOntology (GO) enrichment

analysis to identify differentially regulated pathways intrinsic to
Involved in Fatty Acid Metabolism
nt with 1 mM lapatinib (n = 4 per treatment). Microarray analysis was performed

or greater change 20 h after 1 mM lapatinib treatment comparedwith untreated

veraging across replicates. The color bar represents z-transformed expression

T474 cells at baseline (T0). Bolded and italicized rows denote pathways directly

474 cells and genes identified by microarray analysis of untreated cells at T0

BT474 cells. In total, 137 of 22,013 genes were differentially expressed with

ge of 2.5 (FDR = 3.5 3 10�8).
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these cell lines (Subramanian et al., 2005). GSEA using the Mo-

lecular Signatures Database (MSigDB) ‘‘Hallmark Gene Sets’’

collection, which was specifically curated to minimize gene set

overlap, identified two lipid metabolism-related pathways to be

significantly enriched in lapatinib-resistant cells (Figure 1D).

Furthermore, a panel of genes involved in two lipid meta-

bolism-related GO terms were among the most dramatically

upregulated in rBT474 cells (Figures 1E and S1G). Of particular

interest, CD36 (platelet glycoprotein 4), a known membrane FA

transporter capable of mediating exogenous FA uptake, was

one of the most differentially expressed genes in lapatinib-resis-

tant cells (Figures 1E and 1F). qRT-PCR was used to verify the

elevated expression levels of lipid metabolism genes observed

in the microarray analysis (Figure S1H).

Lapatinib-Resistant Cells Exhibit Increased Exogenous
FA Uptake
Lipid metabolism has become increasingly recognized as a cen-

tral node in cancer biology. Apart from aberrant FASN-mediated

FA synthesis, dysregulation of FA uptake and b-oxidation path-

ways are gaining attention for their roles in promoting cancer

cell growth and metastasis (Nieman et al., 2011; Balaban et al.,

2017; Pascual et al., 2017; Ladanyi et al., 2018). Furthermore,

lipid droplets are dynamic organelles that play a critical role in

storage of excess FAs and the survival of cancer cells under

stress conditions, such as hypoxia and nutrient starvation (Ca-

bodevilla et al., 2013; Bensaad et al., 2014). Therefore, we inves-

tigated whether increased expression of CD36 and other lipid

metabolism genes reflected a phenotypic difference between

the two cell lines. We first performed lipid droplet staining in

these cells. Oil red O staining revealed markedly increased lipid

droplet formation in rBT474 cells (Figures 2A and 2B) and was

confirmed through staining with a fluorescent boron-dipyrrome-

thene (BODIPY) dye (BODIPY 493/503) that stains triglycerides

present in lipid droplets (Figures 2C and 2D). To assess the func-

tional consequences of increased lipid stores observed in

rBT474 cells, we measured protein levels of FASN, CD36, and

CPT1A, key components of the de novo FA biosynthesis, FA up-

take, and b-oxidation pathways, respectively. Marked upregula-

tion of CD36 protein levels in lapatinib-resistant cells was

observed, whereas no difference was observed in levels of
Figure 2. Lapatinib-Resistant BT474 Cells Exhibit Increased Exogenou

(A–I) rBT474 cells were cultured in lapatinib-free medium 1 week prior to analysi

(A and B) Representative image of BT474 and rBT474 cells stained with oil red O

300 cells shown in (B).

(C and D) Representative confocal microscopy image of BT474 and rBT474 staine

with quantification of 200–300 cells shown in (D).

(E) Western blot of BT474 and rBT474 cell lysates for key mediators of FA synth

(F) Surface CD36 protein expression in BT474 and rBT474 cells was assessed

quantification shown for mean CD36-positive population ± SEM.

(G) BT474 and rBT474 cells were cultured in the presence of 2 mM BODIPY FL C

measured by flow cytometry. Depicted is the MFI of three replicate samples per

(H) BT474 and rBT474 cells were cultured in the presence of (-)-C75 or lapatin

Incorporation was determined as described previously (Olsen et al., 2010). Resu

(I) BT474 and rBT47 cells were treated with 10 mg (-)-C75/mL or DMSO for 48

described (Canfield et al., 2015).

Data are shown as the means ± SEM from 5 experiments. Significance was ass

0.0005.
FASN or CPT1A (Figures 2E). Because CD36 acts at the cell sur-

face, we confirmed enhanced plasma membrane localization of

CD36 in rBT474 cells by flow cytometry (Figure 2F). To determine

whether increased functional localization correlated with

increased FA transport activity, we next measured exogenous

FA uptake using a fluorescent analog of palmitic acid (BODIPY

FL C16). Flow cytometry analysis revealed that rBT474 cells ex-

hibited significantly enhanced uptake of the FA analog relative to

BT474 parental cells at multiple time points (Figure 2G). In addi-

tion, rBT474 cells also significantly accumulated lipid droplets,

compared with BT474 cells, upon supplementation of another

long-chain FA, oleic acid (C18), into culturemedium (Figure S2A).

Importantly, the accumulation of lipid droplets was markedly

attenuated by the function-blocking anti-CD36 monoclonal anti-

body JC63.1, demonstrating that the uptake of exogenous FAs

depends on CD36. Function of CD36 as a lipid transporter was

also confirmed by CD36 small interfering RNA (siRNA) knock-

down, which markedly attenuated lipid droplet accumulation

(Figure S2B). Pharmacologic inhibition of FASN or CPT1 alone

had no effect on lipid droplet accumulation (Figure S2C). CD36

upregulation and increased lipid uptake/storage were observed

in other HER2-positive breast cancer cell lines that acquired la-

patinib resistance, including SKBR3 and HCC202 cells, suggest-

ing that activation of the CD36 pathway is a general conse-

quence of development of lapatinib resistance in HER2-

positive breast cancer (Figures S2D–S2F).

Next we investigated whether lapatinib-resistant cells gradu-

ally acquired resistance or were derived from an inherently resis-

tant subpopulation expressing CD36 at high levels. Toward this

end, we treated drug-naive BT474 cells with 500 nM, 1000 nM, or

2000 nM lapatinib for 8 days to intentionally select drug-tolerant

persister cells. Western blot and qRT-PCR analyses of the sur-

viving populations revealed no CD36 upregulation at any of the

dosages used (Figures S2G and S2H). On the other hand,

CD36 expression levels in BT474 cells gradually increased

over months of continuing dose escalation of lapatinib, as

measured by western blot and flow cytometry (Figures S2I and

S2J). These results strongly suggest that drug-naive cells ac-

quired high CD36 expression during chronic treatment with lapa-

tinib rather than resistant cells arising from a small subpopulation

of cells, persisters, that pre-existed with CD36 overexpression.
s Fatty Acid Uptake but No Difference in FA Synthesis

s.

(scale bars indicates 20 mm) from 3 experiments (A), with quantification of 200–

d with BODIPY 493/503 (the scale bar indicates 20 mm) from 3 experiments (C),

esis, uptake, and b-oxidation.

by flow cytometry. Results shown are representative of 3 experiments, with

16 for the indicated periods of time. Median fluorescence intensity (MFI) was

time point ± SD from one representative experiment of 3.

ib for 2 h before an additional 4 h of exposure to 0.667 mCi/mL 14C-acetate.

lts depict the mean levels of 14C incorporation ± SD from 4 experiments.

h. Cell proliferation was measured by MTS assay as described previously

essed by non-paired Student’s t test, with significance set at *p < 0.05, ***p <
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Figure 3. rBT474 Cells Exhibit a Preference for Glycolysis during Nutrient Abundance but Are Metabolically Plastic during Nutrient Stress

(A) BT474 and rBT47cells cultured in either complete medium (control) or glucose-deficient complete medium (no glucose) for 96 h were harvested and assayed

for apoptosis as in Figure 2G from 3 experiments. Significance was assessed by non-paired Student’s t test, with significance set at *p < 0.05.

