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Abstract Several studies indicate that cholesterol esterifi-
cation is deregulated in cancers. The present study aimed to
characterize the role of cholesterol esterification in prolif-
eration and invasion of two tumor cells expressing an acti-
vated cholecystokinin 2 receptor (CCK2R). A significant
increase in cholesterol esterification and activity of Acyl-
CoA:cholesterol acyltransferase (ACAT) was measured in
tumor cells expressing a constitutively activated oncogenic
mutant of the CCK2R (CCK2R-E151A cells) compared with
nontumor cells expressing the wild-type CCK2R (CCK2R-WT
cells). Inhibition of cholesteryl ester formation and ACAT
activity by Sah58-035, an inhibitor of ACAT, decreased by
34% and 73% CCK2R-E151A cell growth and invasion. Sus-
tained activation of CCK2R-WT cells by gastrin increased
cholesteryl ester production while addition of cholesteryl
oleate to the culture medium of CCK2R-WT cells increased
cell proliferation and invasion to a level close to that of
CCK2R-E151A cells. In U87 glioma cells, a model of auto-
crine growth stimulation of the CCK2R, inhibition of cho-
lesterol esterification and ACAT activity by Sah58-035
and two selective antagonists of the CCK2R significantly
reduced cell proliferation and invasion. In both models,
cholesteryl ester formation was found dependent on pro-
tein kinase zeta/ extracellular signal-related kinase 1/2
(PKC{/ERK1/2) activation.lll These results show that sig-
naling through ACAT/cholesterol esterification is a novel
pathway for the CCK2R that contributes to tumor cell pro-
liferation and invasion.—Paillasse, M. R., P. de Medina., G.
Amouroux, L. Mhamdi, M. Poirot, and S. Silvente-Poirot.
Signaling through cholesterol esterification: a new pathway
for the cholecystokinin 2 receptor involved in cell growth
and invasion. J. Lipid Res. 2009. 50: 2203-2211.
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The cholecystokinin 2 receptor (CCK2R) is a G protein-
coupled receptor that mediates important physiological
functions by binding cholecystokinin and gastrin peptides
(1, 2). The CCK2R regulates the growth of normal and
neoplastic gastrointestinal mucosal cells and the growth of
different cells outside the digestive system (3-11). The
growth-promoting action of the CCK2R has led to exten-
sive investigations of its role in carcinogenesis and its ex-
pression in cancer. The expression of the CCK2R has been
reported on malignant adenocarcinomas arising within all
areas of the gastrointestinal tract mucosa, hepatomas, and
colorectal liver metastases, as well as in different cancers of
neuroendocrine origin (8, 12—-15). CCK2R expression may
also be coupled with the coexpression of gastrin and CCK
in different human tumors and cancer cell lines. A perma-
nent activation of the CCK2R by a gastrin/CCK-CCK2R
autocrine loop has been reported to promote cell growth
in different tumor cells (4, 14-20).

We have developed an experimental model of perma-
nent activation of the CCK2R by expressing a constitutively
active mutant of the CCK2R in NIH-3T3 cells resulting
from the mutation of the Glul51 residue to an Ala (CCK2R-
E151A mutant). The CCK2R-E151A mutant induced in-
creased cell proliferation and invasion as well as the
formation of tumors in mice, while no such effects were
observed when the CCK2R wild-type was expressed in NIH-
3T3 cells, showing a link between the constitutive activation
of the CCK2R and tumor formation (21). Although the
proliferative effects of the CCK2R after its activation are
well recognized, the molecular and intracellular mechanisms

Abbreviations:  ACAT, acyl-CoA:cholesterol acyltransferase; CCK2R,
cholecystokinin 2 receptor; CO, cholesteryl oleate; cPKC, classical pro-
tein kinase C; DFMO, a-difluoromethyl-ornithine; ERK, extracellular
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ylase; TBP, Tata Box binding protein.
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by which the CCK2R modulates cell growth have not been
fully elucidated. Previous studies have reported that the
stimulation of the CCK2R by its agonist ligands activates
various signal transduction pathways implicated in cell
proliferation, including phospholipase C, mitogen-activated
protein kinases, expression of early growth-responsive
genes, and activation of ornithine decarboxylase (ODC)
(6). More recently, gastrin has been shown to activate cell
proliferation in colorectal tumors by a mechanism involv-
ing the phosphorylation and degradation of the nuclear
receptor peroxisome proliferator-activated receptor v,
a transcriptional factor reported to lower cholesterol
metabolism when activated by agonist ligands (22). A link
between CCK2R activation and the regulation of choles-
terol metabolism has recently been reported in neuronal
cells. Indeed, PC12 cells transfected with the CCK2R regu-
lated a set of genes involved in cholesterol metabolism in
response to CCK (23). However, to date, no studies have
implicated the cholesterol metabolism in the growth-
promoting effects of the CCK2R in tumor cells. Cholesterol
is a crucial component of cell membranes that plays an
important role in the organization of lipid bilayers and is
essential for membrane biogenesis and cell proliferation.
In addition, cholesterol has been shown to modulate the
functions of G protein coupled-receptors and to partici-
pate in several membrane trafficking and transmem-
brane signaling processes (24-26). Cholesterol synthesis is
normally tightly regulated to maintain the appropriate
cholesterol level in cells. Cholesterol esterification by acyl-
CoA:cholesterol acyltransferase-1 and -2 (ACATI and
ACAT?2) is a mechanism used by cells to prevent the accu-
mulation of free cholesterol and its conversion to oxy-
sterols (26, 27). Increased production of cholesteryl esters,
ACAT expression and activation has been measured in dif-
ferent human tumors compared with normal tissue. In
addition, a greater capacity to esterify and accumulate
cholesterol in tumor cells has been associated with a higher
growth rate, suggesting a link between cholesteryl ester
production and cell proliferation (28-32).

