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ABSTRACT

Chromosome 11q13-14 amplification is a defining
feature of high-risk hormone receptor-positive (HR+)
breast cancer; however, the mechanism(s) by which
this amplicon contributes to breast tumorigenesis re-
mains unclear. In the current study, proteogenomic
analyses of >3000 breast tumors from the TCGA,
METABRIC and CPTAC studies demonstrated that
carnitine palmitoyltransferase 1A (CPT1A), which is
localized to this amplicon, is overexpressed at the
mRNA and protein level in aggressive luminal tu-
mors, strongly associated with indicators of tumor
proliferation and a predictor of poor prognosis. In
vitro genetic studies demonstrated that CPT1A is re-
quired for and can promote luminal breast cancer
proliferation, survival, as well as colony and mammo-
sphere formation. Since CPT1A is the rate-limiting
enzyme during fatty acid oxidation (FAO), our data
indicate that FAO may be essential for these tumors.
Pharmacologic inhibition of FAO prevented in vitro
and in vivotumor growth and cell proliferation as well
as promoted apoptosis in luminal breast cancer cells
and orthotopic xenograft tumor models. Collectively,
our data establish an oncogenic role for CPT1A and
FAO in HR+ luminal tumors and provide preclinical
evidence and rationale supporting further investiga-
tion of FAO as a potential therapeutic opportunity for
the treatment of HR+ breast cancer.

INTRODUCTION

Luminal subtype or hormone receptor positive (HR+)
breast cancers represent nearly 70% of the approximately
270 000 breast cancer cases diagnosed each year in the
United States. The clinical implementation of endocrine-
based therapies results in remission and improves prog-
nosis in the majority of patients with HR+ tumors (1,2).
However, approximately 30% of patients manifest primary
resistance and about 50% of patients receiving endocrine
therapy will acquire resistance leading to a high incidence
of recurrence and progression (3-5). Phosphatidylinositol
3-kinase (PI3K)-family inhibitors as well as CDK4/6 in-
hibitors have been shown to be effective in preclinical and
clinical studies in ER + breast cancers; however, these treat-
ments are limited to patients with specific genetic profiles
and/or mutations (6-9). These clinical results highlight the
need to identify additional genomic alterations and dysreg-
ulated signaling pathways that will be important for opti-
mizing the identification and validation of novel therapeutic
opportunities in HR+ breast cancer patients.

Cellular metabolism has been well established as a hall-
mark of cancer and recognized as a therapeutically ex-
ploitable vulnerability in cancer cells (10,11). While early
studies established the role of glycolysis in tumor pro-
gression, more recent studies have demonstrated that tu-
mor cells may use alternative pathways, including fatty
acid B-oxidation (FAO), and/or multiple metabolic path-
ways throughout tumor development and progression (10—
17). We recently reported the results of an integrative ge-
nomic analysis that identified a subset of loci and genes that
were amplified and associated with poor clinical outcome
in highly proliferative HR+ luminal breast tumors (18).
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This included amplification of 11q13-14 that was previously
shown to be associated with high risk ER+ breast cancer
(19). Further analysis of functional data from a genome-
wide RNAI screen predicted that Carnitine palmitoyltrans-
ferase 1A (CPT1A), the rate limiting enzyme for FAO and
localized on amplicon 11q13, is essential for cell viability in
luminal/ER+ cell lines (18). These data thus suggest that
CPTIA and FAO might play an essential role in aggres-
sive luminal/HR+ breast tumors and suggest the therapeu-
tic vulnerability of targeting FAO in these patients.

In the current study, we sought to establish a role for
CPTI1A inluminal or HR+ breast cancer tumorigenesis and
examine the therapeutic potential of CPTI/A and FAO in
this subset of patients. Our data demonstrate that CPT1 A is
significantly overexpressed at both the mRNA and protein
level in highly proliferative luminal tumors. CPT1A overex-
pression is associated with increased proliferation markers
in luminal tumors and corresponds with poor overall sur-
vival. In vitro genetic studies establish a role for CPT1A and
FAO in luminal tumor growth and survival. Importantly,
we demonstrate through both in vitro cell line analyses and
in vivo xenograft studies that pharmacological inhibition
of CPTI1A/FAO resulted in decreased cell proliferation, re-
duced beta oxidation, increased apoptosis and inhibited tu-
mor growth and progression.

MATERIALS AND METHODS

Gene and protein expression analysis in human breast tumors
and cell lines

RNA sequencing (RNAseq) data (=1031) from human
tumors was acquired from the TCGA data portal (https:
/ltcga-data.nci.nih.gov/tcga/) and processed as previously
described (18,20,21). Illumina HT-29 v3 expression data
for the METABRIC (Molecular Taxonomy of Breast Can-
cer International Consortium) project (n=1992) was ac-
quired from the European Genome-phenome Archive at
the European Bioinformatics Institute (https://www.ebi.ac.
uk/ega/) and data were median centered (19). PAMS0 clas-
sification, as well as calculation of the 11-gene PAMS0
proliferation signature score, was performed as previously
described (22,23). To examine the relationship between
CPTI1A expression, ER status and proliferation score, sam-
ples were segregated into three groups: basal-like or non-
basal (including Luminal A, Luminal B and HER2E sub-
type) with the non-basal/luminal tumors being further di-
vided into high and low proliferation groups based on
median PAMS50 proliferation signature score. An ANOVA
test followed by Tukey’s test for pairwise comparison was
used to calculate differences between subgroups. Proteome-
wide mass spectrometry data for 77 tumors was acquired
from the CPTAC study (24). Samples were classified into
the above three groups and were similarly analyzed to as-
sess differences in Cptla protein expression. To analyze
CPTIA isoform expression, RNAseq data from 817 tu-
mors (20) was used to calculate the expression of CPTI1A
variant 1 (NM_001876.3) and variant 2 (NM_001031847.2)
across all tumors; an unpaired #-test was used to cal-
culate differences in isoform expression. Expression data
for a panel of 51 breast cancer cell lines were acquired
from GEO (GSE12777) (25). Affymetrix U133+2 data were

MASS.0 normalized using Affymetrix Expression Console
(ver1.2.1.20) and log, transformed. Expression probes were
collapsed using the median gene value with the GenePattern
(26) module CollapseProbes.

