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Abstract

Approximately one-third of endocrine-treated women with estrogen receptor-alpha positive (ER*)
breast cancers (BC) are at risk of recurrence due to intrinsic or acquired resistance. Thus,

it is vital to understand the mechanisms underlying endocrine therapy resistance in ER* BC

to improve patient treatment. Mitochondrial fatty acid p-oxidation (FAO) has been shown to

be a major metabolic pathway in triple-negative BC (TNBC) that can activate Src signaling.

Here, we found metabolic reprogramming that increases FAO in ER* BC as a mechanism

of resistance to endocrine therapy. A metabolically relevant, integrated gene signature was
derived from transcriptomic, metabolomic, and lipidomic analyses in TNBC cells following
inhibition of the FAO rate-limiting enzyme carnitine palmitoyl transferase 1 (CPT1), and this
TNBC-derived signature was significantly associated with endocrine resistance in ER* BC
patients. Molecular, genetic, and metabolomic experiments identified activation of AMPK-FAO-
oxidative phosphorylation (OXPHOS) signaling in endocrine-resistant ER* BC. CPT1 knockdown
or treatment with FAO inhibitors in vitroand in vivo significantly enhanced the response of

ER* BC cells to endocrine therapy. Consistent with the previous findings in TNBC, endocrine
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therapy-induced FAO activated the Src pathway in ER* BC. Src inhibitors suppressed the growth
of endocrine-resistant tumors, and the efficacy could be further enhanced by metabolic priming
with CPT1 inhibition. Collectively, this study developed and applied a TNBC-derived signature
to reveal that metabolic reprogramming to FAO activates the Src pathway to drive endocrine
resistance in ER* BC.

Introduction

Aromatase inhibitors, tamoxifen, and fulvestrant are the most common therapies for
estrogen receptor-positive (ER+) breast cancer (BC). Endocrine-targeting drugs, such

as tamoxifen, have been used clinically for several decades. However, almost half of
patients with BC develop resistance to endocrine therapy, leading to tumor recurrence (1).
Multiple mechanisms have been proposed for acquiring endocrine therapy resistance in
ER+ BC, including ER alpha mutation/amplification (2,3), mTOR/AKT pathway activation
(4,5), and cyclin D1 activation (5,6). Metabolic alterations have been proposed as an
additional mechanism for endocrine resistance, including changes in amino acid or glucose
metabolism and elevated lipid levels in endocrine-resistant ER+ BC cells (7,8). However, the
mechanistic crosstalk between these metabolic alterations and endocrine pathways and their
subsequent translational potential is not well understood.

Triple-negative BC (TNBC) is one of the most aggressive subtypes of BC. Using a
trans-mitochondrial cybrid (cybrid) model, we previously discovered that cybrids with
mitochondria from metastatic TNBC maintain high levels of mitochondrial fatty acid p-
oxidation (FAO). We validated our finding of FAO as a major metabolic pathway in TNBC
using parental BC cell lines, patient-derived xenograft (PDX) models, and clinical data (9).
Our findings have been independently validated in a parallel study by Dr. Goga’s group (10).

We have also reported that FAO is critical for activating the Src pathway, one of

the most frequently upregulated oncopathways in TNBC. Specifically, FAO induces
autophosphorylation of c-Src at Y419 (pSrc Y419) (9). Interestingly, some studies, including
our own study (11), reported that the Src inhibitor dasatinib is beneficial in ER+ BC when
combined with endocrine therapy. However, the mechanisms underlying elevated phospho-
Src levels in endocrine therapy-resistant BC remain unclear.

Carnitine palmitoyltransferase-1 (CPT1), the rate-limiting enzyme of FAO (12), is important
for TNBC progression (9,10). Considering the critical role of FAO in TNBC, we genetically
or pharmacologically inhibited CPT1 in three metastatic TNBC cell lines and performed
transcriptomic analysis. We then developed a TNBC-derived metabolism-related gene
signature by applying a multi-omics integration approach using metabolomic and lipidomic
data from a CPT1-inhibited TNBC cell. We analyzed different BC databases to understand
the significance of FAO-modulated TNBC-derived signature in other BC subgroups. Our
TNBC-derived signature was significantly associated with endocrine therapy-resistant ER+
BC. Mechanistic studies confirmed the metabolic reprogramming of FAO and FAO-induced
Src pathway in endocrine therapy-resistant ER+ BC. Our preclinical studies revealed a
potential new therapeutic strategy targeting the FAO, oxidative phosphorylation (OXPHOS),
or Src pathways to overcome endocrine resistance in ER+ BC patients.
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Materials and Methods

Reagents

Cell models

Etomoxir (ETX), tamoxifen (Tam) citrate (for /n vivo), 4-hydroxy Tam (for in vitro),
fulvestrant (Ful), dasatinib (Dasa), PP2, atovaquone (Ato), ranolazine (RNL), and 17R-
estradiol were purchased from Sigma-Aldrich. Metformin hydrochloride (Met) was
purchased from TCI. ETX was purchased from Chemgood for /n vivo studies. Details of
the antibodies used are provided in the Supplementary Materials and Methods.