The present study was undertaken to characterize the
pattern of cholesterol esterification in tumor cells express-
ing an activated CCK2R and its role in cell proliferation
and invasion mediated by this receptor. For this purpose,
we used the tumor model of permanent activation of the
CCK2R that we have engineered versus that of the non-
tumor cells expressing the wild-type CCK2R (21) as well as
U87, a human glioma cell line expressing an activated
CCK2R in which proliferation has been shown to be stimu-
lated by CCK2R agonists in an autocrine manner (20).

MATERIALS AND METHODS

Materials

Sah58-035 (PRK 058035) was provided by Novartis Institutes
for BioMedical Research (Switzerland). 1365260 and YM022
were kindly provided by Dr. A. Bado (INSERM U77, Paris 7, Paris,
France) and the dominant negative (T410A) PKC{ plasmid (dn
PKCz) by Pr. Ferdinando Auricchio (University of Naples, Italy).
Inhibitors were from Calbiochem. Gastrin was from Neosystem.
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Cholesteryl oleate (CO) was from Sigma-Aldrich and its purity
was verified by TLC. ["*C]cholesterol (58 Ci/mol) and ["*C]cho-
lesteryl oleate (58 Ci/mol) (1 Ci = 37GBq) were purchased from
General Electric Healthcare (Little Chalfont, Bukhinghamshire,
UK). Solvents were from VWR. Silica gel TL.C plates (60 A pores)
were from Fluka. The antibodies were from Cell Signaling. Matri-
gel® was from Becton Dickinson.

Cell culture

All cell lines were grown in DMEM supplemented with 10%
fetal calf serum (FCS) and 2 mM r-glutamine. NIH-3T3 clones
stably expressing CCK2R-WT, CCK2R-E151A, and empty vector
were obtained previously (21). U87-MG cells were from LGC,
UK. Cells were split when they were 80% confluent. In all experi-
ments, cells were counted using a Coulter counter (Beckman-
Coulter).

Cholesterol esterification analysis

Cells were seeded in 6-well plates (40,000 cells/well) in DMEM
with 10% FCS. Two da}fs after seeding, cells were simultaneously
treated for 24 h with "“C-cholesterol (0.1 pCi/pl-2 pl/dish) and
with the indicated inhibitors or vehicle, or with 10 nM gastrin or
vehicle every h over 16 h. After incubation, cells were washed,
scraped, and neutral lipids were extracted with chloroform-
methanol (2:1,v/v) asin (33). The chloroform phase containing
the lipids was evaporated to dryness under nitrogen and the resi-
dues were dissolved in 50 pl of ethanol at 4°C. Samples were
spotted on Fluka 20 x 20 silica gel plates previously heated 1 h at
100°C and developed using n-hexane-diethyl ether-acetic acid
(70:30:1, v/v/v). The radioactive metabolites were identified and
quantified on TLC plates either by using a GP storage phos-
phor screen (GE Healthcare) and a phosphorimager (STORM
840, GE Healthcare; the peak integration was obtained by using
ImageQuant 5.2 software) or by liquid scintillation counting of
the cholesteryl ester region. The positions of cholesterol and
cholesteryl esters were determined using '*C-radiolabeled cho-
lesterol and CO standards. The Rf for cholesterol and CO were
0.20 and 0.85, respectively.

Transfection assay

Cells were seeded in 6-well plates (40,000 cells/well) in DMEM
with 10% FCS. One day after seeding, cells were transfected with
2 pg mock or dominant negative-PKC  with Fugene 6° transfec-
tion reagent (Roche) in a 1:6 (v/v) ratio. One day after transfec-
tion, cells were incubated with '*C-cholesterol (0.1 pCi/pl -2 pul/
dish) in DMEM with 10% FCS for 24 h. Cholesterol esterification
was then determined as described above.

