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Abstract We previously described a lipid-accumulating
phenotype of estrogen receptor negative (ER™) breast
cancer cells exemplified by the MDA-MB-231 and MDA-
MB-436 cell lines. These cells had more lipid droplets, a
higher uptake of oleic acid and LDL, a higher ratio of
cholesteryl ester (CE) to triacylglycerol (TAG), and higher
expression of acyl-CoA:cholesterol acyltransferase 1
(ACAT1) as compared to ER™ MCF-7 breast cancer cells.
LDL stimulated proliferation of ER-cells only, and prolif-
eration was reduced by inhibition of ACAT. We hypothe-
sized that storage of exogenous lipids would confer an
energetic advantage. We tested this by depriving cells of
exogenous lipids and measuring chemotactic migration,
an energy-intensive behavior. MDA-MB-231 cells were
grown for 48 h in medium with either 5% FBS or 5%
lipoprotein-depleted (LD) FBS. Growth in LD medium
resulted in visibly reduced lipid droplets and an 85%
decrease in cell migration. Addition of LDL to the LD
medium dose-dependently restored the ability to migrate in
an ACAT-sensitive manner. LDL receptor (LDLR) mRNA
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was 12-fold higher in MDA-MB-231 cells compared
to nontumorigenic ER-MCF-10A breast epithelial cells
grown in LD medium. Addition of LDL to the LD medium
reduced LDLR mRNA levels in MCF-10A cells only. We
asked if ACATI activity was associated with the expres-
sion of the LDLR in MDA-MB-231 cells. LDLR mRNA in
MDA-MB-231 cells was substantially reduced by inhibi-
tion of ACAT, demonstrating that high ACATI activity
permitted higher LDLR expression. This data substantiates
the association of lipid accumulation with aggressive
behavior in an ER-breast cancer cell line.
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Abbreviations

CE Cholesteryl ester
LD Lipoprotein depleted
TAG Triacylglycerol

TN Triple negative

Introduction

Most cancer deaths are caused by metastasis rather than the
primary tumor, and identification of ways to slow or pre-
vent metastatic disease are a priority in cancer research [1].
A high fat diet and obesity signify a worse prognosis in
breast cancer patients [2]. The mechanisms involved have
not been completely elucidated, but are thought to involve
hormones and adipokines secreted by adipose tissue [3] and
the insulin axis [4]. One factor that has received little
attention is higher levels of circulating lipoproteins and
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free fatty acids. Both LDL and unsaturated fatty acids have
been demonstrated to increase proliferation of estrogen
receptor alpha negative (ER™) breast cancer cells [5-7]. It
is possible that higher levels of circulating lipoproteins and
free fatty acids, which are common in obesity, metabolic
syndrome and high fat diets, may themselves promote
aggressive characteristics of breast cancer.

A mechanism for the effects of circulating lipids on
cancer progression lies in the fact that proliferating cells
require a constant supply of lipids for membrane con-
struction, and that these lipids can be obtained in two ways.
Proliferating cells can synthesize fatty acids and choles-
terol de novo from glucose through upregulation of gly-
colysis and the enzymes of biosynthesis such as fatty acid
synthase and HMG-CoA reductase. Many types of cancer
cells, termed the lipogenic phenotype [8], use this strategy
and fatty acid synthase is an important new target against
cancer. The alternative strategy is to increase the uptake of
circulating lipids such as LDL, which supplies both cho-
lesterol and fatty acids, and free fatty acids, and to increase
the storage of these lipids as neutral lipids in cytoplasmic
lipid droplets. The latter approach is more energy efficient
and can be used in hypoxic conditions where oxidative
metabolism, needed for production of biosynthetic inter-
mediates, may be compromised. Lipid droplets provide a
ready depot of lipids which can be accessed as needed
without having to invest energy in biosynthesis. We refer to
the second strategy the lipid-accumulating phenotype.