TNBC cell lines MDA-MB-231, SUM159, SUM149, and ER+ BC cell lines MCF7 and
T47D were maintained in the complete medium [high glucose DMEM supplemented with
5% fetal bovine serum (FBS) and 1% penicillin/streptomycin]. MDA-MB-231, MCF7 and
T47D from ATCC were purchased via Molecular and Cellular Biology Tissue Culture Core
at Baylor College of Medicine. SUM159 and SUM149 were from Asterand Bioscience
kindly provided by Drs. Dave and Debeb respectively. All cells were verified by STR

in the Cytogenetics and Cell Authentication Core facility at MD Anderson Cancer

Center, Houston, TX. Cells were confirmed mycoplasma-free by using MycoAlert PLUS
Mycoplasma detection Kit (Lonza, LT07-710) and/or Venor GeM Mycoplasma Detection
Kit (Sigma, MP0025). Mostly, the experiments were performed within 20 passages after
thawing the cells. Scrambled shRNA (shScrambled) and CPT1-specific ShRNA (shCPT1)-
infected TNBC cell lines MDA-MB-231 and SUM159 cells were generated as previously
described (9). We have previously published the details of the generation of Tam-resistant
(TR) MCF7 TR1 and TR2 cell lines (13). The details of the generation of MCF7 TRsa
and T47D Ful-resistant (FulR) cell lines are described in the Supplementary Materials and
Methods. Cells were maintained at 37 °C in 5% COs».

Sulforhodamine B (SRB) assay

Cell proliferation was measured using an SRB-based colorimetric assay as described
previously (14,15). Briefly, the cells were fixed with 5% trichloroacetic acid and stained
with 1% SRB solution. The dye was dissolved in 10mM Tris buffer and the absorbance (510
nm) was measured using an Infinite M200 plate reader (Tecan).

Animal experiments

In vivo studies were performed following a protocol approved by the Institutional

Animal Care and Use Committee of the Baylor College of Medicine (BCM). For animal
experiments, 1 x 107 TR cells were injected subcutaneously into the mammary gland of 5-7
week-old SCID/Beige female mice. Water containing 8ug/mL 17p-estradiol (16-18) was
provided to the mice from the day of cell line injection until their randomization to begin
drug therapy. The mice were randomized into treatment groups of six mice per group. Power
analysis was performed; assuming a variance of 33% in the population, with an n=6, we
predicted to detect a fold change of 2 with a statistical power of 84%. Mice were treated
with different drugs, with the dose and delivery method described in the figure legends. All
the groups received low-dose Tam (2 mg/kg in corn oil) via oral gavage until the end of
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the experiment. Tumor size was measured using calipers, and tumor volume was calculated
using the following equation: volume(mm3) = (width(mm))2 x length(mm).

Wound-healing assay

When cells reached confluence in a 96-well plate, a wound was created using the BioTek
AutoScratch™ wound-making tool. The cells were then cultured in complete medium for an
additional 24-72 hours. The wound distance was imaged at 10X magnification and analyzed
using Cytation™ 5 at Oh, 24h, 48h, or 72h.

Targeted metabolomics analysis

shScrambled and shCPT1 MDA-MB-231 cells, as well as MCF7, TR1, and TRsa cells,
were used for metabolomics analysis. Mass spectrometry (MS)-based metabolomics of
carnitines was performed at the BCM Metabolomics core facility, as described previously
(19). Differentially expressed metabolites were determined using a parametric t-test, with
significance achieved at an FDR-adjusted p-value <0.25. Hierarchical clustering was
performed using the R statistical system.

Unbiased lipidomics analysis

The shScrambled and shCPT1 MDA-MB-231 cells were used for lipidomic analysis at

the BCM Metabolomics Core facility. Lipid extraction, MS data acquisition, MS raw data
processing, and analysis were performed as previously described (20-22). Differentially
expressed lipids were determined using a parametric t-test, with significance achieved at an
FDR-adjusted p-value <0.25. Hierarchical clustering was performed using the R statistical
system.

Transcriptomics analysis by microarray

Gene expression analysis in shScrambled and shCPT1 MDA-MB-231 TNBC cells was
performed by microarray as we previously published (GSE72320) (9). Using this gene
expression data, we have previously published that FAO regulate Src oncopathway in
metastatic TNBC (9). Differential gene expression was computed using a parametric t-test,
with significance achieved for a fold-change exceeding 1.25 x and an FDR-adjusted p-
value<0.1. Total RNA from MCF7 parental cells (in charcoal-stripped medium) and TR
cells (TR1 and TR2 cells with Tam) were used for microarray gene expression analysis.
Affymetrix GeneChhip hybridization and quantification were performed as we previously
described (23). The gene expression data was deposited to NCBI Gene Expression
Omnibus (GEO) database (GSE241654). Differential gene expression was computed using
a parametric t-test, with significance achieved for a fold-change exceeding 2x and an
FDR-adjusted p-value<0.05.

RNA-Sequencing data analysis

RNA was extracted from SUM149 cell line treated with control or 100uM ETX for 7

days and SUM159 cell line stably infected with shScrambled or shCPT1. RNA-Sequencing
was performed at Novogene Corporation Inc. (Sacramento, CA). Data was trimmed for
low quality reads using trim_galore, then mapped to the human genome UCSC hg38
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using STAR (24). Gene expression was quantified using featureCounts (25). Differentially
expressed genes were determined using the R packages EdgeR (26) and RUVT (27).
Significance was achieved for fold changes exceeding 1.25x and FDR<0.05. The RNA-
Sequencing data was deposited to NCBI GEO (GSE240393).

Integrated multi-omics analysis

For the differentially expressed metabolites and lipids, we determined the associated genes
using the Human Metabolome Database (HMDB) (28) and then overlapped them with

the differentially expressed genes identified by microarray and RNA-Seq. Metabolite- and
lipid-related genes that overlapped with the microarray differential genes were combined to
form the 3-model CPT1 suppression union signature.