ACAT activity assay on cell lysates

Cells were seeded in 140 mm diameter dishes (450,000 cells/
dish) in DMEM with 10% FCS. Two days after, the dishes were
treated for 24 h with Sah 58-035 or with the vehicle. Cells were
then pelleted and disrupted in a manual ground-glass homoge-
nizer in 150 pl of 10 mM-potassium phosphate (pH 7.4) /1 mM-
dithiothreitol/1 mM-EDTA and protein concentrations were
determined as in (34). Assays for ACAT activity were performed
by measuring the formation of cholesteryl [MC] oleate as reported
in (35). Briefly, 280 pg of proteins in 250 pl 0.1 M potassium
phosphate buffer (pH 7.4) containing 5% volume dimethylform-
amide and 9 nmol of fatty acid-free BSA were incubated with
[HC]Oleyl CoA (100 pM, 0.25 pCi) for 5 min at 37°C. The reac-
tion was terminated by adding 3 ml of chloroform-methanol
(2:1) and 500 pl of 0.04 N HCI. After shaking, the lower phase
was taken and reduced to dryness under nitrogen. Lipids were
analyzed by TLC as described above.
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Quantitative real-time PCR

Cells were grown in 100 mm dishes in DMEM with 10% FCS
until they were 80% confluent. Total RNA was extracted using
the QIAmp RNA kit (Qiagen). RNA integrity was measured
using an Agilent 2100 Bioanalyzer. The DNA strand synthesis
was carried out using 1 pg of DNase-treated RNA with the
iScriptTM cDNA Synthesis kit (Bio-Rad) following the protocol
provided by the manufacturer. Real-time PCR was carried out
using the icycler iQ"™ Real Time Detection system (Bio-Rad).
Amplification reactions were done with the iQTMSYBR Green
Supermix (Bio-Rad). The forward and reverse primers used at
900nMwere,respectively: 5-TACCGAGACAACTACCCAAGG-3’
and 5-AGGACACGAGCACTGAAGG-3’ for ACAT1; 5"-GCTCT-
GCTGCTCTCCATC-3" and 5'-GTTCCAGGTGCGGTAGTAG-%’
for ACAT-2; 5-ACTTCGTGCAAGAAATGCTGAA-3" and 5-GCAG-
TTGTCCGTGGCTCTCT-3' for Tata Box binding protein (TBP).
Amplification was carried out as follows: 95°C for 3 min, followed
by 40 cycles at 95°C for 15 s, 60°C for 1 min (iCycler, Bio-Rad).
Levels of ACAT1 and ACAT2 were normalized to TBP. Thresh-
old cycle (Ct) values were generated by the iCycler iQ software
(Bio-Rad).

Western blotting analysis

Cells were seeded in 100 mm diameter dishes (500,000 cells/
dish) in DMEM with 10% FCS. After 2 days, cells were incubated
for 24 h with the indicated inhibitors, then stimulated or not with
10 nM gastrin for 10 min, washed, and incubated with lysis buffer
[30 mM HEPES (pH 7.5), 1%, Triton x100 10% glycerol, 10 mM
NaCl, 25 mM NaF, 5 mM MgCl,, 1 mM EDTA] in the presence of
a mixture of protease inhibitors (Sigma-Aldrich) for 45 min at
4°C and centrifuged at 12,000 x gfor 10 min at 4°C. The proteins
were separated on 10% SDS-PAGE gels, electrotransferred onto
polyvinylidene difluoride membranes, and incubated overnight
at 4°C with the rabbit anti-phospho ERK1/2 (Thr202/Tyr204)
(1:1,000) or the rabbit anti-ERK2 (1:1,000). After saturation, the
membranes were incubated 1 h at 37°C with the rabbit anti-Hrp
(1/1000). Visualization was achieved with an ECL plus kit and
autoradiography.

Cell growth assays

Cells were seeded in 6-well plates (40,000 cells/well) in DMEM
with 10% FCS. Two days after seeding, cells were treated for 48 h
and 72 h with the indicated concentration of chemicals or with
the vehicle. For assay with CO (4 pg/ml/day), the treatment was
repeated at 24 h and 48 h. At the indicated time, cells were
trypsinized and counted using a Beckman-Coulter counter.

Cell invasion assays

Cells were seeded in 6-well plates (40,000 cells/well) in DMEM
with 10% FCS. After 24 h, cells were pretreated for 24 h in the
presence of the indicated chemicals or vehicle in DMEM with 2%
FCS, then harvested and counted. CCK2R-WT or E151A cells
(20,000 cells) and U87-MG cells (50,000 cells) were layered in
serum free DMEM on the top of Nunc filters (8 mm diameter,
8 pm pore size) coated with growth factor-reduced Matrigel (250
pg/ml Matrigel®) in the presence of the appropriate chemical
or vehicle. The bottom of the filter was filled with 10% FCS/
DMEM. After 48 h at 37°C, cells that had invaded the Matrigel®
and were attached to the lower face of the filter were fixed,
stained with Giemsa stain, and counted under the microscope.