RPPA analyses

Replication Based Normalized Reverse Phase Protein Ar-
ray (RPPA) data for 733 tumors from the TCGA co-
hort was acquired from The Cancer Proteome Atlas
data portal (http://appl.bioinformatics.mdanderson.org/
tcpa/_design/basic/index.html). To examine the relationship
between CPT1A4 mRNA expression and protein markers of
proliferation, 606 luminal tumors were dichotomized into
CPTIA high (top quartile) and CPT1A low (all other tu-
mors) based on mRNA expression and an unpaired 7-test
was used to examine differences in expression of specific
proliferation and cell cycle marker proteins.

Clinical analyses

To investigate the relationship between CPT14A mRNA ex-
pression and overall survival, clinical data for the 1992
patients in the METABRIC study were obtained. We ex-
tracted patients classified as LumA, LumB or HER2E for
which survival data were reported (n = 1333). For survival
analysis of the TCGA dataset, we extracted patients clas-
sified as LumA, LumB or HER2E for which clinical data
were available (n = 807). Overall survival was calculated
comparing patients with high CPT1A4 versus low CPT1A
using the median for the dataset as the threshold. For each
analysis, significance was calculated by a log-rank test and
the hazard ratio (HR) is reported.

Cell culture and molecular cloning

Human breast cancer cell lines MCF7, T47D, ZR751,
MCF10A, HCCI1143, HCC1954, BT549, BT20,
MDAMB231 and MDAMB468 were purchased from
the American Tissue Culture Collection (Manassas, VA,
USA) and cultured according to the suggested guide-
lines. MCF7 or ZR751 cell expressing one of two unique
doxycycline (dox) inducible shRNA against CPTIA or
non-silencing negative control (shNS) were created using
the pTRIPZ Inducible Lentiviral shRNA system (GE
Dharmacon). The catalogue number for shRNA is:
V3THS_359756, for shRNA is: V3THS_ 359760 and for
shNS is: RHS4743. The shRNA expression was induced
using 2.0 wg/ml of doxycycline for either cell line. Silencing
of CPTIA was verified by western blot and qRT-PCR
analyses. CPT1A was overexpressed in MCF10A cells by
lentivirus  p7056-pHAGE-P-CM Vt-N-HA-GAW-CPT1A
(Addgene #100146) (27) using an MOI of 3. Sterile suspen-
sions of etomoxir, ranolazine, perhexiline and doxycycline
were prepared as per manufacturer’s protocol.

Preparation of protein lysates and western blot analyses

Protein lysates were prepared from cell lines by mechanical
homogenization in 1.5% dodecyl maltoside (DDM, Sigma)
under ice-cold conditions. Protein concentration was mea-
sured using the BCA protein assay kit. About 35-50 g of
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protein was loaded on 10-12% mini-protean TGX gradi-
ent gel (BioRad) at 100 V for 2 h at room temperature and
transferred on to nitrocellulose membrane at 35 V overnight
at 4°C. The membranes were blocked using AdvanBlock-
chemi blocking solution (Advansta) for 1 h at room tem-
perature, incubated with primary antibody overnight at 4°C
followed by incubation with HRP-conjugated secondary
antibodies for 1 h at room temperature. The signal was
developed using SuperSignal West Pico Chemiluminescent
Substrate (ThermoFisher Scientific) and digitally imaged
using the ChemiDoc Touch Imaging System (BioRad). The
primary antibodies for CPT1A (Proteintech #15184-1-AP),
PARP (Cell Signaling #9542), cleaved PARP (Cell Signaling
#5625) and B-actin (Cell Signaling #4970) were purchased
from the noted manufacturer. HRP-conjugated anti-mouse
and anti-rabbit secondary antibodies were purchased from
Cell Signaling.

Oxygen consumption rate (OCR) assay

Mitochondrial respiration and ATP production were as-
sessed by measuring OCR using a Seahorse Biosciences ex-
tracellular flux analyzer (XFe24) as per the manufacturer’s
protocol. Briefly, MCF7 cells were seeded at 5 x 10* cells
per well in XF24 plates in DMEM (10% FBS, 1% Pen-
Strep) or HBSS and incubated for 20-24 h at 37°C and
5% CO,. Cells were treated with vehicle or doxycycline (2
pg/ml) in DMEM or HBSS for 24 h prior to the assay (4
wells/condition). Subsequently, cells were incubated with
seahorse XF media with 10 mM glucose, 2 mM glutamine
and 1 mM pyruvate, and basal OCR was measured. The re-
sults were analyzed using Wave software.

QOil Red O staining

For Oil Red O staining, parental MCF7 or ZR751
cells and tet-inducible shRNA expressing MCF75NS,
MCF7, MCF7*h2, ZR751"NS | ZR751h1 or ZR751%h?
cells were seeded onto Millicell EZ slide (EMD Milli-
pore #EZGS0416) at a density of 50 000 cells per well.
Parental cells were mock-treated or treated with eto-
moxir (75 pg/ml), perhexiline (6 pg/ml) or ranolazine
(50 pg/ml) for 24 h and tet-inducible shRNA expressing
MCF7$NS  MCF7*"!, MCF7*h2, ZR7515"NS | ZR 75101 or
ZR 751572 cells were mock-treated or treated with doxycy-
cline (2 pg/ml) for 72 h and Oil Red O staining was per-
formed. Briefly, cells were fixed with 4% PFA for 30 min,
washed with 60% isopropanol and stained with Oil Red O
(Sigma-Aldrich #01391,) solution for 10 min. Nuclei were
counterstained with hematoxylin (Fisher Scientific #3535-
16) for 2 min, mounted with cytoseal mounting medium
(VWR #48212-154), and images were captured using Nikon
Eclipse 801 microscope at 100x using an oil immersion
lens.