Clinical association and survival prognosis using public transcriptomics datasets

We evaluated the association of our integrated signature using several cancer transcriptomics
datasets including the Molecular Taxonomy of Breast Cancer International Consortium
(METABRIC) ER-positive hormone treated dataset (29) and The Cancer Genome Atlas
Program (TCGA) ER-positive dataset (30,31). We computed a gene signature activity score
for each sample in each dataset as follows: first, all the genes were z-score normalized;

next, z-scores of upregulated genes were added, and z-scores of downregulated genes

were subtracted, generating a summed z-score for each patient for each signature used. To
evaluate clinical association, we used an NCBI GEO dataset GSE74391 from Ful-resistant
MCF7 cells. GSE74391 has gene expression data from 10 biological replicates of two Ful-
resistant MCF7 cells (IC1182 and IC1164) and 6 replicates of Ful-sensitive MCF7 subline
MCF7/S0.5 cells(32). Gene expression data for all 26 samples was used for the analysis.

We determined association with Ful resistance (GSE74391) using a two-sided t-test, with
significance achieved for FDR-adjusted p-value<0.05. To evaluate signature correlations, we
derived a gene signature of Fulresistance in patient tumors by analyzing the NCBI GEO
dataset GSE71791, which contains gene expression profiles from 38 ER+ breast carcinomas
before and during presurgical treatment with Ful(33). We generated the Ful resistance
signature using two-sided Student’s t-test, with significance achieved for FDR-adjusted
p-value<0.1 and fold change exceeding 1.25x. We evaluated the correlation between the
3-model CPT1 suppression union gene signature and the Ful/Tam resistance signature

in the METABRIC ER+ hormone treated dataset (29) and TCGA ER+ dataset(30,31).

We first computed signature activity scores as described above, then evaluated signature
correlation, with significance achieved at p<0.05. To assess survival prognosis capability,
survival analysis was performed using the R package survival in the METABRIC BC cohort,
focusing on ER positive patients receiving hormone therapy, with disease specific survival
(DSS) as the outcome variable. We computed gene signature activity scores as described
above and then selected the top and bottom 50% of the samples; association with DSS was
determined using the log-rank test with significance achieved at p <0.05.

The Kaplan-Meier (KM) Plotter (34) protein dataset was used to generate an overall survival
(OS) graph of ACAAZ2 protein expression in the tumor tissues of ER+ BC patients. KM
Plotter microarray datasets were used to analyze the distant metastasis-free survival (DMFS)
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of ACAA2 and CPT1 mRNA expression in endocrine-treated ER+ BC patients. The median
protein or mRNA expression levels were used for separation.

Unless specifically mentioned in the figure legend, the statistical significance of different
in vitroand in vivo experimental results was calculated by two-tailed Student’s t-test or
two-way ANOVA using the GraphPad PRISM 7 software. Error bars represent the standard
error of the mean (£SEM).

Additional materials and methods are described in the Supplementary Materials and
Methods section.

Data Availability

Results

The R and Python analysis codes used in the manuscript were uploaded to

Zenodo repository, at https://doi.org/10.5281/zenod0.8207076 and https://doi.org/10.5281/
zenodo.8253346. The RNA-Sequencing files have been deposited to NCBI GEO, accession
GSE240393. The microarray data from MCF7 TR cells have been deposited into accession
GSE?241654. Other gene expression profile data analyzed in this study were obtained

from GEO at GSE72320, GSE74391, and GSE71791. TCGA breast cancer data(31)

was publicly available via http://firebrowse.org/. For METABRIC breast cancer data(29),
the associated genotype and expression data have been deposited at the European
Genome-Phenome Archive (http://www.ebi.ac.uk/ega/), which is hosted by the European
Bioinformatics Institute, under accession number EGAS00000000083. Kaplan-Meier Plot
(34) was generated from https://kmplot.com/. All other raw data generated in this study are
available upon request from the corresponding author.

A TNBC-derived gene signature correlated with the outcome of endocrine therapy in ER+

BC.

We developed /n vitro TNBC cell models using well known metastatic TNBC cell lines
MDA-MB-231, SUM159 and SUM149. These TNBC cell lines have been well studied for
their tumor aggressiveness and metastatic character. We inhibited CPT1, the rate-limiting
enzyme of FAO (12), in these TNBC cell lines using genetic and pharmacologic approaches.
shScrambled or shCPT1 was stably infected in MDA-MB-231 (9) and SUM159 cells
(supplementary Fig. S1A). SUM149 cells were treated with a CPT1 inhibitor, ETX, for

7 days. The MDA-MB-231 model was profiled using three omics platforms: microarray
transcriptomics, targeted metabolomics, and unbiased lipidomics. SUM159 and SUM149
models were profiled using RNA-Seq analysis. We compared shCPT1 or ETX treatment
with shScrambled or control to determine omics features associated with CPT1 suppression.
First, we used a microarray transcriptomics dataset previously published by our group,
GSE72320 (9). To ensure that the transcriptomic signature was relevant across multiple cell
line models, we evaluated the results of CPT1 suppression in RNA-Sequencing data from
SUM159 and SUM149 models. In SUM159, CPT1 suppression via shCPT1 led to 2735
increased and 2902 decreased differentially expressed genes (DEGSs), whereas in SUM149,
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CPT1 inhibition via ETX led to 2537 increased and 3141 decreased DEGs (Fig. 1A). We
further determined genes altered by CPT1 inhibition in either of the SUM149 or SUM159
models, or in common and in the same direction, leading to a signature of 7575 DEGs
(Supplementary Fig. S1B). Overlapping the shCPT1 signature from the MDA-MB-231
microarray with the combined RNA-Sequencing DEGs, we obtained a 3-model CPT1
suppression signature with 547 gene (Fig. 1B). Finally, out of the 547 genes, integration
with the metabolomics and lipidomics genes (Fig. 1C) led to a 3-model CPT1 suppression
union signature, with 28 increased genes and 16 decreased genes (Fig. 1D, Supplementary
Fig. S1C). Thus, we generated a robust transcriptomic signature of CPT1 suppression, and
further determined a subset associated with a union of metabolic and lipidomic altered
genes.