Our interest began with the observation that the triple
negative (TN, lacking estrogen receptor alpha (ER), the
progesterone receptor, and ERBB2/Her2/neu) breast cancer
cell lines MDA-MB-231 and MDA-MB-436 had many
more lipid droplets as compared to the ER* MCF-7 cell
line under the same growth conditions. Upon investigating
neutral lipid composition and metabolism in these cells, we
found that the TN cells had higher concentrations of both
triacylglycerol (TAG) and cholesteryl esters (CE), and a
greater proportion of CE relative to TAG [9]. Acyl-
CoA:cholesterol acyltransferase 1 (ACAT1/SOATI), the
housekeeping enzyme that makes CE from long chain fatty
acids and cholesterol, was highly upregulated at both the
protein and mRNA level in TN breast cancer cells com-
pared to ER™ cells [9]. In addition, TN cells demonstrated
a 3—4 fold higher rate of LDL uptake as compared to ER™"
cells [9].

Our data were in agreement with microarray studies
curated at oncomine.org showing that in both human breast
tumors [10-13] and human breast cancer cells lines [14]
ACATI is more highly expressed in the types of breast
cancer characterized as basal-like, TN, or ER™. This type
of breast cancer is highly aggressive and lacks targeted
therapies [15]. We wanted to know if high ACATI
expression and the lipid metabolism differences we
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observed contributed to the aggressive phenotype of TN
breast cancer. Thus we investigated the effect of LDL on
proliferation of these breast cancer cell lines, using lipo-
protein-depleted (LD) medium as a control, in the presence
or absence of an ACAT inhibitor. We confirmed that LDL
stimulated proliferation of the ER™ cells only, and found
that this stimulation was sensitive to ACAT inhibition [9].
In the current work, we continue to explore the hypothesis
that high expression of ACATI1 and high uptake of LDL
contribute to an aggressive breast cancer phenotype. We
examined the effect of LDL on chemotactic migration, a
characteristic of aggressiveness, in a TN breast cancer cell
line known for high motility, MDA-MB-231. Migration is
an energy-intensive process, and we predicted that the
energy benefit obtained from a strategy of taking up more
exogenous lipids and thereby limiting the need for de novo
synthesis of lipids would be translated into a greater ability
to migrate.

Because high ACAT1 expression and activity are asso-
ciated with high LDL uptake in this cell line, we asked if
ACAT inhibition would modify the effect of LDL on
migration. Our results led us to further explore the rela-
tionship between high ACAT1 expression and high LDL
uptake. We examined the regulation of the LDL receptor
(LDLR) in TN MDA-MB-231 cells and the nontumorigenic
breast epithelial cells, MCF-10A, which express ~ sixfold
lower ACAT1 [9]. MCF-10A cells are also considered TN
and may represent a precursor cell type to TN breast cancer
[16]. Finally, we asked if important signaling pathways for
growth and migration impacted either expression of the
LDLR or activity of ACAT.

Materials and methods
Cell culture and treatments

MDA-MB-231 and MCF-10A cells were obtained from
ATCC (Manassas, VA) at passages 29 and 97, respectively,
and all experiments were done within 20 passages. Cells
were cultured in growth medium (for MDA-MB-231,
DMEM without phenol red containing 1 g/l glucose, 4 mM
L-glutamine, 5% FBS; and 100 units/ml each penicillin and
streptomycin; for MCF-10A, DMEM/F12 without phenol
red containing 5% FBS, 10 pg/ml insulin, 0.5 pg/ml
hydrocortisone, 100 ng/ml cholera toxin, 20 ng/ml epi-
dermal growth factor, and 100 units/ml each penicillin and
streptomycin) at 37°C in a humidified 5% CO, atmosphere.
Cell culture and Western blotting materials were obtained
from Invitrogen (Carlsbad, CA) unless otherwise specified.

When testing the effects of lipids, FBS was replaced
with lipid reduced FBS (Thermo Scientific Hyclone,
Logan, UT) which contained no lipoproteins. Concentrated
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LDL (Creative Laboratory Products, Inc., Indianapolis, IN)
was diluted 1/50 and tested for cholesterol concentration
following manufacturer’s instructions (Wako Diagnostics,
Richmond, VA). Aliquots were stored at —80°C and a
fresh aliquot was used for each experiment. LDL was
diluted in growth medium containing 5% LD FBS (LD
medium) and sterile filtered. 250x cholesterol lipid con-
centrate (CLC, Invitrogen, Carlsbad, CA), a defined media
supplement containing cholesterol and fatty acids, was
similarly assayed for cholesterol. Ethanolic solutions of
oleic acid, linoleic acid (Sigma-Aldrich, St. Louis, MO) or
cholesterol oleate (CO, Nu-Chek Prep, Elysian, MN) were
added to LD medium and incubated at 37°C for 30 min
before adding to cells. Final ethanol concentration did not
exceed 0.1%. Oil Red O staining and imaging of cells was
done as described previously [17]. PKC inhibitor G66983
was obtained from Sigma-Aldrich, St. Louis, MO. MEK
inhibitors U0126 and PD98059 were from Calbiochem,
Gibbstown, NJ. ACAT inhibitor CP-113818 was a gift
from Pfizer, Inc., Groton, CT.