Cell viability and proliferation assays

MCEF7 or ZR751 cells were seeded on to 96-well tissue
culture plates at a density of 2000 cells per well. Cells
were mock-treated or treated with etomoxir (25, 50 and
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75 wg/ml), perhexiline (2, 4 and 6 pwg/ml) or ranolazine
(15, 25 and 50 wg/ml) and viability was assessed at 24,
48 and 72 h. To measure the effect of genetic inhibition
of CPTIA on cell viability and proliferation MCF75NS
MCF7:h!, MCF7*h2, ZR7515"NS | ZR751%h! or ZR751%h
cells were seeded on to 96-well tissue culture plates at a
density of ,000 cells per well. Cells were mock-treated or
treated with doxycycline (2 pwg/ml) for 72 h. To demonstrate
the effect of CPT1A overexpression on short-term prolifer-
ation, MCF10A cells were seeded on a 6-well plate. When
cells reached a density of ~70-80% confluence, they were
transduced with HA-CPT1A lentivirus or empty vector at
an MOI of 3. After 48 h, 2000 cells were transplanted on to
a 96-well plate for 72 h. For each experiment, at each time
point, cells were incubated in 10% CellTiter 96 AQueous
One Solution (Promega) according to the manufacturer’s
protocol for 2 h at 37°C and colorimetric absorbance was
measured at 490 nm by a Tecan F50 Microplate Reader.

Colony formation assay

For colony formation assay, tet-inducible sSiIRNA express-
ing MCF7 or ZR751 cells were plated at a density of 2000
(MCEF7) or 5000 (ZR751) cells, respectively, per 6-well plate.
Cells were mock treated or treated with 2 pg/ml doxycycline
to induce CPT1A silencing for up to 21 days. To demon-
strate the effect of CPTI1A overexpression on colony for-
mation, MCF10A cells were transduced with either HA-
CPTI1A lentivirus or empty vector at an MOI of 3. The
cells were allowed to recover for 48 h and then seeded on
to a 6-well plate at a density of 2000 cells per well for up
to 14 days. Colonies were fixed with 3.7% formaldehyde
for 30 min at 37°C and stained with 0.01% crystal violet.
To quantify these data, independent colonies were counted
from three replicate experiments and an unpaired z-test used
to assess statistical significance.

Mammosphere formation assay

For mammosphere formation assay, parental or shRNA ex-
pressing MCF7 or ZR751 cells were plated as a single cell
suspension in ultra-low attachment plates (500 cells per well
in a 24-well plate) and cultured in serum-free DMEM /F12
supplemented with B27 (Thermofisher #17504044), bFGF
(10 ng/ml; Corning #354060) and hEGF (20 ng/ml; Sigma
#E9644). After 24 h, cells were treated with doxycycline
(2 pg/ml) that was replenished every 48 h. Alternatively,
to demonstrate the effect of CPTI1A overexpression on
mammosphere formation, MCF10A cells which inherently
do not form mammospheres were transduced with HA-
CPT1A expressing or empty vector control lentivirus with
an MOI of 3 for 48 h. Transduced cells were then seeded
as a single cell suspension at a density of 1000 cells per
well in a 6-well ultra-low attachment plate and cultured
in serum-free DMEM /F12 supplemented with B27, bFGF
and hEGF as described above. For all experiments, mam-
mosphere formation was followed for up to 10 days, quan-
tified and expressed as relative count to either the no dox
treatment for shRNA expressing cell lines or empty vector
control for CPT1A overexpressing cell line.
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Xenograft tumor growth

All animal experiments were performed in accordance with
the recommendations in the Guide for the Care and Use
of Laboratory Animals of the US National Institutes of
Health and in accordance with an approved Rutgers Uni-
versity Institutional Animal Care and Use Committee pro-
tocol specific to this project (#PROT0999900087). For
these studies, 12-week old virgin nod scid gamma (NSG) fe-
male mice were acquired from Jackson Laboratories. Forty-
eight hours prior to xenograft transplant, a 0.36 mg 17-3
estradiol pellet (Innovative Research of America) was sub-
cutaneously implanted in the lateral side of the neck. For
transplant studies, 3.5 x 10° MCF7 cells per animal were
grown under normal in vitro culturing conditions. Immedi-
ately prior to transplant, cells were removed from culturing
media, trypsinized, washed three times in sterile PBS and
resuspended in Matrigel (100 wl total volume). Cells were
injected into the fourth mammary fat pad of 12-week old
NSG virgin female mouse (n = 24). Tumor nodules were
observed approximately 6 weeks after transplant. When tu-
mors reached an approximate volume of 250-350 mm?,
mice were randomized into one of the three treatment co-
horts (n = 4-8 mice per group): saline control, 20 mg/kg
ranolazine, or 40 mg/kg ranolazine. Mice were treated by
intraperitoneal (i.p) injection twice a week for 21 days. Tu-
mor size was measured twice a week by electronic caliper
and tumor volume was calculated by using the formula 0.5
x (width)? x (length). Tumors were harvested when the av-
erage tumor volume of the control cohort exceeded 1500
mm?; animals were euthanized, tumors harvested and snap
frozen in liquid nitrogen for immunohistochemistry (IHC)
analyses.

Immunohistochemistry

All staining and THC were performed using automated
and standardized protocols by the Rutgers Cancer Institute
Biorepository and Histopathology Core Facility. Xenograft
tumors were fresh frozen and paraffin embedded (FFPE)
using the Tissue Tek VIP 5 Tissue Processor and then sec-
tioned at 4pm. To deparaffinize tumors for hematoxylin
and eosin (H&E) or IHC staining, sections were baked
for 1 h at 65°C and then cooled. H&E staining was per-
formed with standardized protocols using an automated
Sakura Tissue-Tek Routine Stainer. Briefly, the sample was
hydrated with subsequent washes of xylene, 100% ethanol,
95% ethanol, 70% ethanol and water. Sections were in-
cubated in hematoxylin for 8§ min and then subsequently
washed in water, acid alcohol and water again. Samples
were incubated in bluing agent for 2 min, washed in water
and then 95% ethanol prior to eosin staining (2 min). Slides
were subsequently washed in 100% ethanol followed by xy-
lene and ethanol dehydration and then mounted. For single
antibody THC, the Ventana Discovery XT Immunostainer
and Ventana (Roche) proprietary solutions were used. As
before, the slide was deparaffinized and rehydrated. Anti-
bodies against Ki67 (Abcam SP6 #16667 at 1:200), cleaved
PARP (Cell Signaling #5625 at 1:200) and perilipin-1 (Cell
Signaling #9349 at 1:200) or secondary antibody (Jack-
son Immunochemical donkey anti-rabbit at 1:500) were