Specifically, we first assessed the distributions of the 3-model CPT1 suppression union
gene signature activity scores in a dataset of Ful resistance acquired in MCF7 cells
(GSE74391) (Fig. 1E). The activity scores of the 3-model CPT1 suppression union signature
were higher in the Ful-sensitive samples, suggesting that the loss of CPT1 activity best
matched patients who were sensitive to endocrine therapy. To further assess the association
between CPT1 inhibition and endocrine therapy resistance, we generated a patient-derived
Ful resistance signature by analyzing the dataset GSE71791 using the same analytical
approach as that used for our CPT1 suppression microarray. We also generated cell line-
derived Tam resistance signatures from TR1 and TR2 cells and compared them with those
of parental MCF7 cells using microarray data. Correlations between the 3-model CPT1
suppression union signature and these three signatures of endocrine therapy resistance were
then computed across TCGA BC ER+ transcriptomic dataset (30,31) and METABRIC

BC ER+ and hormone treated transcriptomic datasets (29). The two TR signatures were
strongly correlated (r=0.93) and each TR signature was positively correlated with the
patient-derived Ful resistance signature (Supplementary Fig. S1D). The 3-model CPT1
suppression union signature was negatively correlated with all three endocrine resistance
signatures in METABRIC ER+ hormone-treated cohort (Fig. 1F) and TCGA ER+ cohort
(Supplementary Fig. S1E), suggesting that targeted CPT1 modulation might be useful for
overcoming Ful or Tam resistance in primary tumors. We further assessed the associations
with disease-free survival for the 3-model CPT1 suppression with biopsies from the
METABRIC BC cohort from ER+ hormone-treated BC patients. When comparing the
bottom and top halves, we observed that both the 3-model CPT1 suppression DEG signature
and 3-model CPT1 suppression union signature were associated with better prognosis (Fig.
1G) indicating a potential association with Tam resistance, which might be driven by a FAO
metabolic phenotype.

Short-term endocrine therapy-induced FAO pathway in ER+ BC

To elucidate the mechanism underlying endocrine therapy resistance, we treated MCF7 and
T47D cells with 1uM Tam or 1uM Ful for 24 h and assessed the expression of proteins
related to the FAO pathway using Western Blot (WB) analysis. We observed a moderate
increase in the expression levels of CPT1, CPT2, pACC (S79) and pAMPK (T172) in
endocrine inhibitor-treated cells after the short-term treatment, indicating an increase in
FAO metabolism after endocrine therapy (Fig. 2A; Supplementary Fig. S2A). Interestingly,
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we also observed an increase in pSrc (Y419) expression after endocrine therapy (Fig.
2A), which was previously shown to be activated by increased FAO in TNBC (9). We
performed a similar experiment using the lower doses of Ful with charcoal stripped serum
and confirmed the increase of pSrc (Y419) after Ful treatment (Supplementary Fig. S2B).
Activation of the FAO pathway was more evident after three weeks of endocrine therapy
(Fig. 2B, Supplementary Fig. S2C).

Increased mitochondrial OXPHOS and FAO activity in endocrine therapy-resistant ER+ BC

cells

To confirm the increased FAQ activity after short-term endocrine therapy, we used Tam-
resistant (TR) ER+ BC models derived from MCF7 cells. As shown in Figure 2C and 2D,
TR cells (TR1, TR2, and TRsa) showed higher tolerance to Tam treatment in both SRB
proliferation (Fig. 2C) and clonogenic assays (Fig. 2D; Supplementary Fig. S3A). The I1C50
after Tam treatment was MCF7 =6.96 pM, TR1=10.42 uyM, TR2 = 10.25 pM, and TRsa =
10.00 pM. The TR cells also showed cross resistance to Ful treatment (Supplementary Fig.
S3B). Transwell migration and wound healing assays suggested that the TR cells exhibited
significantly higher migration (Fig. 2E, Supplementary Fig. S3C), and wound-healing
motility potential (Fig. 2F; Supplementary Fig. S3D). Soft agar colony formation assays
also showed an increased colony formation potential of TR1 cells compared to MCF7 cells
(Supplementary Fig. S3E). These results confirmed that TR cells have increased endocrine
resistance and tumor potential compared to their parental cells. Furthermore, using the
MCF7-TR gene expression data, we analyzed the AMPK downstream gene signature, as
we published earlier (15,35), to validate the increased mitochondrial OXPHOS activity in
TR cells (Fig. 2G, Supplementary Fig. S4). As shown in Figure 2G, TR1 and TR2 cells
showed significant induction of AMPK-related genes compared to MCF7 cells, confirming
their increased mitochondrial OXPHOS activity. The T47D FulR cells showed significantly
higher resistance to Ful treatment compared to parental T47D cells in SRB proliferation
(Fig. 2H) and clonogenic (Fig. 21) assays. The IC50 after Ful treatment was T47D = 12.71
UM and FulR = 17.19 pM. T47D FulR cells also showed cross resistance to Tam treatment in
SRB assay (Supplementary Fig. S5A).

Next, we assessed the expression of FAO pathway proteins in TR cells by WB analysis.