Statistical analysis

Statistical analysis was carried out using a Student’s ttest for
unpaired variables. *, ** and *** in the figure panels refer to
probabilities (P) of <0.05, <0.01, and <0.001, respectively, compared

with vehicle-treated cells. Change of reference is indicated in the
legend of the figure when necessary.

RESULTS

To study the pattern of cholesterol esterification in cells
expressing the CCK2R, we first used NIH-3T3 clones previ-
ously generated that express similar levels of wild-type
(CCK2R-WT cells, clones WT4 and WT5) and mutated
receptors (CCK2R-E151A cells, clones M1 and M40), as
well as two clones expressing the empty vector (control
cells, clones C20 and C50) (21). In the previous study, the
constitutive activity of the CCK2R-E151A mutant expressed
in NIH-3T3 cells was associated with enhanced cell prolif-
eration and invasion as well as the formation of tumors in
nude mice while no such effects were observed with cells
expressing the CCK2R wild-type.

Cholesteryl ester formation is increased in tumor cells
expressing the constitutively active mutant

As shown in Fig. 1, the pattern of basal cholesterol es-
terification in the CCK2R-E151A tumor cells (lanes 5 and
8) was compared with that of the nontumor CCK2R-WT
(lanes 4 and 7) and control cells (lanes 3 and 6) by incu-
bating cells over 24 h with "C-cholesterol. TLC analysis
showed that the level of basal cholesterol esterification was
similar in the two CCK2R-WT and control clones (16.7
0.8 and 18.5 + 0.9 pmol/106cell/24 h, respectively) while
basal cholesterol esterification was 4 times greater in the
CCK2R-E151A clones (69.5 + 1.0 pm01/106ce11/24 h), in-
dicating that the increase in cholesteryl ester formation
was the result of the constitutive activation of the mutant.
Because similar results were obtained between the two
wild-type clones and the two mutant clones, subsequent
studies were realized with clones WT5H and M1. We then
determined whether activation of the CCK2R-WT could
induce cholesteryl ester formation by incubating the
CCK2R-WT cells with *C-cholesterol and 10 nM gastrin.
As shown in Fig. 1, lane 10, gastrin induced a 1.6-fold in-
crease in cholesteryl ester formation (16.1 +0.3 prnol/lO6
cells/24 h) compared with cells treated with the vehicle
(9.9+0.2 pmol/lOb cells/24 h) (Fig. 1,lane 9) when added
every hour over 16 h to mimic sustained activation of the
CCKZ2R and to overcome peptide degradation. These data
indicate that the increase in cholesteryl ester formation
measured in cells expressing the CCK2R-EI151A mutant
was not peculiar to the constitutively active mutant, be-
cause the CCK2R-WT showed cholesteryl ester formation
when stimulated by gastrin.

The activity and expression of ACAT is increased in
tumor cells expressing the constitutively active mutant
We next measured the mRNA level of the two isoforms
of ACAT (ACAT1 and ACAT?2) and carried out an enzy-
matic test to measure ACAT activity in cell lysates (35). As
shown in Fig. 2A, the ACAT1 and ACAT2 mRNA levels
were 1.69- and 1.39-fold higher in the CCK2R-E151A cells
than in the CCK2R-WT cells. In addition, ACAT activity
was 1.5-fold higher in tumor cells (133 + 8 pmol/min/mg
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Fig. 1. Analysis of cholesterol esterification in CCK2R-E151A and
CCK2R-WT cells. Analysis of cholesterol esterification in Mock,
clone 50 and 20 (lane 3 and 6, respectively), CCK2R-WT cells,
clone WT5 (lane 4) and clone WT2 (lane 7) or CCK2R-E151A cells,
clone M40 (lane 5) or clone M1 (lane 8) incubated with "C-choles-
terol (5.7 pM, 0.6 pCi) for 24 h and analysis of cholesterol esterifi-
cation in CCK2R-WT cells incubated with "*C-cholesterol (5.7 M,
0.6 pCi) for 24 h and then treated with the solvent vehicle (lane 9)
or with 10 nM gastrin (lane 10) added every hour for 16 h. After
incubation, radiolabeled lipids were extracted, analyzed, and quan-
tified as described in Materials and Methods. The positions of the
different lipids have been determined using "“Crabeled cholesterol
(lane 1) and cholesteryl oleate (lane 2) as standards. Representa-
tive autoradiograms from three independent experiments are
shown.

proteins) than in nontumor cells (86.7 + 7.2 pmol/min/
mg proteins) (Fig. 2B) and was completely inhibited by
incubating cells with Sah 58-035 (5.3 + 1.8 pmol/min/mg
proteins), an inhibitor of the ACAT (36) (Fig. 2B). These
data indicate that the formation of cholesteryl esters in the
CCK2R-E151A cells is associated with an increase in the
activity and expression of ACAT.