(B) rBT474 cells (open symbols) uniformly exhibited lower rates of both net glucose utilization and net lactate accumulation than wild-type BT474 cells (closed

symbols), both in the presence (circles) and absence (squares) of the alternative energy substrates glutamine and pyruvate. In rBT474 cells, the stoichiometric

ratio between lactate accumulation and glucose disappearance approximates that expected for the quantitative conversion of 6-carbon glucose to 3-carbon

lactate in the absence of either lactate reutilization or non-glycolytic sources of lactate generation (broad dashes; D[lactate]/D[glucose] = 2). In contrast, both net

(legend continued on next page)
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In contrast to CD36, there was no difference in FASN protein

levels between BT474 and rBT474 cells (Figure 2E). To fully

rule out the possibility that enhanced lipid accumulation in resis-

tant cells is secondary to increased enzymatic activity of FASN,

we directly measured FASN activity. In brief, lapatinib-sensitive

and -resistant cells were incubated with a radiolabeled FA pre-

cursor, 14C-acetate, and its lipogenic incorporation into FAs by

FASN was assayed as described previously (Olsen et al.,

2010). Notably, there was no difference in the rates of de novo

lipogenesis observed in either BT474 or rBT474 cells (Figure 2H).

In line with previous reports of HER2 facilitating phospho-activa-

tion of FASN, HER2 inhibition by lapatinib significantly attenu-

ated FA synthesis in both BT474 and rBT474 cells and fully

mimicked the effect of an established FASN inhibitor, (-)-C75

(Figure 2H). Likewise, lapatinib treatment induced a marked

reduction in mRNA levels of FASN in both lapatinib-sensitive

and -resistant cells (Figure S2K). Importantly, lapatinib promoted

further induction of CD36 gene expression in lapatinib-resistant

cells but not in lapatinib-sensitive cells (Figure S2L). These re-

sults suggest that CD36 mediates the uptake and accumulation

of exogenously acquired FAs during prolonged inhibition of the

HER2-FASN axis.

FASN inhibition induces apoptosis in variety of different can-

cer types (Ventura et al., 2015), suggesting an inherent depen-

dency of cancer cells on endogenous lipogenesis. Because

rBT474 cells exhibit an increased ability to acquire exogenous

FAs, we examined whether these cells remained sensitive to

FASN inhibition. Accordingly, parental BT474 cells exhibited

reduced cell viability following pharmacologic FASN inhibition,

whereas rBT474 cells remained viable (Figure 2I). Considering

the excessive availability of exogenous FAs supplied by the fetal

bovine serum in standard tissue culture medium, rBT474 cells

may remain able to withstand inhibition of FA synthesis because

of an enhanced ability to acquire exogenous lipids. To directly

test this hypothesis, rBT474 cells were challenged with (-)-C75

in medium depleted of lipoproteins, which carry over 90% of

fatty acyl groups in serum. These FAs are found predominantly

in the esterified form, and free FAs are taken up by cells via FA

transporters following lipoprotein lipolysis (Goldberg et al.,

2009; Discussion). Notably, lipoprotein depletion alone had no

effect on rBT474 cell proliferation, but it sensitized lapatinib-
glucose utilization and net lactate production are higher in BT474 cells, but the co

suggesting that approximately half of their metabolized glucose is diverted to fat

experiments performed in duplicate (n = 5–6 for each data point).

(C) Total hexokinase activity did not differ between BT474 and rBT474 cells und

utilization and lactate accumulation are not attributable to differences in total ce

(D) A quantitative pairwise comparison of the net glucose utilization rates depicte

cells revealed capacities for glucose phosphorylation—the first committed step

glucose utilization by nearly 20-fold in BT474 cells and by over 45-fold in rBT474 c

rather than capacity in these cells (Robey 2018).

(E) Both rBT474 cells and BT474 cells exhibited a substantial capacity for oxidati

not BT474 cells (closed symbols), also increased their basal oxygen consumption

energy substrate, consistent with an enhanced capacity for the oxidative metab

substrates such as lipids or amino acids) when exogenous glucose is unavailable

that approximately half of the basal oxygen consumption in rBT474 cells was ass

cells, n = 5–7). The remainder could be accounted for by either mitochondrial pr

oxygen consumption (24% ± 4% versus 15% ± 1% in BT474 cells). Data are de

triplicate (n = 3–6 for each data point).
resistant cells to FASN inhibition, confirming that these cells

rely on exogenous FAs to survive (Figures S2M and S2N).

Lapatinib-Resistant Cells Exhibit a Preference for
Glycolysis during Nutrient Abundance but Are
Metabolically Plastic during Nutrient Stress
Acetyl-coenzyme A is the main precursor for FA synthesis by

cancer cells and is largely derived from glucose and, to a lesser

extent, from glutamine (Robey 2018). Therefore, de novo lipo-

genesis is attenuated in the absence of these substrates.

Notably, glucose withdrawal induced significantly more

apoptosis in BT474 cells than in rBT474 cells (Figure 3A). As

with pharmacologic FASN inhibition, these results suggest that

rBT474 cells exhibit reduced sensitivity to glucose withdrawal,

in part because of an enhanced capacity for exogenous FA up-

take tomeet cellular metabolic demands during periods of blunt-

ed de novo lipogenesis.

To further characterize the metabolic phenotypes of lapatinib-

resistant and -sensitive BT474 cells, we assessed basal cellular

glucose utilization and associated metabolic flux. Cancer cells

classically exhibit increased glycolytic flux and lactate produc-

tion with a reduced dependence upon pyruvate entry into the

tricarboxylic acid (TCA) cycle (Warburg, 1956; Robey 2018).

Indeed, we observed robust lactate production in both BT474

and rBT474 cells cultured in complete medium containing

glucose, glutamine, and pyruvate as well as in glutamine- and

pyruvate-deficient medium (containing only glucose) (Figures

3B, S3A, and S3B). Interestingly, unlike lapatinib-sensitive

parental cells, rBT474 cells generated lactate at a rate twice

that of glucose utilization, suggesting near-quantitative conver-

sion of 6-carbon glucose to 3-carbon lactate (Figures 3B, S3A,

and S3B). This indicates that lactate is the predominant meta-

bolic fate of glucose in rBT474 cells, whereas BT474 cells exhibit

a less glycolytic phenotype involving the ability to divert glucose

to alternate fates (e.g., oxidative metabolism) under basal condi-

tions. These differences were preserved even in the presence of

alternative substrates (Figure 3B). rBT474 cells also uniformly

consumed less total glucose than BT474 cells under basal con-

ditions, but reduced glucose utilizationwas not due to alterations

in hexokinase activity (Figure 3C) and was not limited by the cor-

responding total cellular glucose-phosphorylating capacity of
rresponding ratio is closer to unity in these cells (i.e., D[lactate]/D[glucose]�1),

es other than lactate. Data are depicted as means ± SEM from 6 consecutive

er the conditions examined in (B), suggesting that differences in net glucose

llular glucose phosphorylating capacity.

d in (B) with the total glucose-phosphorylating capacities of BT474 and rBT474

of glucose metabolism (Robey et al., 2000)—that exceeded observed rates of

ells, suggesting that differences in glucose utilization reflect metabolic control

ve metabolism in complete medium (circles). rBT474 cells (open symbols), but

in glucose- and pyruvate-deficientmedium containing glutamine as its principal

olism of non-glycolytic substrates (e.g., exogenous glutamine or endogenous

. Mitochondrial stress testing during Seahorse metabolic flux analysis revealed

ociated with oxidative phosphorylation (49% ± 1% versus 57% ± 1% in BT474

oton leak (27% ± 5% versus 28% ± 1% in BT474 cells) or non-mitochondrial

picted as the means ± SEM from 5–6 consecutive experiments performed in
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these cells (Figure 3D). The fact that only a very small percentage

of the total available cellular glucose-phosphorylating capacity in

each cell type needs to be invoked to account for observed rates

of glucose utilization in intact cells suggests primary differences

in metabolic control rather than metabolic capacity (Robey

2018). The absence of a demonstrable glycolytic reserve capac-

ity in either cell type following oligomycin inhibition of mitochon-

drial oxidative metabolism (data not shown) also suggests that

glycolytic metabolism is maximal in both cell types under basal

conditions. As a consequence, neither cell type appears to be

capable of increasing non-oxidative glucose metabolism. These

findings may have particular significance for rBT474 cells given

their reduced basal capacity for glucose utilization and their

apparent inability to direct glucose to alternate metabolic fates

(e.g., oxidative metabolism) under non-limited nutrient condi-

tions (Figure 3B).