As observed with short-term endocrine therapy in ER+ BC cells (Fig. 2), TR cells also
demonstrated increased FAO pathway signaling, indicated by higher expression of pAMPK
(T172), pACC (S79), CPT1, and CPT2, compared to parental MCF7 cells (Fig. 3A).
Seahorse flux analysis showed increased mitochondrial respiration in the TRsa cells (Fig.
3B). The activity of the ETC complex-1 OXPHOS enzyme in the mitochondria was also
higher in TR cells than in parental MCF7 cells (Fig. 3C), whereas the activity of citrate
synthase, one of the enzymes in the TCA cycle of mitochondria, did not show major
difference (Supplementary Fig. S5B). While most of the intermediate carnitine metabolites
of the FAO pathway were decreased in TR cells by targeted metabolomics, acetyl carnitine,
the final metabolite of FAO, was significantly increased in both TR1 and TRsa cells (Fig.
3D and E). This indicates active FAO metabolism in TR cells. We then analyzed the mRNA
and protein expression levels of ACAA2, the last enzyme in the FAO pathway responsible
for generating acetyl-carnitine. ACAA2 mRNA and protein levels were increased in TR cells
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(Fig. 3F and G). Moreover, KM survival analysis suggested that increased ACAA2 protein
expression in primary tumors resulted in worse overall survival in patients with ER+ BC
(Fig. 3H). KM survival analysis of mRNA data in tumors of endocrine therapy-treated ER+
BC patients suggested that the higher expression of ACAA2 or CPT1 mRNA in tumors
resulted in significantly reduced distant metastasis-free survival (Fig. 31 and J). Since CPT1
activity is a major rate-limiting step of FAO, we analyzed the CPT1 enzymatic activity of
TR cells in lipid depleted (Fig. 3K) and complete (Supplementary Fig. S5C) serum media.
In both media, significantly increased CPT1 activity was observed in TR cells compared to
that in parental MCF7 cells. Together, these findings confirmed increased FAO activity in
endocrine therapy-resistant ER+ BC cells.

TR cells were sensitive to FAO and OXPHOS inhibition

Considering the increased FAO activity observed in TR cells, we analyzed their sensitivity
to FAQO inhibitors. Cell proliferation by SRB assay showed that TR cells were more
sensitive to the FAQ inhibitor ETX than parental MCF7 cells, as evidenced by the decreased
proliferation rate (Fig. 4A). Clonogenic assays using ETX and an FDA-approved partial
FAO inhibitor RNL also showed increased sensitivity in TR cells to these FAO inhibitors
compared to parental cells (Fig. 4B and C). We then analyzed the role of FAO inhibitors

in the migratory and anchored-dependent growth potential of TR cells. As expected, FAO
inhibition suppressed the wound healing properties (Fig. 4D) and soft agar colony formation
potential of TR cells (Fig. 4E; Supplementary Fig. S3E). To confirm our observations, we
generated shRNA-mediated CPT1 knockdown cells using both MCF7 and T47D cell lines.
Knockdown was verified by WB (Fig. 4F). In both cell line models, the loss of CPT1
showed significantly higher sensitivity to Tam and Ful therapy in the MTT cell proliferation
(Fig. 4G) and clonogenic (Fig. 4H) assays.

It is well known that FAO activation leads to increased mitochondrial OXPHOS (36,37).
Using the OXPHOS inhibitors, Ato and Met, we tested whether the increased sensitivity

of TR cells to FAO inhibitors was also true with OXPHOS inhibition. Clonogenic (Fig.

5A and B) assays showed a significantly increased sensitivity of TR cells to Ato and Met
therapy compared to that of parental MCF7 cells, confirming their increased dependency on
mitochondrial ETC. Wound healing assay also showed increased sensitivity of TR cells to
Ato (Fig. 5C). Similar to TR cells, T47D FulR cells also showed higher sensitivity to Ato
(Fig. 5D) and Met (Fig. 5E) compared to T47D parental cells. Furthermore, FulR cells were
more sensitive to FAO inhibitors ETX (Supplementary Fig. S5D) and RNL (Supplementary
Fig. S5E).

To confirm the /n vitro findings, we performed /n vivo experiments using TR cells. TRsa
cells were injected into the mammary glands of female SCID mice and treated with vehicle
(corn oil) or ETC inhibitor Ato in the presence of Tam. The Ato treatment significantly
reduced the tumor growth (Fig. 5F) and tumor weight (Fig. 5G) compared to vehicle-
treated mice. No considerable changes were observed in body weight between vehicle- and
Ato-treated mice (Supplementary Fig. S6A). IHC analysis of Ki67 revealed significantly
decreased Ki67 positive cells in Ato-treated tumors, suggesting reduced cell proliferation
after OXPHOS inhibitor therapy (Fig. 5H). WB analysis of the tumors showed significantly
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decreased expression of pACC (S79), CPT1, pAMPK (T172) proteins in the Ato-treated
tumors (Fig. 51, Supplementary Fig. S6B). These data confirm that Tam-resistant cells
have increased FAO and OXPHOS activity /n7 vivo and are sensitive to FAO or OXPHOS
inhibition.

TR cells have FAO-induced Src activation

Src is activated in endocrine-resistant BC cells (38). However, the underlying mechanisms
have not been elucidated. Short-term (Fig. 2A) and long-term (Fig. 2B and 6A) endocrine
treatments increased pSrc (Y419) expression in ER+ BC cells. Thus, we treated MCF7 and
TR cells with FAO inhibitors for 24 hours and analyzed Src phosphorylation. The basal
levels of pSrc (Y419) were higher in TR cells than in parental MCF7 cells. As expected,
the FAO inhibitor ETX suppressed the increase in Src activation in the TR cells (Fig. 6B).
This suggests that Tam-induced FAO leads to Src activation in ER+ BC cells, which can be
reversed by an FAO inhibitor.

Using a colony formation assay, we analyzed the antitumor activity of short-term Tam
therapy in MCF7 and T47D cells in the presence of Src inhibitors Dasa and PP2. Src
inhibitors enhanced the anticancer effects of Tam and significantly decreased the colony
formation potential of endocrine therapy-sensitive cells (Fig. 6C and D). We then analyzed
the role of Src inhibitors in TR cells. The colony formation assay results suggested that

TR cells were significantly more sensitive to Src inhibitors than their parental MCF7 cells
(Fig. 6E; Supplementary Fig. S7A). Src inhibitors also significantly inhibited the migration
potential of TR cells, as shown in the wound healing scratch assay (Fig. 6F). T47D FulR
cells also showed increased sensitivity to PP2 and Dasa treatment in colony formation assay
(Supplementary Fig. S7B).