prepared in DAKO diluent background reducing solution.
Antigen retrieval was completed using the Ventana, heat
antigen retrieval solution (CC1). Samples were then treated
with peroxidase inhibitor solution (3% H,0;), incubated
in primary and secondary antibody solutions, and devel-
oped using DAB peroxidase. Slides were then treated with
Copper D to enhance DAB signal and counterstained us-
ing hematoxylin. As before bluing agent was used to en-
hance the hematoxylin signal. Samples were washed (PBS),
dehydrated in 100% ethanol followed by xylene washes and
then mounted for visualization. Images were captured using
EVOS M500 microscope at 40 x magnification. DAB inten-
sity was quantified using FIJI (28), as described previously
(29). Briefly, each image was processed using the color de-
convolution tool in FIJI, maximum threshold value in all
samples were tested and then an average maximum thresh-
old value was calculated and set for all DAB quantification
in all images testing the same antigen. Mean signal inten-
sity was measured in at least three different fields/sections
of each tumor sample. A student z-test was used to deter-
mine the significance of the difference between treated and
control samples.

RESULTS
CPTIA is overexpressed in aggressive HR+ breast tumors

In order to examine the functional implications of CPT1A4
in HR+ breast cancer, we assessed CPT/A mRNA expres-
sion in both The Cancer Genome Atlas (TCGA, n = 1032)
and Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC, n = 1998) datasets relative to
the 11-gene PAMSO0 proliferation gene expression signa-
ture (22,23). Owing to the noted observation that breast tu-
mors, when viewed across the pan-cancer spectrum, classify
into basal-like and HR+/luminal (including HER2E, Lu-
minal A and Luminal B) subtypes (30), we examined the
association between CPT1A expression and proliferation
as a function of these subgroups. CPT/A mRNA expres-
sion was found to be significantly upregulated in highly pro-
liferative HR+ breast tumors compared to less aggressive
HR+ tumors or basal-like tumors in both the TCGA (Fig-
ure 1A, P =1.6 x 10*) and METABRIC (Figure 1B, P =
4.4 x 1073%) datasets (two-way ANOVA, Tukey’s post-test).
This association was further validated by demonstrating
increased Cptla protein expression (P = 0.004, ANOVA)
in highly proliferative HR+ human breast tumors using
mass spectrometry data from the Clinical Proteomic Tumor
Analysis Consortium (CPTAC) project (Figure 1C).

Given that CPT1 A mRNA and protein expression are as-
sociated with increased proliferation, we next sought to ver-
ify the association between CP774 mRNA expression and
protein markers of proliferation using Reverse Phase Pro-
tein Array (RPPA) data from luminal TCGA tumors (n =
606). We determined that common makers of proliferation
including PCNA, Cyclin D1, Cyclin E1, Cyclin E2, Cyclin
B1, CDK1 and FOXM1 were significantly (P<0.001, t-test)
upregulated in tumors with high CPT1A (top quartile) ex-
pression (Figure 1D). Importantly, analyses of clinical data
demonstrated that high CPT/4 mRNA levels correlated
with a worse overall prognosis in luminal tumors and this
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Figure 1. CPT1A4 is overexpressed in highly proliferative ER+ breast tumors and is associated with poor overall survival. Tumor samples from the (A)
TCGA (n = 1031) or (B) METABRIC (n = 1992) cohorts were dichotomized into basal-like or ER+ tumors with ER+ tumors further divided into
high- and low-proliferation groups based on the PAMS50 proliferation signature. Highly proliferative ER+ tumors show increased CPT1A expression (P <
0.0001, ANOVA, Tukey’s test). (C) Proteomic data from the CPTAC project (n = 77) were used to demonstrate increased Cptla protein expression in highly
proliferative ER+ tumors (P < 0.0001, ANOVA, Tukey’s test).(D) RPPA data from ER+ tumors from the TCGA project (n = 606) demonstrate increased
expression of proliferation markers (P<0.0001, unpaired #-test). High CPT1A mRNA expression was shown to correlate with poor overall survival in the
(E) TCGA (P = 0.005, HR: 1.5) and (F) METABRIC (P < 0.0001, HR: 1.7) cohorts.

relationship was apparent in both the TCGA (Figure 1E;
HR: 1.7, P =0.005) and METABRIC (Figure 1F; HR: 1.5,
P<0.0001) datasets.

CPT1A is essential for FAO in ER+ cell lines

Previous studies have reported multiple isoforms of
CPTIA: cytoplasmic variant 1 is the rate limiting enzyme
required for transport of long chain fatty acids into the mi-
tochondria during FAO while variant 2 is localized to the
nucleus where it interacts with histone deacetylases to me-
diate epigenetic regulation of transcription (31). Analysis
of mRNA isoform expression using RNA sequencing data
from 817 human breast tumors from the TCGA cohort (20)
demonstrated that variant 1 is the predominant isoform ex-
pressed in human tumors (Figure 2A) with approximately
99.2% of sequenced transcripts in a given tumor being clas-
sified as variant 1 irrespective of histological or PAMS50 sub-
type.

We next assessed CPT1A mRNA expression in a panel
of 51 breast cancer cell lines (Figure 2B, GSE12777) (25)
in order to identify model systems to examine the role of
CPTIA in luminal breast tumorigenesis. Consistent with
human tumors, CPT1A expression was uniformly higher
in luminal cell lines when compared to basal-like cell lines
(P = 0.001, z-test). Western blot analyses of a subset of
cell lines confirmed these findings with luminal MCF7,
T47D and ZR751 cells having consistently higher Cptla ex-