Erk activation and PKC( are involved in cholesteryl ester
formation in the CCK2R-E151A cells

To identify the intracellular signaling pathways coupling
the constitutive CCK2R-E151A mutant to the formation of
cholesteryl esters, we next examined the effects of differ-
ent inhibitors of the main signaling pathways known to be
activated by the CCK2R and/or the CCK2R-E151A mu-
tant. As a control, we used the ACAT inhibitor Sah 58-035
(25 pM) that completely inhibited the formation of cho-
lesteryl esters (Fig. 3A). As we showed that the CCK2R-
E151A mutant constitutively activated ODC (21), we first
studied the effect of polyamine depletion on cholesteryl
ester formation by treating the CCK2R-E151A cells with
a-difluoromethyl-ornithine (DFMO), a specific inhibitor
of ODC (37). As shown in Fig. 3A, cholesteryl ester forma-
tion was not affected when cells were treated for 24 h with
5 mM DFMO, indicating that ODC activity is not involved
in cholesteryl ester formation.

Because we had also shown that the CCK2R-E151A
mutant was linked to an increase in phosphatidylinositol
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Fig. 2. Analysis of ACAT expression and activity in CCK2R-E151A
and CCK2R-WT cells. A: ACAT1 and ACAT2 mRNA in the
CCK2R-WT (WT) and CCK2R-E151A (E151A) cells was analyzed
by real-time PCR. Expression of each gene was normalized to TBP
with the values from the CCK2R-WT set as one. Values are the
mean + SEM of 4 separate experiments performed in triplicate. B:
ACAT activity was assayed after treatment of cells for 24 h with the
vehicle (WT and E151A) or with 25 pM Sah 58-035 (E151A +
Sah58035) as described in Materials and Methods. Values are the
mean + SEM of three separate experiments.

hydrolysis (21), which is necessary to activate DAG-sensitive
classical and novel PKCs (cPKC and nPKC, respectively),
we tested inhibitors of these PKCs. As shown in Fig. 3A, the
involvement of cPKC and nPKC was studied by using cal-
phostin C, an inhibitor of diacylglycerol-dependent PKC
isoforms and the calcium chelator BAPTA, an inhibitor of
cPKC. These two inhibitors were ineffective in inhibiting
cholesteryl ester formation; instead, the inhibition of these
PKCs increased cholesteryl ester formation. By contrast,
G066983, an inhibitor of cPKCs, nPKCs, and the atypical
PKC, PKC{ (38), completely abolished the basal formation
of cholesteryl esters (Fig. 3A). Because the involvement of
cPKC and nPKC isoforms in the increase in cholesteryl es-
ter formation was ruled out by experiments using calphos-
tin Cand BAPTA, these data would suggest an involvement
of PKC{. This was confirmed by using a dominant negative
mutant of PKC{ that completely inhibited the constitu-
tive formation of cholesteryl esters when expressed in
the CCK2R-E151A cells (Fig. 3B). We then investigated
the contribution of the mitogen-activated protein kinases
MAP-kinase kinase (MEK)/ERK1/2, a pathway activated
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Fig. 3. Inhibition of cholesterol esterification in CCK2R-
E151A cells. Cholesterol ester formation was determined as
described in Materials and Methods. A: After 24 h treatment
of the CCK2REI51A cells with '“C-cholesterol (5.7 pM, 0.6
pCi) and with either the solvent vehicle (control) or the indi-
cated inhibitors: Sah 58-035 (25 pM), DFMO (5 mM), BAPTA
(10 pM), Calphostin C (1 pM), G66983 (10 pM), and PD
98053 (50 pM). Values are expressed relative to that of cells
treated with the solvent vehicle (control) and are the mean +
SEM of three separate experiments performed in triplicate.
B: After 24 h treatment of the CCK2R-E151A cells, transfected
with the empty vector (Mock) or the dominant negative
PKC{ (AnPKCz) plasmids, with "*C-cholesterol (5.7 1M, 0.6
pCi). Values are the mean + SEM of 3 separate experiments
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by the CCK2R that has been reported to be dependent on
both DAG-sensitive and DAG-insensitive PKC. As shown in
Fig. 3A, the formation of cholesteryl esters was prevented
by incubating the CCK2R-E151A cells with the MEK inhib-
itor PD98059. To determine whether ERK1/2 is a down-
stream target of PKC{, the CCK2R-E151A cells were
incubated with calphostin C or G66983 and ERK1/2
phosphorylation was analyzed by western blotting. As a
comparison, similar treatments were carried out with
CCK2R-WT cells before activation with gastrin. As shown
in Fig. 3C, an increased basal phosphorylation of ERK1/2
was observed in CCK2R-E151A cells compared with
CCK2R-WT cells (lane 1 vs. 3 or lane 6 vs. 8), showing that
ERK1/2 were constitutively activated in the CCK2R-E151A
cells. Treatment with calphostin C did not inhibit ERK1/2
phosphorylation in the CCK2R-E151A cells (lane 2 vs. 1)
but reduced gastrin-stimulated ERK1/2 phosphorylation
in the CCK2R-WT cells (lane 5 vs. 4). Treatment with
G066983 inhibited ERKI1/2 phosphorylation in the CCK2R-
E151A cells (lane 7 vs. 6) and gastrin-stimulated ERK1/2
phosphorylation in the CCK2R-WT cells (lane 10 vs. 9).
Taken together, these results indicated that the ERKI1/2
in the CCK2R-EI51A cells is a downstream target of
PKCL.