Considering FAO induction and increased sensitivity to Src inhibitors in TR cells, we
hypothesized that the combination with an upstream FAO pathway inhibitor might increase
the sensitivity of TR cells to Src inhibitors. Thus, we generated tumors from TRsa cells and
performed a 4-arm study with vehicle, ETX, Dasa and ETX+Dasa. All tumors, including
the vehicle group, were maintained under a low dose of Tam. As shown in Fig. 6G

and Supplementary Fig. S7C, compared to vehicle-treated mice, the tumor volumes were
significantly reduced after ETX or Dasa therapy alone. Interestingly, a combination of ETX
and Dasa significantly prevented the tumor growth compared to the single drug therapy.
Ki67 staining also showed significant reduction of tumor cell proliferation in ETX and
Dasa alone treated group. As expected, tumors from the combination-treated mice showed
significantly reduced the Ki67 positive cells compared to the single drug treated tumors
(Fig. 6H). Treatment did not cause any significant differences in the body weights of

the mice (Supplementary Fig. S7D). Furthermore, WB analysis of the tumors from ETX-
treated mice showed considerable decrease of pSrc expression after FAO inhibitor therapy
(Supplementary Fig. S7E). We then hypothesized that an initial short-term pre-treatment
with ETX might increase the sensitivity of TR cells to Src inhibitors. Therefore, we adopted
a sequential treatment approach in this study as illustrated in the Supplementary Fig.

S8A. Once the TR tumors were palpable, the mice were treated with vehicle or the FAO
inhibitor ETX for three weeks. Low-dose Tam (2mg/kg) was administered to both groups.
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After three weeks, we stopped ETX therapy and replaced it with the Src inhibitor, Dasa.
Sequential treatment with FAO followed by Src inhibitor significantly reduced the tumor
growth (Supplementary Fig. S8B). However, no significant differences were observed in the
body weights of the mice (Supplementary Fig. S8C). These data suggest that pretreatment
with metabolic inhibitors may reduce endocrine resistance and enhance the activity of Src
inhibitors in a subgroup of tumors with Tam resistance.

Overall, as shown in Figure 7, the results of our study suggest that endocrine
therapy-induced mitochondrial metabolic reprogramming activated the FAO-OXPHOS-Src
resistance pathway in ER+ BC cells.

Discussion

The recurrence of ER+ BC after hormonal therapy is a major obstacle limiting the success
of cancer treatment (39). This endocrine resistance cannot be explained merely by altered
gene expression, common mutations, or simple changes in molecular signaling. Recently,
several reports have demonstrated metabolic reprogramming and functional changes in the
mitochondria of endocrine-resistant BC cells (7,40,41). Unlike other BC subtypes, ER+

BC has a higher dependency on glycolysis (42—-44), and menopause onset or endocrine
therapy inhibits estrogen secretion, leading to the initial inhibition of glycolysis (45).
However, multiple studies have reported changes in amino acid and lipid metabolism in
endocrine-resistant cells (40,46-48). Moreover, Hultsch et al. reported a striking increase in
lipid and cholesterol accumulation in Tam-resistant cells (48). Fatty acid synthase (FASN)
is highly expressed in the ER+/HER2+ BC subtype in the Cancer Proteome Atlas and
FASN inhibitors sensitize Tam resistance /n vivo (47). However, the association between
endocrine therapy and mitochondrial metabolism-mediated regulation of oncopathways and
the underlying mechanisms remain unclear. In this study, we showed that endocrine therapy
activates the FAO and Src signaling pathways, which contribute to the therapeutic resistance
of ER+ BC. We further demonstrated that ETX, a direct inhibitor of CPT1, inhibited the
growth of Tam-resistant cells in vitroand in vivo. By mining public data, we found that

the signature of high FAO activity was highly correlated with Tam- or Ful-treated patient
transcriptomics. Clinical data showed that ER+ BC patients with high CPT1 activity tended
to have poor prognosis (Fig. 1G and 3J).

Integrating multiple omics, we developed a TNBC-derived gene signature with metabolic
significance. We focused on CPT1, the key modulator of FAO that is involved in metastatic
progression (9,49,50). Interestingly, lipid metabolism and CPT1 activity have been reported
to potentially affect resistance to other therapeutic interventions such as kinase inhibitors
(51) or radiation therapy (52). After knockdown of CPT1 in TNBC cells, we profiled

our cell model using transcriptomics, metabolomics, and lipidomics assays, and derived

a 3-model CPT1 suppression union signature by intersecting the CPT1 suppression gene
signatures across three cell models with genes associated with altered metabolites or lipids,
resulting in a final signature comprised of 28 induced and 16 suppressed genes in shCPT1
cells. This TNBC-derived union signature achieved prognostic significance in endocrine-
resistant ER+ BC patients.
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Increased FAO metabolism leads to the activation of OXPHOS, which is more dependent on
the mitochondrial respiration process because FAO can provide more reducing equivalents
to the mitochondria that accelerate OXPHQOS, followed by ATP synthesis. We observed

that mitochondrial activity was higher in endocrine-resistant cells than in the parental cells.
We also showed that inhibiting mitochondrial OXPHOS using Met or Ato, FDA-approved
OXPHOS inhibitors, abrogated endocrine resistance in ER+ BC. Thus, these drugs can be
considered attractive therapeutic targets for endocrine resistance.