pression compared to basal-like breast cancer cell lines or
MCF10A immortalized breast epithelial cells (Figure 2C).
Based on these data, we engineered MCF7 or ZR751 cells
to express one of two doxycycline (dox)-inducible sSiRNA
against CPT1A or a non-silencing (NS) negative control;
hereafter referred to as MCF7*!, MCF7s"2, MCF7shNS,
ZR751501 ZR 751502 or ZR751PNS | As expected, dox treat-
ment (2 wg/ml, 96 h) significantly reduced Cptla protein ex-
pression in each cell line expressing shRNA against CPT1A
while no change in expression was evident in MCF7"NS or
ZR751°PNS cell lines (Figure 2D). Consistent with its role in
regulating FAO, genetic inhibition of CPT1 A resulted in re-
duced mitochondrial respiration as evident by reduced oxy-
gen consumption rates (OCR) when assessed by Seahorse
XF Bioanalyzer in both MCF7*" (Figure 2E) and MCF 7"
(Figure 2F) cells. As illustrated in Figure 2G (MCF7*") and
Figure 2H (MCF7*"), a significant reduction (P<0.0001)
in basal OCR, maximum respiration and ATP production
was observed following CPT1 A inhibition. Notably, a sim-
ilar effect was observed upon dox treatment under nor-
mal (DMEM; blue scale) or starvation growth conditions
(HBSS; gray scale). Finally, Oil Red O staining was used
to demonstrate the accumulation of lipid droplets follow-
ing dox treatment in CPT1A shRNA expressing MCF7 or
ZR751 cell lines indicating that down-regulation of CPTI1 A
expression resulted in reduced B-oxidation (Figure 2I); no
effect on Oil Red O staining was noted in shNS expressing
cells (+/-dox).
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Figure 2. CPTI1A mediates FAO in ER+ breast cancer. (A) Isoform analysis of RNAseq data from 817 tumors from the TCGA demonstrated increased
expression of variant 1 with >99.2% of sequenced RNA called as variant 1 on a per tumor basis (P < 0.0001). (B) Gene expression analyses of 51 breast
cancer cell lines (GSE12777) demonstrates that CPT1 A4 is more highly expressed (z-score) in ER+/luminal subtype cell lines compared to basal-like cell
lines (P = 0.001). (C) Western blot analyses confirm increased Cptla expression in ER+ cell lines. (D) MCF7 (MCF7"! or MCF7%"2) or ZR751 (ZR 75150
or ZR751%M2) cells expressing one of two independent tet-inducible sShRNA show a significant decreased in Cptla expression by western blot following
dox treatment (2 wg/ml, 96 h); no effect on MCF75"NS or ZR7515"NS cells was observed upon dox treatment. (E) MCE75"! and (F) MCF7%? cells
show decreased OCR levels following shRNA-mediated silencing of CPT1A4 under normal (DMEM; blue scale) or starvation (HBSS; gray scale) growth
conditions. (G) MCF7$"! and (H) MCE7%2 cells show decreased basal OCR, maximum respiration and ATP (P < 0.0001) following shRNA-mediated
silencing of CPT1A; the mean of four replicates with standard error are shown for each sample (Student’s z-test, ***p<0.0005). (I) MCF7 or ZR751 CPT1A4
shRNA expressing cells show increased lipid droplet accumulation after dox (2 pg/ml, 96 h) treatment; no effect was observed in shNS expressing cells.

CPTIA is required for HR+ breast cancer cell line clono-
genicity and mammosphere formation

Given the observed association between CPT1A4 mRNA or
protein expression and proliferation status in human breast
tumors, we hypothesized that CPT1A4 and FAO are essen-
tial for HR+ breast tumor maintenance and growth. To test
this hypothesis, we examined the effects of CPT1A4 knock-
down on colony formation capacity. We determined that
shRNA-mediated silencing of CPTI A4 in either MCF7 (Fig-
ure 3A) or ZR751 (Figure 3B) cells (2 wg/ml dox) signifi-
cantly reduced colony formation over 21 days; no effect was
seen in shNS expressing cell lines. Quantitation of these data
demonstrate that MCF7"! (63.3%, P = 0.0005), MCF 75"
(100%, P = 0.0003), ZR751%" (66.1%, P = 0.0006) and
ZR751%02 (79.9%, P = 0.002) cells showed significant re-

ductions in colony formation upon dox treatment. As ex-
pected, colony forming capacity of MCF7NS (10.9%, P =
0.31) and ZR751°NS (4.4%, P = 0.69) were not affected by
dox treatment (Figure 3C). In order to confirm that the ob-
served effects on colony formation were specifically due to
CPT1A4, MCF10A cells were transduced to overexpress ei-
ther CPT1A or an empty vector control (MOI: 3, 72 h). As
shown in Figure 3D, lentiviral overexpression resulted in a
~68.5% increase in Cptla protein levels and this was associ-
ated with a 3.4-fold increase in MCF10A colony formation
capacity (P < 0.0001) over a 14-day time course relative to
empty vector transduced cells (Figure 3E and F).

Next we next sought to determine whether CPT1 A over-
expression could contribute to tumor initiation and three-
dimensional growth capacity of luminal tumor cells. To
test this hypothesis, we examined the effect of CPT/A on
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mammosphere formation. As shown in Figure 3G, con-
trol or shRNA expressing MCF7 cells readily form mam-
mosphere within 10 days. However, induction of CPT1A4-
specific shRNA expression following dox (2 wg/ml) treat-
ment resulted in 32.8% loss of mammosphere formation in
MCF7 (P = 0.002) and 36.6% in MCF7*"? (P < 0.0001)
cells (Figure 3G and I). Similarly, CPTIA silencing in
ZR751 cells resulted in a 35.4% decrease in mammosphere
formation in ZR751"(P = 0.007) and 40.4% in ZR751%"2
(P = 0.0003) cells over a 10-day period (Figure 3H and
J). As shown, mammosphere formation was not affected
by dox treatment in parental or shNS expressing MCF7
or ZR751 cell lines. Finally, as illustrated in Figure 3K,
MCF10A cells form a limited number of small mammo-
spheres within the 10-day time course under normal growth
conditions. However, lentivirus overexpression of CPT1A4
resulted in an approximately 2-fold increase in mammo-
sphere formation relative to empty vector transduced cells
(Figure 3K and L, P = 0.002). These data indicate that
CPT1I A is essential for mammosphere initiation and forma-
tion as well as for the three-dimensional growth of luminal
breast cancer cell lines.