Chemotactic migration

Cells were seeded into 6-well plates at 300K cells/well in
growth medium. After overnight attachment, the medium
was replaced with LD medium overnight. The next
morning, fresh treatment media with or without lipid or
inhibitors were added and cells were incubated for 48 h.
Cells were detached, collected by centrifugation and
resuspended in serum-free DMEM for counting. 100K cells
in 100 pl serum-free medium were added to transwell
chambers (8 pm pore size polycarbonate membrane,
Corning, Corning, NY) with 0.3 ml growth medium in the
bottom wells. The FBS in the medium served as the che-
moattractant. After 6 h, medium and cells were removed
from the upper chamber with a cotton swab, and mem-
branes were fixed in buffered 4% paraformaldehyde and
stained with Mayer’s hematoxylin. Four adjacent quadrants
at the center of each membrane were imaged at x100
magnification. The cells on the images were counted (cell
counts ranged from <10 to 800 per quadrant) and the mean
cells/quadrant/membrane was determined. Mean and SD
were based on the number of membranes.

ACAT activity in whole cells

Cells at 50% confluence in T25 flasks were treated with
inhibitors or vehicle for 24 h in LD growth medium. Fresh
media with or without LDL or inhibitors was added along
with 2 puCi 3H-cholesterol per flask. After 24 h, cells were
detached with trypsin and collected with 5 ml PBS con-
taining 1% fatty acid-free BSA. After centrifugation, the
cells were washed with 5 ml PBS. The pellets were

suspended in 250 pl PBS, sonicated, and transferred to
glass tubes. 1.5 ml methanol, 3 ml chloroform and 0.95 ml
0.88% KCL were added and vortexed to extract lipids. The
chloroform layer was evaporated under N, and then spotted
on LKS5 TLC plates along with appropriate standards. The
plates were developed in hexane:diethyl ether:acetic acid
(70:30:1). Bands corresponding to free cholesterol
(Rf = 0.18) and CE (Rf = 0.70) were identified using pure
standards (cholesterol was from Sigma-Aldrich, St. Louis,
MO; cholesteryl nonadecanoate was from Nu-Chek Prep,
Elysian, MN) and scraped into scintillation vials. The silica
gel was dissolved in 1 ml dichloromethane and 10 ml
ScintiVerse fluid and counted on a Beckman LS6000IC
scintillation counter. CE formation was represented by %
cpm in CE/(cpm in free cholesterol + cpm in CE).

Quantitative real time PCR

Total RNA was isolated with RNA Stat-60 (Tel-test,
Friendswood, TX) according to the manufacturer’s proto-
col. RNA was DNase treated with DNA-free (Ambion,
Foster City, CA). RNA (1.0 pg) was reverse transcribed
using Affinity Script and with oligo(dT) and random hex-
amer primers (Stratagene, La Jolla, CA) to generate cDNA.
Real-time quantitative PCR was performed with the
MX3000P (Stratagene) and 2x Brilliant SYBR Green
QPCR Master Mix (Stratagene) for detection of amplified
products. Relative mRNA abundance was normalized to
18S rRNA (forward primer 5-TTA GAG TGT TCA AAG
CAG GCC CGA-3' and reverse primer 5'-TCT TGG CAA
ATG CTT TCG CTC TGG-3'). Primers were obtained
from Integrated DNA Technologies (Coralville, IA), and
designed using the manufacturer’s tools. The following
primers were used for LDLR (forward 5'-TGA CAC CGT
CAT CAG CAG AGA CAT-3' and reverse 5'-GAT GCC
ATT GGG CCA CTG AAT GTT-3'). Negative controls
contained no transcript or reverse transcriptase. RNA from
three separate cell pellets for each cell line or condition
was analyzed. Relative gene expression was calculated
using the method given in Applied Biosystems User Bul-
letin No. 2 (P/N 4303859B).