Under glucose- and pyruvate-free conditions, glutamine can

substitute for glucose as an anaplerotic substrate to maintain

TCA cycle activity and support cataplerotic acetyl-coenzyme A

(CoA) generation for FA synthesis (Yang et al., 2014; Robey

2018). Neither cell type is glucose dependent in the presence

of alternative substrates (Figure 3E). As expected, incubation in

glutamine-containing medium lacking both glucose and pyru-

vate reduced extracellular acidification by both BT474 and

rBT474 cells (Figure 3E), consistent with reduced contributions

by glycolytic metabolism. Basal rates of acidification in the

absence of glycolytic substrates were approximately two-thirds

of those observed in their presence in both cell types (Figure 3E),

suggesting major contributions by non-glycolytic metabolism to

basal extracellular acidification in both the presence and

absence of glucose. The increased acidification rates observed

during metabolic flux analysis in the presence of glucose re-

turned to near-basal levels following glycolytic inhibition by 2-de-

oxyglucose in both cell types (data not shown), further validating

the notion that basal acidification is largely attributable to

non-glycolytic metabolism and suggesting that these glucose-

associated increases are largely attributable to glycolytic meta-

bolism. Interestingly, rBT474 cells exhibited increased oxygen

consumption in the absence of glycolytic substrates, suggesting

the capacity to increase oxidative metabolism of non-glycolytic

substrates—ostensibly exogenous glutamine and/or endoge-

nous substrates such as lipids or proteins—when glycolytic sub-

strates are either unavailable or insufficient to support metabolic

needs (Figure 3E). This expanded metabolic repertoire in resis-
Figure 4. CD36 Is Essential for Survival of Lapatinib-Resistant Cells

(A and B) Transient siRNA transfections were performed with Lipofectamine RNA

instructions.

(A) Knockdown of CD36 was confirmed by western blot 72 h after transfection.

(B) Apoptosis was measured by Annexin V staining via flow cytometry 72 h after

(C) BT474 and rBT474 cells treatedwith the CD36 inhibitor sulfosuccinimidyl oleat

an Incucyte Zoom imager at 48 and 96 h of drug treatment. The results depict the

(D) Treatment scheme for xenograft experiment presented in (E).

(E) BT474 and rBT474 xenografts were established in 6-week-old immunodeficie

(100 mg/kg) or vehicle twice a day by oral gavage and 10 mg JC63.1 or IgA con

sacrificed after 33 days of treatment. Data are shown as average tumor volume

The significance of the bar graphs in (B) and (C) was assessed by unpaired Stude

the growth curves in (E) was assessed using the ‘‘statmod’’ R package, with s

comparisons.
tant cells affords flexibility to utilize alternative bioenergetic sub-

strates under conditions of nutrient stress and helps explain both

improved rBT474 cell tolerance to glucose deprivation (Fig-

ure 3A) and the inability of etomoxir inhibition of FA b-oxidation

to reduce rBT474 cell proliferation in complete glucose-contain-

ing medium (Figure S3C). Taken together, our results suggest

that lapatinib-resistant cells are able to survive under nutrient

stress conditions because of enhanced metabolic plasticity in

meeting intracellular catabolic and anabolic demands.

Genetic or Pharmacological Inhibition of CD36
Sensitizes Lapatinib-Resistant Cells
CD36 is a multifunctional protein that plays an important role in

facilitating FA import into cells and is also known to be involved

in a variety of cell signaling processes (Robey 2018). CD36 was

among the most markedly upregulated genes in rBT474 cells in

our microarray analysis, and increased CD36 expression was

also confirmed by western blot. Because there were no differ-

ences in the levels of proteins involved in either FA synthesis or

b-oxidation, we decided to further investigate the role of CD36

in development of lapatinib resistance. Surprisingly, siRNA-

mediated knockdown of CD36 alone induced drastic levels of

apoptosis in rBT474 cells compared with parental BT474 cells

(Figures 4A and 4B). Furthermore, pharmacologic inhibition of

CD36 with the small-molecule inhibitor sulfosuccinimidyl oleate

(SSO) re-sensitized rBT474 cells to lapatinib (Figure 4C). To

determine the in vivo implications of our findings, we next

established orthotopic xenografts of BT474 and rBT474 cells in

immunodeficient NOD scid gamma (NSG) mice. Upon develop-

ment of tumors approximately 300 mm3 in size, mice were

treated with lapatinib or vehicle and with JC63.1 or a control

immunoglobulin A (IgA) (Figure 4D). Treatment with lapatinib

alone significantly suppressed the growth of BT474-derived tu-

mors (p < 0.05) but not of lapatinib-resistant tumors (p > 0.05)

(Figure 4E). Injection of control IgA did not have any effect.

Notably, JC63.1 sensitized rBT474 tumors to lapatinib (p =

0.0177), confirming a critical role of CD36 in survival of lapati-

nib-resistant cancer cells.

Genetic Deletion of Cd36 Attenuates MMTV-neu-Driven
Mammary Tumorigenesis in Mice
MMTV-neu mice spontaneously develop mammary tumors

driven by the rat homolog of HER2, neu. Daily lapatinib treatment

of this mouse model significantly suppressed the tumor growth
iMAX (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s

transfection (mean ± SEM from 3 experiments).

e (SSO) and lapatinib. Cell proliferation wasmeasured by live-cell imaging using

average change in confluency from 3 replicate wells ± SD from 3 experiments.

nt NSG mice. When tumors reached 300 mm3, mice were dosed with lapatinib

trol once every 3 days. Tumors were measured every 3 days, and mice were

± SEM.

nt’s t test, with the threshold of significance set at *p < 0.05. The significance of

ignificance set at *p < 0.05 after Benjamini-Hochberg correction for multiple
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rate (Figure S4A) and prolonged the survival of tumor-bearing

mice (Figure S4B) compared with vehicle treatment. To investi-

gate the in vivo role of CD36 in breast tumor development and

resistance to anti-HER2 therapy, we introduced mammary

gland-specific CD36 knockout (KO) to the HER2/neu mammary

tumor model by crossing three mouse lines: MMTV-neu,

MMTV-Cre, and Cd36flox/flox. Cd36+/+, Cd36flox/+, or Cd36flox/flox

female mice with two alleles of MMTV-neu and one allele of

MMTV-Cre were produced (mCD36WT, mCD36Het, and

mCD36KO, respectively) (Figure 5A). Mammary gland-specific

KO of the Cd36 gene was confirmed by PCR genotyping of tail

snip DNAs (Figure 5B) and western blot of isolated mammary

glands (Figure 5C). Mammary-specific Cd36 KO did not have a

significant effect on tumor latency (Figure 5D), suggesting that

CD36 may not play a critical role in initiation of HER2-driven

breast tumors. Interestingly, Cd36 gene deletion significantly

attenuated tumor growth and increased the median survival

time (Figure 5E). Consequently, although lapatinib treatment

significantly prolonged the survival of mCD36WT mice and

attenuated the tumor growth of mCD36WT and mCD36Het

mice, it could no longer affect the survival or the tumor growth

of mCD36KO mice (Figures 5F–5H and S4C–S4E). CD36 also

functions as a thrombospondin receptor and is known to be

able to inhibit tumor angiogenesis (Enciu et al., 2018). However,

using CD31 immunohistochemistry as a marker of angiogenesis

revealed no noticeable differences in vascularization between

mCD36WT and mCD36KO tumors (Figure S4F).

To gain an understanding of the gene expression profiles of

these tumors, we performed qRT-PCR for a panel of FA meta-

bolism genes. We found that most of the genes that were

upregulated in the rBT474 cell line model of lapatinib resistance

(Figure 1E) did not show significant upregulation in the genetic

mouse model after prolonged lapatinib treatment (Figure 5I).