CPT1A is essential for luminal cell growth and survival

Given the notable impact of CPT1A on both colony and
mammosphere formation, we next sought to determine
whether modulation of CPT1A expression levels altered cell
viability and growth. To do so, we first examined the effects
of CPT1A overexpression on short-term cell proliferation
(72 h). As shown in Figure 4A, CPT1A overexpression in
MCFI10A cells resulted in a ~30.9% increase in MCF10A
proliferation as measured by MTS assay (P < 0.0001, z-
test). Similarly, shRNA-mediated silencing of CPTI/A in
ZR 751 cells resulted in a 23.0% (sh1, P < 0.0001) and 42.1%
(sh2, P = 0.0007) reduction in proliferation over this time
course. Likewise, a more modest, yet statistically significant
15.5% (sh1, P = 0.0003) and 16.2% (sh2, P = 0.0009) re-
duction in short-term proliferation was observed in MCF7
cells expressing either dox-inducible shRNA. No effect on
proliferation was noted in MCF7"NS or ZR7515"NS cells
treated with dox (2 pg/ml) relative to parental control cells
(Figure 4B). Importantly, decrease proliferation is associ-
ated with increased apoptosis as demonstrated by increased
cleaved PARP expression upon shRNA-mediated silencing
of CPTIA in either MCF7 or ZR751 cells; no effect was
observed in shNS expressing cells (Figure 4C).

FAO is a drug-able cellular process with a number of
compounds that target CPTIA (etomoxir), CPT-family
members (perhexiline) or 3-ketoacyl CoA thiolase (ra-
nolazine) commercially available (11,15,17). The latter com-
pounds have been approved internationally (perhexiline)
or by the United States Food and Drug Administra-
tion (FDA) (ranolazine) for treatment of chest pain due
to chronic angina pectoris and/or ischemia. Given that
shRNA-mediated silencing of CPT1A results in significant
apoptosis of HR+ breast cancer cell lines, our data suggest
that pharmacological inhibition of CPT1A/FAO may rep-
resent a therapeutic opportunity with available compounds
that could be repurposed to treat breast cancer. To test this
hypothesis, we examined the impact of FAO inhibitors on

luminal cell line activity to investigate the clinical applica-
bility of CPT1A/FAO inhibition. MCF7 and ZR751 cells
were treated with increasing doses of perhexiline (0, 2, 4 or
6 wg/ml), etomoxir (0, 25, 50 or 75 wg/ml) or ranolazine
(0, 15, 25 or 50 pg/ml) and the effect on proliferation mea-
sured at 24, 48 and 72 ho by MTS assay. Focusing first on
the CPT1A-specific inhibitor etomoxir, we determined that
MCF7 cells showed a 29.9-61.1% (P < 0.0001) decrease
in cell proliferation in a time- and dose-dependent manner
(Figure 4D). Similarly, ZR751 cells showed up to a 51.7%
reduction (P < 0.0001) in proliferative capacity at the high-
est doses and time points (50-75 wg/ml, 48-72 h; Figure
4D). Extending these studies to currently approved reagents
showed similar results. Treatment of MCF7 or ZR751 cells
with the internationally approved pan-CPT family inhibitor
perhexiline resulted in a 70.4% (MCF7; P < 0.0001) and
78.4% (ZR751; P < 0.0001) decrease in proliferation at the
highest dose (6 pwg/ml, 72 h) (Figure 4E). Similarly, ra-
nolazine treatment of MCF7 (27.3%, P < 0.0001) or ZR751
(26.7%, P < 0.0001) cells resulted in a significant decrease
in viability (Figure 4F). Importantly, western blot analy-
ses indicate that decreased cell growth corresponds with in-
creased apoptosis as illustrated by increased cleaved PARP
expression in each cell line in response to etomoxir (Figure
4@G), perhexiline (Figure 4H) or ranolazine (Figure 41). Oil
Red O staining following treatment with each compound il-
lustrated increased lipid droplet accumulation (Figure 4J),
which is attributed to inhibition of FAO.