Western blotting for ERK1/2 activation

Cells were seeded into 6-well plates in growth medium
until 30-40% confluent. Medium was then changed to
growth medium with 5% FBS, 5% LD FBS, or no serum
(SF). Inhibitors were added and cells incubated for 24 h.
Cells were washed with PBS and lysed with MPER lysis
buffer (Pierce) containing Complete protease inhibitor
cocktail (Roche) and 100 mM NaF. Protein was deter-
mined by bicinchoninic acid assay. Lysates were diluted in
Laemmli loading buffer and electrophoresed on 4-12%
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bis—tris gels. Proteins were transferred to 0.2 pm nitrocel-
lulose membranes. Blots were blocked with 10% Western
Blocking Reagent (Roche) in TBST prior to exposure to
antibody diluted in 5% Western Blocking Reagent. Poly-
clonal antibodies to phospho-p42/44 MAPK and p42/44
MAPK were obtained from Cell Signaling Technology,
Danvers, MA. Bands were detected with anti-species HRP
conjugate and ECL reagent (GE Healthcare Bio-Sciences
Corp., Piscataway, NJ).

Statistical analysis

Data are represented as means and SDs. Differences
between means were determined by one-way ANOVA with
post hoc testing using Dunnett’s method to compare the
treatments with the control. The level of significance was
set at o = 0.05.

Results

Treatment with LD medium eliminated most
cytoplasmic lipid droplets

MDA-MB-231 cells were incubated for 48 h in growth
medium with either 5% FBS or 5% LD FBS. The cells
were then fixed and stained with Oil Red O and hema-
toxylin. Lipid deprivation conditions depleted the cells of
visible lipid droplets (Fig. 1).

Treatment with LD medium decreased migration

Chemotactic migration of MDA-MB-231 cells was reduced
85% when cells were grown for 48 h in medium containing
LD FBS compared to standard FBS (Fig. 2a). Because
LDL is a complex mixture of CE, TAGs, proteins and
possible other factors, we tested LDL and individual lipids
for their effects on migration (Fig. 2b). Compared to LD

& e

Fig. 1 Effect of LD medium on lipid droplets. MDA-MB-231 cells were grown for 48 h in medium with 5% FBS (a) or 5% LD FBS (b). Cells
were fixed and stained with Oil Red O and hematoxylin. Arrows indicate abundant lipid droplets in a; no lipid droplets are visible in b
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medium alone, supplementation with LDL, linoleic acid,
oleic acid or CLC (which contains a ~2:1 ratio of satu-
rated to monounsaturated fatty acids (our analysis, data not
shown)) in LD medium for 48 h resulted in increased
migration. CO had a slight but not significant effect. A
higher concentration of CO did not increase the effect (data
not shown), however we do not exclude that longer dura-
tion or repeated treatments with CO might have an effect
on migration.

ACAT inhibition reduced migration

To test if cholesterol esterification was a necessary com-
ponent of LDL-induced migration of MDA-MB-231 cells,
we used the ACAT inhibitor CP-113818. Cells were treated
with increasing doses of LDL or fatty acids in LD medium
in the presence or absence of 10 pM CP-113818 for 48 h
prior to migration assay. ACAT inhibition reduced
migration at all doses of LDL (Fig. 3a). In a similar
manner, cells treated with oleic acid or linoleic acid in LD
medium exhibited reduced migration when cholesterol
esterification was blocked (Fig. 3b).

LDLR is highly expressed in MDA-MB-231 cells

It is generally accepted that some cancer cells have higher
than normal uptake of LDL [18-20] and we showed that
TN breast cancer cells had higher uptake of LDL compared
to ER" breast cancer cells [9]. We asked if mRNA
expression of the LDLR in TN MDA-MB-231 aggressive
cancer cells was elevated compared to the immortalized but
nontumorigenic MCF-10A breast epithelial cells when both
were grown in LD medium to 70-80% confluence. We
found that mRNA expression of the LDLR in MDA-MB-
231 cells was higher (fold change 11.7, range 7.27-18.7)
compared to MCF-10A cells (1.00, range 0.77-1.30)
(P = 0.02). In addition, while the MCF-10A cells dem-
onstrated down regulation of the LDLR expression when
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Fig. 2 Effect of media lipids on migration of MDA-MB-231 cells.
a Cells were grown for 48 h in medium containing FBS or LD FBS
and then assayed for migration as described. Data are mean and SD of
three experiments. ***P < 0.001 compared to FBS b Cells were
grown for 48 h in LD medium supplemented with various lipids: OA
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Fig. 3 Effect of ACAT inhibitor CP-113818 on migration of MDA-
MB-231 cells. a Cells were treated for 48 h in LD medium with
increasing doses of LDL + 10 uM CP-113818, then assayed for
migration as described. Data are mean and SD of three experiments.