Nonetheless, consistent with our observation in the cell line

model, Cd36 expression was significantly induced by lapatinib

(Figure 5I). Induction of CD36 was also recapitulated at the pro-

tein level, as assessed by both immunohistochemistry (Figure 5J)

and western blot (Figure S4G; residual CD36 can still be seen in

CD36 KO tumors, likely because of the presence of CD36-ex-

pressing stromal tissue). Importantly, the two other major FA up-

take channels, FATP1 and FATP4, encoded by Slc27a1 and

Slc27a4, respectively, revealed no differences in gene expres-

sion following lapatinib treatment (Figure 5I).

Interestingly, we observed that CD36 deletion from mammary

tumors had no effect on the incidence of metastasis in vehicle-

treated mCD36WT mice (2 of 10) compared with mCD36KO
Figure 5. CD36 Expression Is Induced by HER2 Inhibition In Vivo and P

(A) Mammary-specific Cd36 KOmice were generated by crossing threemouse lin

female mice with two alleles of MMTV-neu and one allele of MMTV-Cre were pro

(B) Mammary-specific Cd36 deletion was confirmed by PCR.

(C) Deletion of Cd36 was confirmed at the protein level by western blot.

(D) Kaplan-Meier curves depicting tumor latency of MMTV-neu mice, defined as

(E) Kaplan-Meier curves of vehicle-treated mCD36WT, mCD36Het, and mCD36K

(F–H) Kaplan-Meier curves of mCD36WT (F), mCD36Het (G), andmCD36KO (H) C

2,000 mm3 was reached. Significance was measured by log-rank test conducte

(I) qRT-PCR analysis of tumors from mice analyzed in (E) for the panel of FA meta

Significance was assessed by non-paired Student’s t test, with significance set

(J) Induction of CD36 was measured by immunohistochemistry. Scale bars indic
mice (3 of 10) (Figure S4H). However, lapatinib treatment of

mCD36WT mice resulted in increased incidence of metastasis

compared with vehicle (lapatinib, 7 of 9; vehicle, 2 of 10) (Fig-

ure S4H), although this observation may be confounded by the

significantly longer survival time of lapatinib-treated mice, which

would have allowedmore time formetastases to develop. Never-

theless, such an increased incidence of metastasis was not

observed in mCD36Het (lapatinib, 2 of 14; vehicle 8 of 16) and

mCD36KOmice (lapatinib, 3 of 11; vehicle, 3 of 11) (Figure S4H),

supporting recent work that highlighted the role of CD36 in

initiating metastasis (Pascual et al., 2017). Taken together, our

results demonstrate a unique role of CD36 in growth of HER2-

positive breast tumors and a specific requirement for CD36 up-

regulation in tumor survival during HER2 inhibition in vivo.

CD36 Expression Is Induced after Anti-HER2 Therapy
and Correlates with a Poor Prognosis
We hypothesized that CD36 expression would enhance the

growth of HER2-positive breast tumors and promote tumor cell

survival during HER2-targeted therapy. Therefore, we sought

to determine whether CD36 overexpression might correlate

with poor clinical outcomes in human breast cancer. First, we

analyzed a large tissue microarray (TMA) comprising both

HER2-positive and -negative breast cancers for CD36 protein

expression. CD36 levels were significantly higher in grade III

(n = 181) compared with grade II (n = 398) breast cancer samples

(log odds ratio = 1.89, p = 0.002) (Figure 6A). A significant asso-

ciation between high CD36 levels and grade III breast cancer

was also validated, even after accounting for other clinical cova-

riates, including estrogen receptor (ER) status, progesterone re-

ceptor (PR) status, HER2 status, tumor stage, and age (log odds

ratio = 1.81, p = 0.005). Importantly, CD36 membranous staining

significantly stratified subjects based on overall survival (OS) of

patients with HER2-positive breast cancer (Figure 6B) but not

HER2-negative breast cancer (Figure 6C).

To further evaluate the expression of CD36 in HER2-positive

breast cancers, we utilized the RNA sequencing (RNA-seq) data-

set from the Neoadjuvant Lapatinib and/or Trastuzumab Treat-

ment Optimisation (NeoALTTO) trial (Breast International Group

[BIG] 1-06 /solti/EGF106903), a randomized clinical trial looking

at the use of combined lapatinib and trastuzumab in a neoadju-

vant setting (Baselga et al., 2012). When comparing the expres-

sion of CD36 in 44 pairs of pre- and post-treatment tumor bi-

opsies, CD36 was significantly increased in post-treatment

tumors following HER2-targeted therapy (log2 fold change,

1.07; adjusted p = 0.00053; Figure 6D). FATP1 (SLC27A1) was
redicts Survival

es:MMTV-neu,MMTV-Cre, andCd36flox/flox.Cd36+/+, Cd36flox/+, orCd36flox/flox

duced (mCD36WT, mCD36Het, and mCD36KO, respectively).

time from birth until appearance of the first palpable tumor.

O mice.

D36-deficient mice treated with lapatinib or vehicle until a total tumor volume of

d using Prism v7.04.

bolism genes surveyed in Figure S1H. Mean ± SEM from 8–10 mice per group.

at *p < 0.05.

ate 500 mm (control) and 677 mm (+lapatinib).
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Figure 6. CD36 Is Induced by HER2-Targeted Therapy and Predicts a Worsened Clinical Outcome

(A) Tissue microarray analysis demonstrated that CD36 expression correlates with tumor grade. Scale bars indicate 200 mm.

(B and C) Overall survival of breast cancer patients with high (TMA = 2) and low (TMA = 0) CD36 expression from the tissue microarray analyzed in (A) HER2-

positive (B) and HER2-negative (C) patients.

(D) CD36 expression was measured by RNA-seq in 44 pairs of tumor biopsies pre- and post-treatment with HER2-targeted therapy.

(E) Overall survival of 245 patients with pre-treatment biopsies from the NeoALLTO trial stratified by median CD36 expression.

(F and G) Survival of HER2-positive (F) and -negative (G) breast cancer patients from a publicly available TCGA dataset, stratified by median CD36 expression.
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Figure 7. CD36-Mediated FA Uptake Is Required for HER2-Positive

Breast Tumor Cells to Acquire Resistance to HER2 Inhibitors

(A) Cells acquire FAs endogenously through FASN and/or exogenously via

CD36. HER2 activates FASN by phosphorylation and also by transcriptional

induction.

(B) Inhibition of HER2 by lapatinib or trastuzumab results in suppression of

FASN activity, leaving CD36 as the major source of FA acquisition.
also upregulated in post-treatment samples (log2 fold change,

1.18; adjusted p = 8.8 3 10�18), whereas FATP4 (SLC27A4)

was unchanged between pre- and post-treatment samples

(log2 fold change, 0.20; adjusted p = 0.292) (Figures S5A and

S2B). FASN remained unchanged before and after neoadjuvant

HER2-targeted therapy (FASN log2 fold change,�0.65; adjusted

p = 0.053; Figure S5C). Importantly, patients with CD36 expres-

sion levels greater than the median across the cohort had a

significantly lower rate of OS compared with patients with lower

CD36 expression levels (HR = 2.93, p = 0.02, Figure 6E; median

[95%CI] follow-up time: CD36 high 3.84 [3.72-4.11] years versus

CD36 low 3.89 [3.75-4.09] years). Neither FATP1 (SLC27A1) or

FATP4 (SLC27A4) demonstrated significant associations with

OS (HR = 0.93, p = 0.9; HR = 1.8, p = 0.2; Figures S5D and

S5E). The association between CD36 expression and OS was

further supported in an independent dataset from The Cancer

Genome Atlas (TCGA) project. Consistent with our analysis of

the NeoALTTO trial, elevated CD36 expression was significantly

associated with poorer OS in HER2-positive breast cancer pa-
tients (Figure 6F). Importantly, this association between CD36

and clinical outcomeswas not detected in HER2-negative breast

cancer patients (Figure 6G). Independent sub-type analysis us-

ing the Kaplan-Meier plotter webtool (Lánczky et al., 2016)

confirmed these conclusions in the TCGA cohort, with a differ-

ence in survival only detectable in patients with HER2-positive

breast cancer but not in patients with HER2-negative/ER-posi-

tive breast cancer or triple-negative breast cancer (Figures

S5F–S5H). Taken together, these results support a role of

CD36 in survival of HER2-positive breast cancer in human

patients.