Ranolazine inhibits MCF7 xenograft tumor growth

Given in vitro effects of genetic or pharmacological inhibi-
tion of CPTIA or FAO, we next assessed the potential im-
pact of FDA-approved ranolazine on tumor growth in vivo.
MCF7 cells (3.5 x 10°) were transplanted into the inguinal
mammary gland of 12-week-old virgin nod scid gamma
(NSG) mice. Each animal had a 17-B estradiol tablet (0.36
mg) implanted 48 h prior to transplant to facilitate estrogen-
dependent tumor growth. Once the tumor reached an initial
volume of 250-350 mm?, the mice were randomized to three
treatment cohorts: saline control, 20 mg/kg ranolazine or
40 mg/kg ranolazine. Mice were treated twice weekly by in-
traperitoneal (Z.p.) injection and tumor volume assessed for
21 days (Figure 5A). No differences in initial tumor volume
between control (381.7 mm?) and 20 mg/kg (241.8 mm?,
P = 0.24) or 40 mg/kg (262.4 mm?>, P = 0.09) ranolazine-
treated cohorts was noted (¢-test) (Figure 5B). As expected,
tumors in the control group increased 4.3-fold to 1650 mm?
by Day 21 (P =0.001) (Figure 5B and C). Conversely, treat-
ment with either the 20 mg/kg (P = 0.07) or 40 mg/kg dose
(P = 0.33) of ranolazine showed no significant increase in
tumor volume over this time course relative to Day 0 mea-
surements (Figure 5B and C). Animals treated with the 20
mg/kg dose had a final tumor volume of 530.7 mm?® which
corresponds to a 2.3-fold decrease relative to tumor vol-
ume of control saline treated animals (Figure 5B and C;
P = 0.01). Likewise, animals treated with the 40 mg/kg
ranolazine dose showed a 2.6-fold decrease in tumor vol-
ume relative to control animals with a final volume of 558.9
mm? (Figure 5B and C; P = 0.02). Importantly, we deter-
mined that mice treated with either dose of ranolazine were
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Figure 4. CPT1A is essential for luminal cell line growth and survival. (A) CPT1A overexpression results in an ~30.9% increase in MCF10A cell prolifera-
tion when assessed by MTS assay. (B) shRNA mediated silencing of CPT1A in ZR751 or MCF7 cells expressing one of two tet-inducible shRNA (2 pg/ml
dox, 72 h) results in reduced cell proliferation (MTS, unpaired #-test); shNS (+dox) had no effect on cell growth. (C) Western blot analyses demonstrate
increased cleaved PARP expression following dox treatment of MCFE7 and ZR751 CPT1A shl or sh2 expressing cells (2 wg/ml dox, 72 h); no effect was
observed in shNS expressing cells. An unpaired-test was used for each analysis: ***P < 0.0005; **P < 0.005; mean and standard error are indicated. (D-F)
MCEF7 or ZR751 cells demonstrate a dose and time-dependent (24-96 h) response to (D) etomoxir (0, 25, 50 or 75 wg/ml), (E) perhexiline (0, 2, 4 or 6
wng/ml) or (F) ranolazine (0, 15, 25 or 50 pg/ml). For each analysis, values were normalized to untreated (72 h) and are plotted as a percentage; each
time point represents the mean of at last three independent replicates and the standard error is indicated. A Student’s #-test was used at each time point to
calculate statistical significance. (G-I) Increased cleaved-PARP was observed in each cell line in response to (G) etomoxir (H) perhexiline or (I) ranolazine.
(J) MCF7 or ZR751 cells show increased accumulation of lipid droplets indicative of reduced lipid oxidation in response to drug treatment.
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Figure 5. Ranolazine inhibits MCF7 xenograft tumor growth. (A) Schematic outlining experimental approach. (B) Treatment of MCF7 xenograft tumors
twice weekly with either 20 or 40 mg/kg ranolazine resulted in a significant reduction in tumor volume after 21 days of treatment (lower dose: P = 0.01;
higher dose: P = 0.02); mean tumor volume and standard error are indicated at each time point. (C) Tumor volume at Day 21 normalized to Day 0 for
each sample demonstrates a significant (P = 0.001) increase in tumor volume in untreated samples (n = 4) and no significant change in tumor volume
in mice treated with 20 mg/kg (P = 0.07; n = 7) or 40 mg/kg (P = 0.33, n = 7) ranolazine; both doses resulted in decreased tumor volume relative to
untreated samples. (D) Increased body weight was observed after 21 days in mice treated with 20 mg/kg (P = 0.002) or 40 mg/kg (P = 0.0002) ranolazine;
no change was observed in control animals (P = 0.051). (E) H&E staining of control or ranolazine treated tumors showed normal tumor architecture.
Ki67 and cleaved PARP IHC staining demonstrate decreased cell proliferation and increased cell death while perilipin-1 staining indicates increased lipid
droplet accumulation in drug treated tumors, respectively. (F-H) Quantification of IHC analyses indicates a significant reduction in (F) Ki67 staining, (G)
increase cleaved PARP, (H) and increase in perilipin-1 staining following ranolazine treatment.

generally healthy and showed no apparent side effects, in-
cluding loss of body weight (Figure 5D); ranolazine treated
mice showed a modest, yet statically significant (P < 0.002)
increase in body weight during treatment while no change
was observed in control mice. Finally, tumors were stained
with hematoxylin and eosin (H&E) to assess tumor archi-
tecture while Ki67 and cleaved PARP IHC was used to ex-
amine differences in proliferation and apoptosis in a subset
of tumors from each cohort. As illustrated in representative
images in Figure SE, control tumors were highly prolifera-
tive and demonstrated low levels of apoptosis as indicated
by strong Ki67 and weak cleaved PARP staining whereas
ranolazine-treated tumors showed high cleaved PARP and
low Ki67 expression. Importantly, ranolazine treatment re-
sulted in a significant increase in perilipin-1 staining which
is indicative of increased lipid droplet accumulation and de-
creased B-oxidation compared to the control animals (Fig-
ure 5E). Quantification of the data demonstrate a 72% de-
crease (P < 0.0001, 7-test) in Ki67 staining intensity (Figure
5F), as well as a 6.3-fold increase in cleaved PARP (Figure
5G; P =0.016, t-test) and a 6.6-fold increase in perilipin-1
(Figure SH; P =0.017, t-test) staining intensity, respectively.

Consistent with in vitro shRNA and pharmacological data,
in vivo data indicate that ranolazine treatment reduced FAO,
tumor growth and cell proliferation and promoted apopto-
Sis.

DISCUSSION

During the course of cellular transformation and tumorige-
nesis, tumor cells and other cells within the tumor microen-
vironment undergo metabolic reprogramming (11). These
changes enable tumor cells to develop and maintain their
malignant phenotype in both the primary and metastatic
niche. While reprogramming of energy metabolism has been
considered as one of the hallmarks of cancer, much of the fo-
cus has been on the Warburg effect (11,32,33). However, an
increasing number of studies have begun to establish FAO as
an essential process that contributes to transformation and
tumorigenesis (12,14,15,34). CPT1 A is the rate-limiting en-
zyme in FAO and mediates the import of long chain fatty
acids through the outer mitochondrial membrane. DNA
amplification and/or activation of CPT1A as a result of
altered oncogenic signaling, including Myc-activation or



K-Ras mutations, has been reported to promote tumorigen-
esis by promoting proliferation, survival, stemness, drug re-
sistance and/or metastasis. Importantly, increased CPT1A
expression or FAQO is associated with poor clinical outcome
and has been shown to be a potential therapeutic opportu-
nity in several forms of cancer (13,35-49).