Inhibition of cholesteryl ester formation has an impact
on CCK2R-E151A cell proliferation and invasion

We then investigated the role of the cholesteryl ester
formation to the enhanced proliferation and invasion
previously reported for the CCK2R-E151A cells (21).
Treatment for 48 h and 72 h with the ACAT inhibitor
Sah 58-035 at 25 pM, a concentration that completely
inhibited cholesterol esterification, reduced in a time-
dependent manner the growth rate of the CCK2R-E151A
cells. A decrease of 34%, from 1.8- to 1.2-fold, was mea-
sured at 72 h compared with the CCK2R-WT cells (Fig.
4A). Similarly, treatment with 25 pM Sah 58-035 for 48
h reduced by 73% the invasiveness of the CCK2R-E151A
cells (Fig. 4B).

performed in triplicate. C: CCK2R-E151A and CCK2R-WT
cells were incubated overnight either with the solvent vehicle,
calphostin C (1 pM) or G66983 (10 pM), then stimulated

: . or not with 10 nM gastrin for 10 min. Phosphorylated

(p-ERK1/2) or total (ERK2) expression levels were analyzed
as described in Materials and Methods. Representative blots

10 from three independent experiments are shown.

Cholesteryl esters added to the culture medium stimulate
the proliferation and invasiveness of the nontumor
CCK2R-WT cells

To further investigate the impact of cholesteryl esters
on cell proliferation and invasion, we studied the effects of
cholesteryl esters added to the culture medium of the
CCK2R-WT cells. For this purpose, the CCK2R-WT cells
were cultured in medium containing 4 pg/ml cholesteryl
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Fig. 4. Effects of ACAT inhibitor on CCK2R-E151A cell prolifera-
tion and invasion. A: After 48 h and 72 h treatment with the solvent
vehicle (control) or 25 pM Sah 58-035, proliferation of the CCK2R-
E151A cells was assayed by cell counting. B: After 24 h treatment
with the solvent vehicle or 25 pM Sah 58-035, cell invasion was as-
sayed using matrigel-coated filters as described in Materials and
Methods. After 48 h, cells on the lower surface of the filters were
stained and counted under a phase-contrast microscope. Values
are expressed relative to that of the CCK2R-WT cells and are the
mean = SEM of 3 separate experiments.
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oleate (CO), the main cholesteryl ester formed intracel-
lularly (39) and compared with CCK2R-WT and CCK2R-
E151A cell culture in the absence of CO. As shown in Fig. 5A,
during the first 48 h of treatment, not significant changes
were observed. By contrast, after 72 h of treatment, the
growth rate of the CCK2R-WT cells cultured with CO was
significantly increased and close to that of the CCK2R-
E151A cells (1.6-fold vs. 1.8-fold, respectively). In addition,
the CCK2R-WT cells cultured with CO for 48 h displayed a
3.5-fold greater invasive capacity than vehicle-treated
CCK2R-WT cells. For comparison, the CCK2R-E151A cells
had a 5.5-fold higher invasive capacity (Fig. 5B).

Inhibition of cholesteryl ester formed through the
activation of the CCK2R reduced U87 cell proliferation
and invasion

To further characterize the importance of cholesteryl
esters in proliferation and invasion of cells expressing an
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Fig. 5. Effect of cholesteryl oleate on CCK2R-WT cell prolifera-
tion and invasion. A: CCK2R-WT cells (WT) or CCK2R-E151A cells
(E151A) were treated with 4 pg/ml cholesteryl oleate (+ CO) or
the solvent vehicle (— CO) for 48 h or 72 h and proliferation was
assayed by cell counting. B: Invasion by CCK2R-WT cells (WT) pre-
treated for 24 h with cholesteryl oleate (4 pg/ml) and layered on
the top of Matrigel-coated filters in serum-free medium containing
cholesteryl oleate (4 pg/ml) for 48 h (+ CO) and invasion by
CCK2R-WT cells (WT) and CCK2R-E151A cells (E151A) treated
similarly with the solvent vehicle (— CO). After 48 h, cells on the
lower surface of the filters were stained and counted. Values are
expressed relative to that of the CCK2R-WT cells treated with the
solvent vehicle (—CO) and are the mean + SEM of three separate
experiments.
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activated CCK2R, we evaluated cholesteryl ester produc-
tion in U87 human glioma cells, a tumor cell line in which
an autocrine activation of the CCK2R by its agonist has
been shown to control cell growth (20). As shown in Fig.
6A, the pattern of cholesteryl ester formation was assessed
by incubating U87 cells over 24 h with "C-cholesterol in
the absence (lane 3) or presence of Sah 58-035 (lane 4).
Sah 58-035 inhibited by 90% cholesterol esterification
(86.5+1.9vs. 7.7 £ 0.9 prnol/lO6 cell/24 h; Fig. 6B). To
characterize whether the activated CCK2R could mediate
cholesteryl ester formation, we performed similar experi-
ments in the presence of L365260 and YM022 (lanes 9 and
10), two selective and potent antagonists of the CCK2R
(40, 41). 1365260 and YM022 decreased by 93% and 65 %,
respectively, the esterification of cholesterol (6.5 + 1.1 and
30.0 = 3.7 pmol/10°cell /24 h; Fig. 6B). In a similar man-
ner, ACAT activity was completely inhibited with Sah 58-
035 and by 84% and 73% with L365 260 and YM22,
respectively (Fig. 6C).