DISCUSSION

Accumulating evidence strongly suggests that lipid metabolism

plays significant roles in cancer cell survival, invasion, and

metastasis (Buchakjian and Kornbluth, 2010; Fernald and Kuro-

kawa, 2013; Robey 2018). Notably, cancer cells almost univer-

sally exhibit a ‘‘lipogenic phenotype’’ characterized by both

FASN overexpression and exacerbated levels of FA biogenesis,

even in the presence of abundant circulating exogenous FAs

(Menendez and Lupu, 2007). Interestingly, this pattern of FASN

overexpression and aberrant activation of the FA synthesis

pathway appears to be unique to cancer cells because most

normal cells preferentially obtain FA from extracellular sources

under physiological conditions (Menendez and Lupu, 2007;

Goldberg et al., 2009). Furthermore, pharmacologic inhibition

of FASN has been shown to be selectively lethal to cancer cells

but not to normal cells, highlighting the importance of FAs in

cancer biology and simultaneously revealing a promising thera-

peutic window (Ventura et al., 2015). As a result, FASN has

been subjected to intense investigation as a therapeutic target

in cancer for decades, whereas the role of extracellular FA up-

take has gone largely unexplored in cancer biology. However,

this overlookedmechanism has recently started attracting atten-

tion as a re-emerging paradigm (Kuemmerle et al., 2011; Kinlaw

et al., 2016; Robey 2018). For instance, malignant ovarian and

breast cancer cells have been shown recently to instruct neigh-

boring adipocytes in the tumor microenvironment (TME) to

induce lipolysis of intracellular lipid stores and subsequently

secrete FAs into the TME for uptake and use by cancer cells to

support growth and metastasis (Nieman et al., 2011; Balaban

et al., 2017). Of particular interest, one recent report identified

CD36 as an important mediator of this mechanism (Ladanyi

et al., 2018).

An earlier study has shown that, in response to HER2 inhibi-

tion, the endogenous FA lipogenic pathway is inhibited, and can-

cer cells undergo apoptosis because of the two-way cross-talk

between FASN and HER2 (Vazquez-Martin et al., 2007). How-

ever, we found that cancer cells that exhibit a shift toward

CD36-mediated FA uptake can escape lapatinib sensitivity and

survive (Figures 7A and 7B). In addition to increased FA uptake,

lapatinib-resistant cells appear to be positioned to develop drug

resistance by activating a program that features metabolic plas-

ticity and flexible use of bioenergetic substrates that allow adap-

tation and survival under challenging conditions, such as nutrient

deprivation (Figure 3A) and drug-induced cytotoxicity (Figure 2I).

Although the mechanism underlying lapatinib-induced CD36
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upregulation remains to be fully elucidated, our results demon-

strate that CD36 induction plays an essential role in development

of resistance to HER2 inhibitors and suggests that targeting

CD36 lipid transport activity holds therapeutic promise. Indeed,

siRNA knockdown of CD36 caused robust apoptosis in lapati-

nib-resistant cells but not in sensitive cells (Figure 4B). Likewise,

pharmacological inhibition of CD36 significantly suppressed the

growth of resistant cells in the presence of lapatinib (Figure 4C).

Moreover, a CD36 function-blocking antibody was able to re-

sensitize lapatinib-resistant xenograft tumors to HER2-targeted

therapy (Figure 4E).

Most importantly, although tumor-specific deletion of the

Cd36 gene alone did not affect tumor latency (Figure 5D), it did

approximately double the median survival time of MMTV-neu

mice after tumor onset (Figure 5E). Notably, removal of one

copy of CD36 was sufficient to attenuate tumor growth and pro-

long survival of these transgenic mice (Figure 5E), suggesting a

critical role of the CD36 pathway in the growth of MMTV-neu-

driven tumors. We initially expected that CD36 KO would further

sensitize the tumors to lapatinib. However, this was not the case;

lapatinib treatment resulted in only marginal therapeutic benefits

inmCD36KOmice (Figures 5H andS4E). Thismay be ascribed to

the difference between human breast cancer, in which the

ERBB2 (HER2) gene is typically amplified, and mouse tumors

driven by the activated rat homolog of HER2 (neu) under the

MMTV promoter. Alternatively, when mice lacked CD36 before

tumor formation, the mice might have developed some other

mechanisms of resistance.

FAs are known to influence gene expression in several ways

(reviewed in Jump, 2004). These include regulation of the action

of specific transcription factors, such as PPARs, LXR, andHNF4,

for which specific FA species are ligands, as well as nuclear fac-

tor kB (NF-kB) and SREBPs. FA may also modulate signal trans-

duction pathways, either by metabolic effects or by remodeling

the composition of plasma membrane lipid rafts, which affects

the transmembrane signaling efficiency of growth factors (Swin-

nen et al., 2003). Additionally, mitochondrial FA b-oxidation gen-

erates a large quantity of acetyl-CoA, and this may activate

gene expression epigenetically by driving histone acetylation

(McDonnell et al., 2016). Our results demonstrated marked lipid

accumulation, enhanced lipid metabolism, and metabolic plas-

ticity in resistant cells, but the precise downstream effectors

remain to be discovered. mCD36KO tumors did not exhibit

elevated levels of FASN, FATP1 (Slc27a1), or FATP4 (Slc27a4)

compared with mCD36WT tumors (Figure 5I), indicating that

these compensatory pathways for free FA (FFA) acquisition

pathways were not induced. The observed effect of lipoprotein

depletion may provide an important clue in this regard. The fatty

acyl groups carried in triglyceride-rich lipoproteins are predom-

inantly esterified and, thus, require lipolysis for release as FFA for

subsequent uptake via CD36. This could be accomplished by

extracellular lipolysis mediated by lipoprotein lipase (LPL), an

enzyme that is widely expressed in breast cancer. Alternatively,

endocytosis of intact lipoproteinsmediated by the very-low-den-

sity lipoprotein receptor (VLDLR), followed by intracellular lipol-

ysis, could circumvent the requirement for CD36 (Kuemmerle

et al., 2011). The potential compensatory roles of these path-

ways will require further study. Overall, our results reveal a crit-
3418 Cell Reports 29, 3405–3420, December 10, 2019
ical role for CD36 in the development of resistance to HER2-tar-

geted therapy aswell as its potential as both a prognosticmarker

and a therapeutic target in breast cancer. Elucidation of the

downstream actions of exogenously acquired FA and a full

appreciation of the various means by which tumor cells can ac-

quire them will help us to fully understand the mechanism of ac-

quired resistance to anti-HER2 therapy in breast cancer.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FASN BD Biosciences Cat# 610962; RRID:AB_398275

Rabbit monoclonal anti-CPT1A Cell Signaling Technology Cat#12252

Goat polyclonal anti-CD36 R&D Systems Cat# AF1955; RRID:AB_355073

Rabbit polyclonal anti-CD36 Novus Biologicals Cat#NB400-144; RRID:AB_10003498

Rabbit polyclonal anti-b-Actin Santa Cruz Biotechnology Cat# SC1616-R; RRID:AB_630836

Rabbit monoclonal anti-HER2 Cell Signaling Technology Cat# 2165; RRID:AB_560966

Rabbit polyclonal anti-p-HER2 (Tyr1221/1222) Cell Signaling Technology Cat# 2249S; RRID:AB_2099241

Rabbit monoclonal anti-pAKT (Thr308) Cell Signaling Technology Cat# 2965; RRID:AB_2255933

Rabbit polyclonal anti-AKT Cell Signaling Technology Cat# 9272; RRID:AB_329827

Rabbit monoclonal anti-pERK1/2 (Thr202/Tyr204) Cell Signaling Technology Cat# 4370; RRID:AB_2315112

Rabbit monoclonal anti-ERK Cell Signaling Technology Cat#4695; RRID:AB_390779

Mouse monoclonal anti-CD36, FITC eBioscience Cat# 11-0369-41; RRID:AB_10719431

Mouse monoclonal anti-CD36 (Clone JC63.1; Function Blocking) Cayman Chemical Cat# 188150; RRID:AB_10077812