LDL was provided, consistent with normal homeostasis,
the MDA-MB-231 cells did not (Table 1). ACAT inhibi-
tion, however, resulted in lower expression of the LDLR
mRNA in both cell lines. This suggests that high ACAT
activity is a perturbation of cholesterol homeostasis in
favor of higher LDLR expression.

Effect of PKC and MEK inhibition on LDLR,
cholesterol esterification and migration

We showed that ACAT1 (mRNA and protein) and the
LDLR (mRNA) are more highly expressed in the aggres-
sive TN MDA-MB-231 breast cancer cells as compared to
the nontumorigenic MCF-10A breast epithelial cells under
similar conditions ([9] and above). The question of how
these gene expressions are controlled remains open. We
asked if inhibition of the important signaling molecules
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cholesterol, CLC cholesterol lipid concentrate, 11 pM cholesterol,
CO 5 pM cholesterol oleate. Cells were assayed for migration as
described. Data are mean and SD of three experiments. ***P < 0.001
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b Cells were treated for 48 h in LD medium with oleic acid (OA) or
linoleic acid (LA) + 10 pM CP-113818, then assayed for migration.
Data are mean and SD of three experiments. ***Different from
NONE, *different from DMSO

PKC and MEK, previously shown to inhibit cholesterol
esterification in transformed cells [21], would have similar
effects in MDA-MB-231 cells. The compound G66983
inhibits PKC isozymes o, f3, y, 0, and {. PKC inhibition in
cells provided LDL led to lower LDLR mRNA expression
in the MDA-MB-231 cells only (Table 1). Two different
MEK inhibitors also reduced LDLR expression in MDA-
MB-231 cells (Table 1).

To examine the effect of these inhibitors on migration
and cholesterol esterification, cells were treated for 48 h
with LD media + 10 pg/ml LDL cholesterol in the pres-
ence or absence of inhibitors. All inhibitors reduced
migration, with dose dependence seen for MEK inhibitors
(Fig. 4a). PKC inhibition, but not MEK inhibition, dose-
responsively reduced cholesterol esterification (Fig. 4b).
ERK1/2 activation, which was constitutive in this cell line,
was not affected by PKC inhibition (Fig. 4c).
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Table 1 Messenger RNA expression of the LDLR in MDA-MB-231
and MCF-10A cells grown in LD medium with or without 10 pg/ml
LDL cholesterol or inhibitors determined by real time PCR

Cell line Treatment Fold change to DMSO
MCF-10A NO LDL + DMSO 1.00 (0.77-1.30)
LDL + DMSO 0.47 (0.37-0.59)**
LDL + CP-113818* 0.26 (0.20-0.35)**
LDL + G66983" 0.50 (0.32-0.78)*
MDA-MB-231 NO LDL + DMSO 1.00 (0.62-1.61)

LDL + DMSO
LDL + CP-113818
LDL + G66983
LDL + U0126*
LDL + PD98059"

1.01 (0.79-1.28)

0.24 (0.21-0.28)**
0.42 (0.32-0.55)**
0.29 (0.21-0.41)**
0.25 (0.19-0.32)**

Each cell line is compared to its own control (NO LDL + DMSO)

4 Concentrations of inhibitors were: CP-113818, 10 uM; G66983,
2 uM; U0126, 10 uM; PD98059, 20 uM

* P < 0.05, ¥* P < 0.01 compared to DMSO
Discussion

Here we extend our previous work with evidence that LDL
impacts not only proliferation, but energetically costly
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migration in an in vitro model of breast cancer. TN MDA-
MB-231 breast cancer cells exhibited depletion of lipid
droplets and decreased migration when incubated in LD
medium for 48 h. Supplementation of LD medium with
LDL or free fatty acids or a mixture of free cholesterol and
free fatty acids (CLC) dose responsively restored
migration.