We then characterized whether PKC{ and ERK1/2 were
also involved in cholesteryl ester formation in U87 cells. As
shown in Fig. 6A, cholesteryl ester production was not in-
hibited by BAPTA (lane 5) or calphostin C (lane 6) but
instead both inhibitors increased their formation. In con-
trast, cholesterol esterification was inhibited by 93% and
85% with G66983 (lane 7) and PD98059 (lane 8), respec-
tively, indicating that cholesteryl ester formation is mainly
dependent on PKC { and MEK/ERK1/2. We then deter-
mined whether cholesteryl esters formed by the activated
CCK2R were involved in U87 proliferation and invasion.
The growth rate of U87 cells was shown inhibited in a
time-dependent manner by Sah 58-035, 1365260, and
YMO022 (Fig. 6D). After 72 h treatment, U87 proliferation
was inhibited by 32% with Sah 58-035 and by 38% and
56% with 1365260 and YM022, respectively (Fig. 6D). In
addition, the invasiveness of the U87 cells was inhibited by
60% with Sah 58-035, 80% with 1.365206, and 61% with
YM22 (Fig. 6E). Together, these results indicate that cho-
lesteryl ester formation produced by the CCK2R contrib-
utes to the proliferation and invasiveness of these cells.

DISCUSSION

Different studies suggest that cholesteryl esters and
ACAT are involved in various aspects of tumor transforma-
tion. Indeed, in cells isolated from patients with lympho-
blastic T-cell leukemia, a positive correlation between
increased cholesterol esterification and growth rate was as-
sociated with higher ACAT mRNA levels, suggesting a link
between cholesteryl ester formation and cell proliferation
(30, 42). In addition, higher expression and activity of
ACAT1 protein in clear cell type renal carcinoma com-
pared with normal kidney tissues have been shown associ-
ated with increased levels of cholesteryl ester and with
tumor grade (32). In line of these results, we were able to
demonstrate in the present study the importance of cho-
lesteryl esters and ACAT in the proliferation and invasive-
ness of two tumor cell lines through the sustained activation
of the CCK2R.
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Fig. 6. Inhibition of cholesterol esterification in U87 cells and effect on cell proliferation and invasion. A: Analysis of cholesterol esterification
in U87 cells treated for 24 h with the solvent vehicle (control, lane 3), 25 pM Sah 58-035 (lane 4), 10 pM BAPTA AM (lane 5), 1 pM calphostin
C (lane 6), 10 pM G66983 (lane 7), 50 pM PD98059 (lane 8), 0.1 pM L365,260 (lane 9), and 0.1 pM YMO022 (lane 10) in the presence of "e-
cholesterol (5.7 pM, 0.6 pCi). Radiolabeled lipids were extracted, analyzed, and quantified as described in Materials and Methods. The positions
of the different lipids have been determined using "Clabeled cholesterol (lane 1) and "Clabeled cholesteryl oleate (lane 2) as standards. A
representative autoradiogram from three independent experiments is shown. B: Quantitative analysis of cholesterol ester formation in U87 cells
treated with the different chemicals used in A or with the solvent vehicle (control). C: ACAT activity was assayed as described in Materials and
Methods after treatment of cells for 24 h with the solvent vehicle (control), 25 pM Sah 58-035, 0.1 pM L365 260, or 0.1 pM YM022. Values are the
mean + SEM of three separate experiments. D: U87 cells were treated for the indicated time with the solvent vehicle (control), 25 pM Sah 58-035,
0.1 pM L365 260, and 0.1 pM YM022 and proliferation was assayed by cell counting. E: After 24 h pretreatment with either the solvent vehicle, 25
pM Sah 58-035, 0.1 pM L365 260, or 0.1 pM YM022, cell invasion was assayed using matrigel-coated filters as described in Materials and Methods.
After 48 h, cells on the lower surface of the filters were stained and counted under a phase-contrast microscope. B-E: Values are expressed relative
to that of cells treated with the solvent vehicle (control) and are the mean + SEM of three to six separate experiments performed in triplicate.
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We first provide evidence for a significant increase in
cholesterol esterification in tumor cells expressing a con-
stitutively active CCK2R mutant associated with an en-
hanced proliferation and invasion of these cells. Indeed,
inhibition of cholesteryl ester formation by inhibiting
ACAT reduced by 34% the growth of these cells and by
75% their invasiveness. The increase in cholesterol esteri-
fication in these tumor cells was associated with an upregu-
lation of ACAT1 and ACAT2 expression and an increase
in ACAT activity as reported for leukemia and renal carci-
noma (30, 32, 42). The importance of cholesteryl esters in
cell proliferation and invasion mediated by an activated
CCK2R was also demonstrated in human U87 glioma cells,
an autocrine model of activation of the CCK2R (20). Inhi-
bition of cholesteryl ester formation either by blocking
ACAT or the CCK2R with two selective CCK2R antagonists
reduced significantly and in a similar way the growth and
invasiveness of these cells. These results validated the pres-
ence of an endogenous autocrine mechanism of receptor
activation that induced cholesteryl ester formation.