Mouse monoclonal mouse IgA isotype control Abcam Cat# ab37322

Chemicals, Peptides, and Recombinant Proteins

Oil Red O Cayman Chemical Cat# 14419

BODIPY 493/503 (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-

Diaza-s-Indacene)

Invitrogen Cat# D3922

BODIPY FL C16 (4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-

Indacene-3-Hexadecanoic Acid)

Invitrogen Cat# D3821

[1-14C]-Acetic Acid, sodium salt PerkinElmer Cat# NEC084H001MC

Annexin V Alexa Fluor� 647 conjugate Invitrogen Cat# A23204

(-)-trans-C75 Cayman Chemical Cat# 9000784

Sulfosuccinimidyl Oleate (SSO) Cayman Chemical Cat# 11211

Etomoxir (sodium salt) Cayman Chemical Cat# 11969

Lapatinib LC Laboratories Cat# 388082-77-7

SV Total RNA Isolation System Promega Cat# Z3105

qScript cDNA synthesis kit Quanta Cat# 95047-100

iTaq Universal SYBR� Green Supermix Bio-Rad Cat# 1725124

Lipofectamine RNAiMAX Transfection Reagent Invitrogen Cat# 13778150

Critical Commercial Assays

HumanHT-12 v4 BeadChip Illumina Cat# BD-103-0204

CellTiter 96� AQueous One Solution Cell Proliferation Assay (MTS) Promega Cat# G3582

Seahorse XF Mito Stress Test Kit Agilent Cat# 103015-100

Seahorse XF Glycolysis Stress Test Kit Agilent Cat# 103020-100

Matrigel Matrix Corning Cat# 354234

Deposited Data

Microarray data This paper GSE136304

RNaseq data Fumagalli et al., 2017 N/A

Experimental Models: Cell Lines

Human: BT474 ATCC RRID:CVCL_0179

Human: rBT474 Kurokawa et al., 2013 N/A

Human: SKBR3 ATCC RRID:CVCL_0033

Human: rSKBR3 Kurokawa et al., 2013 N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human HCC202 ATCC RRID:CVCL_2062

Human HCC202R This paper N/A

Experimental Models: Organisms/Strains

Mouse: FVB-Tg(MMTV-Erbb2)NK1Mul/J The Jackson Laboratory RRID:IMSR_JAX:005038

Mouse: Tg(MMTV-cre)4Mam/J The Jackson Laboratory RRID:IMSR_JAX:003553

Mouse: CD36F/F Maria Febbraio N/A

Mouse: NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ The Jackson Laboratory RRID:IMSR_JAX:005557

Oligonucleotides

CD36 Human siRNA Oligo Duplex Origene Cat# SR319610

Trilencer-27 Universal scrambled negative control siRNA duplex Origene Cat# SR30004

qPCR Primer Sequences This Paper Table S3

Software and Algorithms

GraphPad Prism v7 GraphPad https://www.graphpad.com/

R: A Language and Environment for Statistical Computing R Foundation for Statistical

Computing

https://www.r-project.org/

Molecular Signatures Database Broad Institute http://software.broadinstitute.org/

gsea/msigdb/index.jsp
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Manabu

Kurokawa (mkurokaw@kent.edu). All unique/stable reagents generated in this study are available from the Lead Contact with a

completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
MMTV-neu (FVB-Tg(MMTV-Erbb2)NK1Mul/J; RRID:IMSR_JAX:005038), MMTV-Cre (Tg(MMTV-cre)4Mam/J) and NSG mice

(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; RRID:IMSR_JAX:005557) were obtained from The Jackson Laboratory. CD36flox/flox mice were

described previously (Nagendran et al., 2013). All animal studies were performed in accordance with protocols approved by the Insti-

tutional Animal Care and Use Committee (IACUC) at Dartmouth College and Kent State University. Female MMTV-neu mice were

treated with 100 mg/kg lapatinib (LC Laboratories; Cat# 388082-77-7) or DMSO by oral gavage BID once a palpable tumor

�100mm3 was discovered (�1 year old). Tumor growth was monitored by caliper measurement every 3 days. Mice were sacrificed

when reaching maximum tumor volume permitted by IACUC protocols. For xenograft studies, 13 107 BT474 or rBT474 cells resus-

pended in Matrigel Matrix (Corning; Cat# 354234) were implanted in the mammary fat pad of 6-week old female NSG mice. Upon

reaching 300mm3, mice were randomly assigned to one of four treatment groups. Mice were treated with 100 mg/kg lapatinib or

DMSO by oral gavage BID in combination with 10 mg anti-CD36 function blocking antibody (Clone JC63.1; Cayman Chemical;

Cat# 188150; RRID:AB_10077812) or anti-mouse IgA-isotype control (Abcam; Cat# ab37322).

Cell Lines
BT474 (RRID:CVCL_0179), SKBR3 (RRID:CVCL_0033), and HCC202 (RRID:CVCL_2062) human breast cancer cells were authenti-

cated by Duke University Cell Culture Facility. Lapatinib resistant rBT474 cells were derived by culturing cells in the presence of grad-

ually increasing concentrations of lapatinib for months, as described previously (Kurokawa et al., 2013). Cells were cultured in

RPMI1640 (Corning) supplemented with 10% fetal bovine serum (Hyclone Laboratories) and 1% penicillin-streptomycin (Hyclone

Laboratories). rBT474 cells were maintained in the presence of 1 mM lapatinib (LC Laboratories) but were cultured in the absence

of lapatinib for 1 week before experiments in order to account for potential confounding effects of drug treatment. Cell lines tested

negative for mycoplasma with MycoAlert Mycoplasma Detection Kit (Lonza).

METHOD DETAILS

Microarray analysis
Illumina HumanHT-12was used to interrogate gene expression from rBT474 and BT474 cell lines. Raw expression data from Illumina

Imager was background corrected using detection p values, quantile normalized, and log-transformed. Genes with no detected
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spots across all samples as determined by presence/absence calling were removed. Illumina IDs that mapped to the same gene

symbol were collapsed by selecting the probe with the highest standard deviation across all samples. Hierarchical clustering using

Euclidean distance and complete linkagewas performed on the normalized expression values after selecting the top 1000 geneswith

highest variance, scaling each gene via z-transformation, and averaging across replicate samples. The clustering analysis was im-

plemented using the pheatmap R package. Differential expression analysis was performed using the limma R package with an in-

tensity-trend for the prior variance.

Gene Ontology Enrichment Analysis
Gene Ontology (GO) enrichment analysis was conducted using the ‘‘GO biological process’’ gene sets of the Molecular Signatures

Database (MSigDB) v6.2. The gene set interrogated was defined as genes upregulated in resistant BT474 cells as compared to sen-

sitive parental cells at baseline (T0), with the following cutoffs: Fold Change > 1.5; p value < 0.01; False Discovery Rate (FDR) < 0.05.

The top 20 GO terms are listed in order of decreasing statistical significance as defined by FDR. p value was calculated from the hy-

pergeometric distribution and FDR represents hypergeometric p value after Benjamini-Hochberg correction for multiple hypothesis

testing. Bold font and italicized rows denote GO terms related to lipid metabolism.

TMA samples
NCI Cancer Diagnosis Program (CDP) Stage II Breast Prognostic TMA (Case Sets 14-17) and NCI Cancer Diagnosis Program (CDP)

Stage III Breast Prognostic TMA (Case Sets 18-19) were analyzed. Association between CD36 expression and tumor grades were

analyzed by Univariate Logistic Regression and multivariable logistic regression.

Patients Samples
245 pre-treatment and 44 post-treatment RNA samples with matching clinical and survival data were taken from the NeoALTTO trial

(Baselga et al., 2012; Fumagalli et al., 2017). Illumina paired-end sequencing libraries were successfully constructed and subjected to

sequencing on the Illumina HiSeq 2500 system as described previously (Fumagalli et al., 2017). Read pairs were trimmed using Trim-

momatic (Bolger et al., 2014). alignment was performed using STAR (Dobin et al., 2013), and gene expression abundances were esti-

mated using RSEM (Li and Dewey, 2011). Differential expression between the 44 paired pre- and post-treatment samples was

modeled using DESeq2 (Love et al., 2014) with patient ID included as a covariate to adjust for baseline characteristics shared be-

tween matched pre- and post-treatment samples.