Furthermore, our mechanistic studies showed that FAQO inhibitors reduced pSrc (Y419) and
Src oncogenic signaling pathways in TR cells, as previously observed in TNBC tumors

(9). Interestingly, the FDA-approved Src inhibitor Dasa caused tumor regression in ETX-
pretreated TR cells. Previous studies have shown that Tam-resistant cells are more sensitive
to Dasa (53). However, the mechanism by which Src signaling is increased in endocrine-
resistant cells remains to be elucidated. In this study, we confirmed that mitochondrial
metabolic reprogramming to FAO is a major driving factor for activation of the Src
oncopathway in endocrine-resistant tumors. Thus, endocrine-resistant tumors also exhibit
an activated FAO-OXPHOS-Src axis, as observed in metastatic TNBC.

Metabolic inhibitors alone may not be sufficient to control tumor progression due to their
low cytotoxicity. However, they can prime tumors for better therapeutic response, as shown
in the supplementary Fig. S8B. Moreover, several studies have shown that metabolic
alterations are a common phenomenon in the tumor microenvironment (54,55). Thus,
understanding the metabolic reprogramming of a tumor can have a significant impact on
designing suitable combination therapies to sensitize and target currently non-manageable
drug-resistant tumors. Further studies are necessary to understand the significance of
metabolic inhibitors in enhancing the effects of chemotherapy, checkpoint inhibitors, and
other targeted therapies in endocrine-resistant tumors.

In conclusion, our data suggest that endocrine-resistant BC depends on FAO, which
plays a critical role in activating oncopathways to develop therapeutic resistance (Fig.
7). Additionally, metabolic priming may sensitize endocrine-resistant tumors to targeted
therapies in patients with ER+ BC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance:

Increased fatty acid oxidation induced by endocrine therapy activates Src signaling to
promote endocrine resistance in breast cancer, which can be overcome using clinically-
approved therapies targeting FAO and Src.
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Figure 1. Multi-omicsintegration of transcriptomics, metabolomics, and lipidomicsrevealed a
TNBC-derived gene signature associated with resistance to endocrine therapy in ER+ BC.

(A) MDA-MB-231 transfected with shScrambled (scr) or shCPT1 were profiled using
microarray transcriptomics. Control (ctrl) and ETX treated SUM149 cells and SUM159
cells stably infected with scrambled or shCPT1 were profiled using RNA-Sequencing.
Significant differentially expressed features shown as heatmaps. (B) A 3-model CPT1
suppression gene signature was derived, using MDA-MB-231, SUM159, and SUM149
gene expression data. (C) Scr or shCPT1 MDA-MB-231 cells were profiled using targeted
metabolomics and unbiased lipidomics, with significant differentially expressed features
shown as heatmaps. (D) A 3-model CPT1 suppression union signature was derived by
overlapping 3-model CPT1 suppression gene signature with metabolic- and lipidomic-
associated genes in MDA-BM-231 cells based on the CPT1 inhibition. (E) Distributions
of the 3-model CPT1 suppression union signature activity in Ful-resistant MCF7 cells. (F)
A Ful resistance signature was developed from BC patient tissue biopsies (GSE71791) and
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Tam resistance signatures were developed from two Tam resistant MCF7 cells (TR1 and
TR2). Activity score correlation between the 3-model CPT1 suppression union signature
and the three endocrine resistance signatures were computed over the patient tissue
biopsies transcriptomic profiles from the METABRIC BC ER+ hormone-treated dataset.
(G) Prognostic associations with disease-specific survival are shown for the 3-model CPT1
suppression gene signature and the 3-model CPT1 suppression union signature in the
METABRIC BC ER+ hormone-treated dataset.
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Figure 2. Activation of FAO signaling pathway after endocrine therapy in ER+ BC
(A) WB analysis of FAO-related and Src proteins in MCF7 and T47D cells treated with Tam

or Ful for 24h. p-actin and vinculin were used as loading controls. (B) WB of FAO-related
and Src proteins in in MCF7 cells treated with Tam or Ful for three weeks. -actin and
vinculin were used as loading controls. (C) Quantification of SRB proliferation assay of
MCF7, TR1, TR2, and TRsa cells after Tam therapy (n=3). (D) Quantification of clonogenic
potential of MCF7 and TR cells after Tam (1 pM) therapy (n=3). (E) Quantification

of migrated cells from MCF7 and TR cells in the transwell migration assay (n=3). (F)
Quantification of wound healing distance in a scratch assay (n=4). (G) Microarray data
analysis shows significant increase in the activity of AMPK signature in TR1 and TR2 cells
compared to control MCF7 cells (n=3). (H) Quantification of SRB assay of T47D and FulR
cells after Ful treatment (n=4). (1) Quantification of clonogenic potential of T47D and FulR
cells after Ful (1 puM) treatment (n=3). Data are presented as mean S.E.M., *p < 0.05, ** p
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<0.01, *** p <0.001, **** p <0.0001, D-F, I: Two-tailed student t-test, C:two-way ANOVA
compared to MCF7, H: two-way ANOVA compared to T47D.
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Figure 3. Increased FAO metabolism in TR cells.
(A) WB analysis of FAO-related proteins in MCF7 and TR cells. a-tubulin was used as

a loading control. (B) Seahorse analysis of MCF7 and TR cells to determine the oxygen
consumption rate (OCR). Basal respiration, maximal respiration, and ATP production were
calculated from the Seahorse assay (n=3). (C) Complex1 activity of MCF7 and TR cells was
measured using the ETC assay (n=3). (D) Metabolomics analysis of carnitines in MCF7 and
TR1 cells. Acetyl carnitine is marked by a red box. (E) Boxplot of acetyl carnitine levels
from the metabolomic analysis of MCF7 and TRsa cells (n=4). (F) gPCR analysis of relative
mMRNA levels of ACAA2 in MCF7 and TR cells (n=6). (G) WB analysis of ACAA2 protein
in MCF7 and TR cells. -actin was used as a loading control. (H) KM overall survival

plot of ER+ BC patients (n=32) separated by the median ACAA2 protein expression in
tumors. (1-J) KM distant metastasis-free survival plots of endocrine therapy treated ER+ BC
patients (n=818), separated by median ACAA2 (1) or CPT1 (J) mRNA expression in the
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primary tumors. (K) CPT1 enzymatic activity in MCF7 and TR cells in lipid-depleted serum
medium. Data are presented as mean S.E.M. *p < 0.05, ** p <0.01, *** p <0.001 using a
two-tailed student t-test.