Amplification of chromosome 11q13-14 has been iden-
tified as a defining feature of high-risk ER+ breast cancers
and has been shown to be strongly associated with increased
proliferation in luminal breast cancer (18,19). However, the
mechanism(s) by which this amplicon contributes to breast
tumor development and/or progression remains unclear. In
the current study, we demonstrate that CPT1 A, which is lo-
calized to chromosome 11q13, is significantly overexpressed
in highly proliferative luminal breast tumors compared to
less proliferative luminal or basal-like tumors at both the
mRNA and protein level. Further supporting these data,
it was recently reported that lipid metabolism-related pro-
teins, including CPTI1A, are highly expressed in HER2+
and luminal B tumors when assessed by THC (50). In the
current study, within the context of luminal breast cancer,
CPTI1A mRNA expression corresponds with protein mark-
ers of proliferation and is associated with a worse clini-
cal prognosis. Importantly, in vitro genetic manipulation of
CPTIA resulted in altered mitochondrial respiration, cell
proliferation, cell survival, colony formation and mammo-
sphere formation. Given that CPTIA overexpression can
promote and is required to maintain these phenotypes and
that genetic silencing of CPT1A results in cell death, our
data support the premise that aberrant CPT1 A expression is
oncogenic in this subset of tumors and that CPT7A and/or
FAO may be essential for luminal breast cancer. Interest-
ingly, while our previous study demonstrated that increased
CPTIA mRNA expression is associated with copy num-
ber gains, our data also indicate that not all tumors that
show increased mRNA expression are defined by CPTIA
DNA amplification which may explain why CPTIA copy
number status is not prognostic while increased CPT1A
mRNA expression is associated with a worse outcome in
ER+ tumors (18,19,51). These data further suggests that in-
creased CPT1A expression may be due to various genomic
or proteomic events, including ER activity which has been
observed in ER+ cell lines (52) and/or altered oncogenic
signaling, and that these events likely occur in a subtype-
specific manner.

FAO inhibitors which have been developed for the treat-
ment of chest pain due to chronic angina and/or ischemia
are generally safe and well tolerated. Two predominant
pharmacological targets have emerged to inhibit this path-
way: CPT1A and 3-KAT which mediates the final step in
FAO (10,15). Among the agents that have been approved
and/or are in clinical trials are the CPT1 family inhibitor
perhexiline, which has been approved by the European
Medicine Administration (EMA) and the 3-KAT inhibitor
ranolazine that has been approved by the EMA and FDA
(14,15). In our studies, pharmacological-based experiments
demonstrate that FAO inhibitors reduce cell proliferation,
inhibit tumor growth, induce apoptosis and decrease lipid
oxidation in luminal breast cancer cell lines and cell line-
derived xenograft models. These results indicate that inhi-
bition of CPT1A or FAO may represent a novel therapeutic
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target in specific subsets of ER+ breast tumor and that cur-
rent drugs could be repurposed to address this need. It is
important to note that our data (Figures 1A-C and Figure
2C) demonstrate that in addition to aggressive ER+ tumors,
CPTI A s variably expressed in basal-like breast tumors and
cell lines suggesting that some tumors or cell lines may be
sensitive to FAO inhibition irrespective of molecular or clin-
ical subtype. Consistent with this premise, studies by Ca-
marda et al. have demonstrated that etomoxir mediated in-
hibition of FAO decreased energy metabolism and blocked
tumor growth in a MYC-driven transgenic TNBC model
(49). As such, we believe that the effects of FAO inhibitors
may not be restricted to the ER+ breast cancer; however ad-
ditional studies will be required to address this question and
to identify potential predictive biomarkers. Collectively, the
potential therapeutic implications of our work is consistent
with previous studies that have demonstrated that inhibi-
tion of CPT1A or FAO in prostate, nasopharyngeal, breast
or lung adenocarcinoma cancer models can sensitize cells to
androgen blockade chemotherapy or radiotherapy, respec-
tively (13,39,42-44).

Endocrine-based therapies are the standard-of-care treat-
ment for patients with HR+ breast cancer (7). While ad-
vances in these therapies have improved clinical outcome
and decreased adverse side effects, a significant percent-
age of patients will still acquire resistance leading to dis-
ease progression and death (3-5). More recent therapeu-
tic strategies incorporating the mTOR inhibitor everolimus;
CDKA4/6 inhibitors palbociclib, ribociclib and abemaciclib;
or the PI3K inhibitor alpelisib have led to improved clin-
ical response and quality of life; however, these regimens
are limited to patients with specific genomic alterations, and
not all patients will respond equally (6,7). As such, there
remains a critical need to incorporate novel therapies that
can be used in parallel or sequentially with current treat-
ments to improve the long-term prognosis and quality of
life. Consistent with this argument, a number of studies have
shown that etomoxir, perhexiline or ranolazine can sensi-
tize prostate cancer cells, including enzalutamide resistant
cells, to hormone-based therapies (43,44). Recent reports
have indicated that invasive lobular breast cancer cell lines
that have developed resistance to long-term estrogen deple-
tion show increased expression of SREBPI (a key regula-
tor of fatty acid synthase) or CPTI1A4 (53). These studies,
in conjunction with our work, collectively raise the possi-
bility that CPT1A/FAO may contribute to development of
endocrine resistance and/or that FAO inhibitors could sim-
ilarly enhance the response to endocrine therapies in ER+
breast carcinomas.

In addition to the primary role of CPTIA in mediating
FAO, Pucci et al. have recently reported a potential epige-
netic role for CPT1A in breast cancer oncogenesis. The au-
thors demonstrated that CPT1A variant 2 which differs in
11 amino acids from CPTIA variant 1 at the C-terminus
is specifically localized to the nucleus in breast cancer cells
and regulates the expression of genes involved in apoptosis
and invasion through interactions with HDACI (31). These
results indicate that CPT1A contributes to cell survival by
not only regulating FAO but by also stimulating histone
acetylase activity in the nucleus. However, our analysis of
CPTIA mRNA isoform expression from the TCGA data
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demonstrated that CPTIA variant 1 is the predominant
isoform expressed in human breast tumors suggesting that
FAO is the primary mechanism by which CPT1A con-
tributes to breast tumorigenesis. Nonetheless, additional
studies are required to delineate the isoform specific con-
tribution of CPT1A in the regulation of breast oncogenesis.

In summary, our data establish an oncogenic role for
CPT1A in luminal/ER+ breast cancer and provide a mech-
anism, albeit incomplete, by which amplification of 11q13-
14 promotes tumor development and progression in these
tumors. While additional studies will be required to eluci-
date the mechanisms by which CPT1A contributes to tu-
mor development and progression, identify mechanism(s)
that regulate CPT1A expression or determine the impact
of CPT1A4/FAO on development of resistance, our studies
do indicate that CPTIA is an essential gene in highly ag-
gressive luminal breast tumors and is required to promote
cell proliferation, tumor growth and survival. Importantly,
in vitro and in vivo genetic and pharmacological based stud-
ies provide preclinical evidence and rationale to support the
further investigation of current and next generation FAO in-
hibitors for treatment of these patients.
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