In normal cells, lipoproteins provide cholesterol and
fatty acids from the diet. LDL contains a core of TAG and
CE, whose constituent fatty acids supply the essential fatty
acids (such as linoleic acid and its metabolite, arachidonic
acid, an important eicosanoid precursor) to cells. The
demonstration that linoleic and oleic acid (which can be
endogenously synthesized) stimulated migration approxi-
mately equally supports that the decrease in migration in
LD medium is not due to a lack of essential fatty acids. The
fact that we could not demonstrate an effect of CE on
migration may be due simply to insolubility in cell culture
medium. We expect that the cholesterol supplied by LDL
through the normal LDL uptake pathway and stored in lipid
droplets plays an equally important role in the ability of
these cells to migrate.

Our hypothesis that cholesterol esterification (one
method of neutral lipid accumulation) is involved in
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Fig. 4 Effect of PKC and MEK inhibitors on migration and
cholesterol esterification of MDA-MB-231 cells. a Migration of cells
treated for 48 h with LD medium containing 10 pg/ml LDL
cholesterol in the presence or absence of inhibitors (LM concentra-
tions of inhibitors are indicated). Data are mean and SD of three
experiments. ¥**P < 0.01, ***P < 0.001 compared to DMSO. b Cells
were incubated for 24 h in LD medium = inhibitors. Medium was
changed to fresh LD medium + LDL and inhibitors with a H-
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cholesterol tracer. After 24 h, cholesterol esterification was deter-
mined as described. Concentrations of inhibitors were: CP-113818,
10 uM; G66983, 2 and 5 uM; U0126, 10 uM; PD98059, 50 uM. Data
are mean and SD of three experiments. ***P < 0.001 compared to
DMSO. ¢ Western blots showing activation of ERK1/2 in MDA-MB-
231 cells after 24 h in growth medium containing either FBS, LD
FBS, or no FBS (SF) = inhibitors
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migration was supported by our finding that inhibition of
ACAT reduced migration stimulated by exogenous lipids
(LDL or fatty acids). Because the primary activity of
ACAT is esterification of cholesterol to long chain fatty
acids, we considered the contribution of ACAT to intra-
cellular cholesterol homeostasis in TN MDA-MB-231
breast cancer cells. We showed that control of intracellular
cholesterol is perturbed in the direction of cholesterol
accumulation in these cells. In normal homeostasis, the free
cholesterol concentration in the endoplasmic reticulum
membrane, as a sensor of cell cholesterol availability,
influences the activation of the transcription factor that
controls the expression of the LDLR and hence LDL
uptake [22]. In MDA-MB-231 cells, addition of LDL did
not reduce LDLR expression as it did in the nontumori-
genic MCF-10A cells, but ACAT inhibition was able to
substantially reduce LDLR expression. This indicates that
the high expression and activity of ACATI1 in the MDA-
MB-231 cells, by esterifying free cholesterol and removing
it from the cholesterol sensing mechanism, allows a con-
tinued high expression of the LDLR. A similar situation
was noted in SV40 transformed rodent fibroblasts, which
exhibited a 5- to 9-fold increase in intracellular CEs, a
twofold increase in LDLR number, and insensitivity to
LDL-induced down regulation of LDLR compared to
nontransformed cells [23].

ACAT activity was previously found to be important in
U87 glioma cells and NIH-3T3 cells expressing a consti-
tutively active cholecystokinin 2 receptor, where inhibition
of cholesterol esterification reduced proliferation and
invasion [21]. Our data provides evidence of a similar role
for ACAT1 in MDA-MB-231 breast cancer cells.

ACATI1/SOATI1 was recently identified as differentially
over-expressed in the prognostically useful “claudin-low”
designation of a subtype of breast cancer cell lines which
includes MDA-MB-231 [24]. In fact, over-expression of
ACAT! in cancer compared to normal cells was seen in
multiple analyses across a wide variety of cancer types,
including brain, breast, cervical, head and neck, kidney and
leukemia (oncomine.org, [25]) suggesting a more general
role for high ACAT1 expression in cancer.