TCGA analysis
Level 3 mRNA expression data from the Agilent 244k Custom Gene Expression G4502A-07-3 platform was downloaded from The

Cancer Genome Atlas data portal. A Kaplan-Meier estimator was fitted to CD36 expression values across HER2-positive and -nega-

tive samples. Patient samples that exhibited values greater than the median CD36 expression were labeled as high CD36, and sam-

ples less than the median CD36 expression were labeled as low. p value was calculated using the log-rank test.

Quantitative RT-PCR
RNA was isolated using an SV Total RNA Isolation System kit (Promega). cDNA was synthesized using a qScript cDNA synthesis kit

(Quanta). RT-qPCRwas performed using either iTaq Universal SYBR�Green Supermix (Bio-Rad) or TaqManTM Universal PCRMas-

ter Mix (Applied Biosciences) on a CFX96 Real-Time PCR Detection System (Bio-Rad). TaqManTM probes were purchased from

Applied Biosciences. Target gene mRNA levels were normalized to Cyclophilin A (PPIA) and were compared using the delta-delta

Ct method. qPCR primers were purchased from IDT. Probes and primer sequences listed in Figure S3.

Lipid Staining
Cells were seeded onto coverslips (NeuVitro) in a 12-well plate at a density of 8x104 cells/well. Cells were washed in PBS and

fixed with 10% formalin for 10 min. Cells were washed once with water and once with 60% isopropanol. Cells were dried for

5 min then stained with Oil Red O (Cayman Chemical) working solution for 15 min. Cells were washed with 60% isopropanol and

stained with hematoxylin for 30 s. Coverslips were mounted in 70% glycerol and were imaged by brightfield microscopy. Cells

were seeded onto coverslips at a density of 3 3 104 cells/well. Cells were washed with DPBS, fixed in 4% paraformaldehyde for

15 min, then stained with 1:1000 BODIPY 493/503 (Invitrogen) for 15 min. Cells were washed in PBS then stained with 1:15,000

DAPI. Coverslips were mounted with ProLong Gold Antifade Mountant (Invitrogen). Slides were imaged by confocal

microscopy.

Western Blot
Cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors (Roche). Lysates were cleared by centrifu-

gation at 20,000 g for 20 min at 4�C and 30 mg (for cell lines) or 50 mg (for tumor tissue) protein was loaded per lane on 8% polyacryl-

amide gels. Proteins were transferred onto PVDF membranes (Millipore) and were blocked in 3% BSA for 30 min at room
Cell Reports 29, 3405–3420.e1–e5, December 10, 2019 e3



temperature. Membraneswere incubatedwith primary antibodies overnight at 4�Cwith gentle agitation. Membraneswere developed

using PierceTM ECL (Thermo Scientific) and X-ray film.

Flow Cytometry
Cells were seeded at a density of 33 105 cells per well of a 6-well plate. Cells were harvested by trypsinization and washed in PBS.

Cells were blocked with Human TruStain FcX (BioLegend; Cat# 422301) for 20 min and were then stained with anti-CD36-FITC anti-

body and analyzed on a MACSQuant (Miltenyi Biotec) flow cytometer.

BODIPY-C16 uptake assay
Uptake assays were performed as described previously (Li et al., 2005). Cells were seeded at a density of 33 105 cells per well of a

6-well plate. Cells were cultured in serum free media supplemented with 2 mM BODIPY FL C16 (Invitrogen; Cat# D3821) for the indi-

cated times. Cells were harvested by trypsinization and analyzed by flow cytometry. Median fluorescence intensity was compared

between samples at various time points.

Lipogenesis Assay
Cells were seeded at a density of 3 3 105 cells per well of a 6-well plate. Cells were pre-treated with 50 mM (-)-trans-C75 (Cayman

Chemical), 1 mM lapatinib, or DMSO for 2 h prior to a 6 h incubation with 0.667 mCi/mL [1-14C]-acetic acid (PerkinElmer; Cat#

NEC084H001MC). Cells were harvested by trypsinization and lipids were extracted as previously described (Olsen et al., 2010).
14C incorporation was measured was measured by scintillation counting (3 replicates per sample for n = 3 experiments). Average

disintegrations per min (DPM) was normalized to protein concentration.

Viability Assays
Cell viability was assessed after 48-hour treatment using CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega; Cat#

G3582). The absorbance at 490 nm (OD 490 nm) was normalized against DMSO treated controls. Annexin V (Alexa Fluor� 647 con-

jugate; Invitrogen; Cat# A23204) staining was performed according to manufacturer’s instructions. Live cell imaging was performed

using an Incucyte Zoom (Essen BioScience) and aCytation5 (BioTek) multimodal plate reader. 1x104 cells were seeded into wells of a

96-well plate. Cells were imaged (3 wells per treatment for n = 3 experiments) prior to and 48 h after treatment with sulfosuccinimidyl

oleate (SSO; Cayman Chemical; Cat# 11211). Percent confluency was calculated at each time point for each well. Proliferation is

presented as the average fold change in percent confluency of replicate wells for each treatment.

Seahorse Metabolic Assays
Rates of net oxygen consumption (OCR) and net extracellular acidification (ECAR) were determined concurrently using a Seahorse

XF24-3 metabolic flux analyzer and standard Seahorse XFMito Stress Test and Seahorse XF Glycolysis Stress Test kits according to

the manufacturer’s instructions (Agilent Technologies, Santa Clara, CA, USA). Cells were routinely assayed in unbuffered bicarbon-

ate-, phenol red-, and serum-free Dulbecco’s Modification of Eagle’s Medium (DMEM) containing 2mM glutamine in the presence or

absence of glucose (5.6 mM) and/or pyruvate (1 mM). Complete test media containing DMEM = 5.6 mM glucose, 2 mM glutamine,

1 mM pyruvate, and 0 mM lactate – or dropout media lacking various combinations of the principal energy substrates (i.e., glucose,

pyruvate, and glutamine) – were prepared fresh before use (Corning Mediatech, Manassas, VA, USA).

Glucose Utilization and Lactate Production Assays
Glucose utilization was assayed as the net disappearance of glucose from the culture medium, and lactate production was assayed

in parallel as the net accumulation of lactate in the same samples as described previously (Robey et al., 2000). Cells were routinely

tested in defined basal DMEMcontaining 5.6mMglucose and lacking phenol redwhich interferes with the colorimetric coupled enzy-

matic assays used to measure both glucose and lactate concentrations. All experiments were performed in the presence of non-

limiting physiological concentrations of glucose and under conditions of linear net glucose disappearance and lactate accumulation.

All measured of medium glucose and lactate content were also normalized for cell protein content to control for differences in cell

number.

Hexokinase Assays
Total hexokinase activity wasmeasured as the glucose-phosphorylating capacity of freshwhole cell lysates using a standard glucose

6-phosphate dehydrogenase-coupled assay as described previously (Robey et al., 2000). All data were expressed as specific hexo-

kinase activity in units per g of total cellular protein where 1 unit is defined as the amount of enzyme activity resulting in the coupled

formation of 1 mol NADPH per min at 25�C.

Transfection
Transient siRNA transfections were performed with Lipofectamine RNAiMAX (Invitrogen; Cat# 13778150) according to the manufac-

turer’s instructions. Cells were harvested for western blot or Annexin V staining 72 h after transfection.
e4 Cell Reports 29, 3405–3420.e1–e5, December 10, 2019



QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Two-tailed Student’s t test was used to determine statistical significance between groups. Kaplan-Meier survival curves and log rank

tests were conducted using GraphPad Prism v7.04. Xenograft growth curve analysis was conducted using the ‘‘statmod’’ R package

with significance set at *p < 0.05 after Benjamini-Hochberg correction for multiple comparison. Analyses were run in R version 3.4.2.