Cancer Res. Author manuscript; available in PMC 2024 July 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ahn etal.

Page 23
=1 MCF7
s - *A KK
T 1507 = TR
A £ kKK
3
g
g, 100
g =
g 2o
& Con ETX
2
a
OuM 50uM 100uM  200uM
C ETX
RNL
(uM)  MCF7 TR1 —_
S
z
3
=
b5}
=0
=}
=
9
S
2 ~
2 S
) ouM 100uM  200uM £ 100 T
Z
RNL <
= 50 -
k=
=
=
E * % * F B
66 MCF7 T47D 24h 4ot
g % L, EE L EE
= —= —_— - = — —_
g 60 e EE BEEE
= E a8 § & &
g £ 9O Q 5 © Q
g 2 EE 3 5 =
) g
e = | CcPTI
[
’\Qoo \o°° é:\- |---—--| B-actin
N
AR
1.59 15
G _ sans wee 6ok
s s
S 1.04 it 1.0- |_‘
3 3 M Scr
MCF7 | S s m ShCPT1
g Z
é 0.0+ & 0.0-
OuM 2uMm 5uM OuM 2uMm SuM
Tam (uM) Ful (uM)
15 15
—_ okkk  kkkk _— * i
< <
Z 1o g e
2 Z M Scr
T47D 2 os 2 os B ShCPT1
ks =
& ool & oo
OuM - 2uM - SuM UM 2uM  5uM
Tam (uM) Ful (uM)

Figure4. TR cellshaveincreased sensitivity to FAO inhibition
(A) SRB proliferation assay of MCF7 and TR cells treated with ETX (n=6). (B) & (C)

Clonogenic assay of MCF7 and TR cells treated with ETX (B) or RNL (C) (n=3). (D)
Wound healing analysis of TR cells after treatment with ETX (n=4). (E) Quantification of
anchorage-independent growth analysis using soft agar colony formation assay (n=3). (F)
WB confirmation of decreased CPT1 protein expression in shCPT1 knockdown in MCF7
and T47D cells. B-actin was used as a loading control. (G) & (H) Analysis of cell viability
using MTT assay (G) and clonogenicity using clonogenic assay (H) after Tam and Ful
treatment in shScrambled or shCPT1 ER+ BC cells (n=3). Data are presented as mean
S.E.M., *p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001, A, B, D, and G: two-way
ANOVA, C, E and H: two-tailed student t-test.
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Figure 5. FAO and OXPHOS inhibitors suppressin vivo growth potential of TR cells
(A & B) Clonogenic assay of MCF7 and TR cells after treatment with OXPHOS inhibitors

Ato (A) and Met (B) (n=3). (C) Wound healing assay of TR1 cells after treatment with Ato
(n=4). (D & E) Clonogenic assay of T47D and FulR cells after treatment with OXPHOS
inhibitors Ato (D; control n=6, Ato n=3) and Met (E; control: n=6, Met: n=3). (F-H) /n vivo
Ato therapy in TRsa cells. (F) Tumor growth curve of mice with TR cell xenografts treated
with vehicle or Ato (50mg/kg, 5 times/week, p.o., n=6). All mice received Tam (2mg/kg, 5
times/week, p.o.). (G) Tumor weight at the end point (n=6). (H) IHC analysis of Ki67 in
tumor tissues and quantification of Ki67 positive cells (n=6 tumors x 3 representative areas).
(I WB analysis of the tumor tissues from Fig. 5F. Vinculin and -actin are loading controls.
Data are presented as mean S.E.M., *p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001,
A-C & F =Two -way ANOVA; D-E & H = two-tailed student t-test, G = one-tailed student
t-test.
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Figure 6. TR cells depend on FAO-induced Src activation
(A) WB of pSrc (Y419) and Src in MCF7 cells treated with Tam for 2-weeks. Vinculin was

used as a loading control. (B) WB of pSrc (Y419) and Src levels in MCF7 and TR cells
treated with ETX for 24 hours. p-actin was used as a loading control. (C & D) Clonogenic
assay of MCF7 (C) and T47D (D) cells after treatment with Tam and Src inhibitors alone
or in combination (n=3). (E) Quantification of the clonogenic assay in MCF7 or TRsa
cells after treatment with Src inhibitors (Dasa or PP2) (n=3). (F) Wound healing assay of
TRA1 cells after treatment with Src inhibitors (n=4). (G) Tumor growth curve of TRsa cell
xenografts treated with Dasa (20mg/kg, 3 times/week, p.o., n=6), ETX (50mg/kg, 3 times/
week, i.p., n=6) or combination of Dasa + ETX (n=6). All mice received Tam (2mg/kg, 5
times/week, p.o0.). (H) IHC analysis of Ki67 in tumor tissue from Fig 5G (n=4 tumors x

3 representative areas). Data are presented as mean S.E.M., *p < 0.05, ** p <0.01, *** p
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<0.001, **** p <0.0001, C, D, F & H= One-way ANOVA, E= Two-tailed student t-test, G=
Two -way ANOVA
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Fig7. Hypothetical model of metabolic reprogramming of FAO-driven endocrine therapy

resistance mechanism in ER+ BC
(Created with BioRender.com).
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