It remains unclear what mediates the high expression of
the LDLR in some cancer cells, although a growth pathway
might be suspected. The Ras/Raf-1/MEK/ERK pathway is
an important oncogenic pathway due to the presence of Ras
mutations in many human malignancies [26]. Sustained
activation of ERK1/2 in the MDA-MD-231 cell line such
as we noted (Fig. 4) was found by others to be critical for
cell motility and invasiveness [27]. The degree of ERK1/2
activation correlated with the expression level of the LDLR
in HepG2 cells stably expressing an inducible form of
oncogenic Raf-1 kinase [28]. Our results were consistent
with an involvement of this pathway, as we found that in

MDA-MB-231 cells MEK inhibition resulted in lower
expression of the LDLR and reduced migration but no
effect on cholesterol esterification. PKCo is a critical
mediator of migration in MDA-MB-231 breast cancer cells
[29], and PKC{ was shown to be involved in both invasion
and cholesterol esterification in U87 glioma cells [21]. In
our study, an inhibitor of PKC (including PKCo and PKC{
isozymes) reduced expression of the LDLR, cholesterol
esterification and migration while only LDLR expression
and migration were inhibited by ERK1/2 inhibition. These
results are different from Paillasse et al. [21], who showed
that PKC( are involved in cholesterol esterification through
activation of ERK1/2. However, different cell types may
utilize different pathways and it will require further
investigation to completely understand the regulation of the
LDLR and cholesterol esterification in breast cancer cells.

How neutral lipid accumulation contributes to migration
is unclear. Because migration, like proliferation, is an
energy-intensive process, the energy benefit derived from
uptake of circulating fatty acids and cholesterol as a sub-
stitute for de novo biosynthesis may be used to drive
migration. Although de novo cholesterol synthesis is active
in MDA-MB-231 cells, we are proposing a beneficial
trade-off of increased uptake for decreased synthesis. This
is supported by our previous demonstration that under
identical conditions cholesterol synthesis in the TN MDA-
MB-231 cells was only about 40% of the synthesis in ER*
MCEF-7 cells, while LDL uptake was ~ fourfold higher [9].
A similar distinction was made in early work between
Ehrlich ascites tumor cells, where the intracellular accu-
mulation of CE was obtained from exogenous lipids, and
Morris hepatoma cells, where most of the intracellular
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— Farmer study (n=43)
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Fig. 5 Pearson correlation coefficients (r) for the mRNA expression
of lipid metabolizing genes with ERx (ESR1) from two studies of
human breast tumors [10, 12]. Normalized gene expression data were
retrieved from the NCBI Geoprofiles database. ADFP/PLIN2 (adipo-
philin); FASN (fatty acid synthase), SREBF1 (steroid response
element binding protein 1); HMGCR (3-hydroxy-3-methylglutaryl-
CoA reductase). P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001
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cholesterol was derived from a high rate of de novo syn-
thesis [30]. A sample of gene expression data from human
breast tumors shows that genes involved in lipid uptake and
storage (ACATI1/SOATI1, ADFP/PLIN2, and LDLR) are
negatively, while genes involved in lipid synthesis (FASN,
SREBF1, and HMGCR) are positively correlated to ERx
(ESR1) (Fig. 5).

It is also important to consider the possible role of
cytoplasmic lipid droplets in cancer cells that may go
beyond mere storage of neutral lipids. Lipid droplets are
attached to microtubules [31, 32] and move to the farthest
reaches of cytoplasmic protrusions in breast cancer cells
(our own observations). They are involved in lipid traf-
ficking within the cell [33], interact with other organelles
such as mitochondria and peroxisomes [34], and provide a
site for lipid signaling [35]. Oleic acid, which readily
promotes the formation of lipid droplets, was recently
shown to stimulate motility of MDA-MB-231 cells [36,
37]. Whether and how lipid droplets in a cell may con-
tribute to migration is a possible new area for investigation.

In summary, we showed that provision of lipids to the
culture medium is required for migration of the highly
motile TN breast cancer cell line MDA-MB-231. Further,
we demonstrated that pharmacological inhibition of cho-
lesterol esterification reduced migration in the presence of
exogenous lipids. Tumors with a similar phenotype, char-
acterized by high expression of ACATI1 and LDLR, might
also depend on exogenous lipids for their aggressive
behavior. Higher circulating lipids would support the
growth and metastasis of these types of tumors, which
could be targeted with ACAT inhibitors, lipid lowering
therapies or diet.
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