Further statistical details of experiments can be found in the figure legends.

DATA AND CODE AVAILABILITY

The accession number for the microarray data reported in this paper is GEO: GSE136304. RNA-seq data from NeoALLTO patient

tumors was previously published (Fumagalli et al., 2017). The RNA-seq dataset and the Clinical Data from the NeoALTTO trial

have not been deposited in a public repository because of contractual and legal constraints. The RNASeq data and the Clinical

Data can be requested by directly contacting altto@bigagainstbc.org.
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Supplemental Figure S1. Related to Figure 1. (A) Proliferation of BT474 and rBT474 cells was 

measured by cell counting 0, 24, 48, 72, 96, and 120 hours after treatment with 1 µM lapatinib 

(Mean +/- SD from n = 2 experiments). Significance assessed by non-paired Student’s t-test with 

significance set at ** p<0.005, *** p<0.0005. (B-D) BT474 and rBT474 cells treated with lapatinib 

for 24 hours and assessed for pHER2 (B), pAKT (C), and pERK1/2 (D) levels. (E-F) Venn diagram 

of all kinases (E) and phosphatases (F) that exhibit a 1.5-fold or greater change 20 hours after 1 

µM lapatinib treatment as compared to untreated controls (FDR < 0.05). Red text signifies genes 

upregulated in both resistant and sensitive cells. Orange text signifies genes downregulated in 

both resistant and sensitive cells. (G) Top 20 Gene Ontology (GO) terms upregulated in rBT474 

as compared to parental BT474 cells at baseline (T0). Bolded and italicized rows denote terms 

directly related with lipid metabolism. (H) RT-qPCR validation of genes related to lipid metabolism 

found to be upregulated in rBT474 cells by microarray analysis (Mean +/- SEM from n = 3 

experiments). 

 

  



Feng et al. Supplemental Fig. S2.
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Supplemental Figure S2. Related to Figure 2. (A) BT474 and rBT474 cells were treated with 

20 µg/mL control IgA or JC63.1 anti-CD36 function blocking antibodies for 2 hours and were then 

cultured in the presence or absence of 100 uM oleic acid (OA) for additional 8 hours. Accumulation 

of lipid droplets was analyzed by Oil Red O staining and was quantified by counting 100-200 cells 

(Mean +/- SD from n = 3 experiments). (B)  BT474 and rBT474 cells were transfected with 

siControl or siCD36 siRNA as in Figure 4A. Cells were cultured in the presence or absence of 

100 µM OA for 8 hours. Accumulation of lipid droplets was analyzed by Oil Red O staining and 

was quantified by counting 100-200 cells (Mean +/- SD from n = 3 experiments). (C) BT474 and 

rBT474 cells were treated with 50 µM (-)-C75 or 100 µM etomoxir (Eto) for 10 hours. Accumulation 

of lipid droplets was analyzed by Oil Red O staining and was quantified by counting 100-200 cells 

(Mean +/- SD from n = 3 experiments). (A-C) Significance assessed by non-paired Student’s t-

test with significance set at *** p<0.0001. (D) CD36 expression of lapatinib resistant SKBR3, 

HCC202, and BT474 cells (rSKBR3, rHCC202, and rBT474, respectively) as compared to 

lapatinib sensitive parental cells (E) Representative image of SKBR3 and rSKBR3 cells stained 

with Oil Red O from n = 3 experiments. Scale bar indicates 20 µm (F) HCC202 and rHCC202 

cells were cultured in the presence of 2 µM BODIPY FL C16 for the indicated periods of time. 

Median fluorescence intensity (MFI) was measured by flow cytometry. Depicted is the mean MFI 

of three replicate samples per time point +/- SD from one representative experiment out of n = 3 

experiments. Significance assessed by non-paired Student’s t-test with significance set at *** 

p<0.0005. (G-H) BT474 cells were treated with 500 nM, 1000 nM, or 2000 nM lapatinib for 8 days 

to intentionally select for surviving inherently drug tolerant cells. These cells were assessed for 

CD36 expression by western blot (G) and RT-qPCR (H). (I-J) rBT474 were generated over the 

span of several months by gradually increasing in lapatinib concentrations in the tissue culture 

media.  CD36 expression was measured by western blot (I) and flow cytometry (J) at various 

timepoints. (K-L) BT474 and rBT474 were harvested 0 (T0), 10 (T10), and 20 hours (T20) after 



treatment with 1 µM lapatinib (n = 4 per treatment). Gene expression of FASN (K) and CD36 (L) 

of BT474 and rBT474 cells measured by microarray. (M-N) rBT474 cells were treated with 25 µM 

(-)-C75 in media containing 10% FBS or 10% Lipoprotein-Depleted Serum (LPDS). Cell 

proliferation was measured by live cell imaging using an Incucyte Zoom imager 72 hrs after drug 

treatment. Results depict average change in confluency from 3 replicate wells +/- SD from n = 3 

experiments (M). Representative images shown in (N). Scale bar indicates 100 µm.  Significance 

assessed by non-paired Student’s t-test with significance set at *** p<0.0001. 
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Supplemental Figure S3. Related to Figure 3. (A-B) Net glucose disappearance and lactate 

accumulation were monitored in basal 5.6 mM glucose-containing media over 18 hours in both 

the presence (A) and absence (B) of 2 mM glutamine and 1 mM pyruvate as alternate metabolic 

substrates. The observed rate of glucose disappearance was uniformly linear over this period 

(data not shown) and, because it was non-exhaustive, was ostensibly non-limiting for lactate 

accumulation under these conditions. These data normalized for both cellular protein content and 

overlying culture medium volume were used to generate Figure 3B. Statistical significance 

assessed by paired Student’s t-testing. (C) Proliferation rates, assayed by MTS reduction over 48 

hours as described previously (Canfield et al., 2015), did not differ between BT474 and rBT474 

cells cultured in media containing 5.6 mM glucose, 2 mM glutamine, and 1 mM pyruvate in either 

the presence or absence of 100 µM etomoxir, suggesting that differences in metabolism under 

these conditions cannot be explained by differences in cell proliferation (Mean +/- SEM from n = 

3 experiments). 

 

  



Feng et al. Supplemental Fig. S4.
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Supplemental Figure S4. Related to Figure 5. (A-B) Daily treatment with 100 mg/kg lapatinib 

BID suppresses tumor growth of MMTV-neu mice (A) and prolongs survival (B). Significance 

assessed by log-rank test *P<0.05 (Mean +/- SEM for 10-11 mice). (C-E) Individual growth curves 

depicting total tumor volume over time for mCD36WT (C), mCD36Het (D), and mCD36KO (E) 

mice treated with vehicle or lapatinib. (F) Representative images of CD31 stained mCD36WT and 

mCD36KO tumors. Scale bar indicates 77 µm. (G) Western blot analysis of mCD36WT and 

mCD36KO tumors collected from n = 5 mice per group from Figure 5F-H. (H) Incidence of 

metastasis from the mice in Figure 5F-H. The majority of metastases were observed in the lungs 

but the numbers inside the parentheses note the presence of metastases observed in other sites, 

such as liver or small intestine.  
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Supplemental Figure S5. Related to Figure 6.  (A-C) SLC27A1 (A), SLC24A4 (B), and FASN 

(C) expression was measured by RNA sequencing in 44 pairs of tumor biopsies pre- and post-

treatment with HER2-targeted therapy. (D-E) Overall survival of 245 patients with pre-treatment 

biopsies from the NeoALLTO trial stratified by SLC27A1 (D) and SLC27A4 (E) expression. (F-H) 

TCGA Subtype-specific Kaplan Meier plots were plotted using the Kaplan-Meier plotter webtool 

(Lánczky et al., 2016) (http://kmplot.com/analysis/). (F) Relapse free survival of TCGA HER2-

positive breast cancer patients dichotomized by CD36 microarray expression. (G) Relapse free 

survival of TCGA HER2-negative ER-positive breast cancer patients dichotomized by CD36 

microarray expression. (H) Relapse free survival of TCGA triple-negative breast cancer patients 

dichotomized by CD36 microarray expression. 
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