It has to be noted that, in both tumor cells, the inhibi-
tion of cholesterol esterification by the ACAT inhibitor
and CCK2R antagonists strongly impacts cell invasion.
In line with these studies, increased levels of cholesteryl
esters in glioma tissues and in surrounding infiltrated ar-
eas of human brain have been reported compared with
normal material while cholesterol was significantly lower
in tumor tissue (43), suggesting a possible involvement
of cholesteryl esters in the development and progression
of these tumors that remain untreatable. In addition, im-
portant amounts of cholesteryl esters were detected only
in tumor lesions at the highest grade of malignancy in
cerebral, renal, and prostatic neoplastic tissues, further
supporting the concept that they may participate in
the aggressivity and progression of different tumors
(31, 44-47). In accordance with these different studies,
the role of cholesteryl esters in cell proliferation and inva-
sion was further demonstrated by culturing the nontumor
cells expressing the wild-type CCK2R in the presence of
cholesteryl oleate. In these conditions, the growth rate
and the invasiveness of nontumor cells reached that of the
tumor cells.

In both tumor models, stimulation of cholesterol esteri-
fication was characterized as being mainly dependent on
atypical PKC{ and MEK/ERK1/2, a signaling pathway in-
volved in mitogenic processes. However, we observed an
increase in cholesteryl ester formation when DAG- and
calcium-sensitive PKC(s) were inhibited by calphostin C
and BAPTA, suggesting that these kinases are activated in
both cells and exert a repressive effect on cholesteryl ester
formation. The activation of DAG- and calcium-sensitive
PKC(s) in these cells is in agreement with the constitutive
activation of phospholipase C reported for the CCK2R
mutant in the CCK2R-E151A cells (21) and with the auto-
crine activation of the CCK2R in U87 cells that was shown
coupled to inositol phosphate production (20). Thus, cho-
lesterol ester formation seems regulated by the balance
between the opposing effects of DAG-sensitive and DAG-
insensitive PKC/ERKI /2 activation. Similar results, activation

2210 Journal of Lipid Research Volume 50, 2009

by ERK1/2 and repression by DAG-sensitive PKC, have
been reported to regulate the rate of cholesterol esterifica-
tion in human monocyte-derived macrophages (48).

How cholesterol esterification by ACAT and cholesteryl
esters influences tumor cell proliferation and invasion re-
mains an open question. It was reported that inhibition of
ACAT enhances the pool of free cholesterol available for
conversion into oxysterols (49). Oxysterols have been con-
sidered as potential chemotherapeutic agents for the con-
trol of cellular growth of both normal and cancer cells
(27). In line with these results, we have recently character-
ized the mechanism of action of anti-cancer drugs such
as Tamoxifen targeting the anti-estrogen binding site
(50, 51). We showed that Tamoxifen and selective anti-
estrogen binding site ligands induced tumor cell differen-
tiation and apoptosis through the production of oxysterols
and that this mechanism could account for their anti-
tumor and chemopreventative actions. Interestingly, we
previously reported that Tamoxifen is an inhibitor of
ACAT (35). This effect could also favor the production
of oxysterols that are necessary for its anti-tumor effects
(50, 51). Based on these different studies, it could be hy-
pothesized that increased cholesterol esterification could
be a mechanism used by tumor cells to quench or prevent
the cytotoxic effects of oxysterols. These different studies
and the present study suggest that ACAT is an important
target for anti-cancer therapy or prevention.

In conclusion, the originality of our study is to link the
activation of a G protein-coupled receptor to cell prolifer-
ation and invasion via the stimulation of the ACAT/cho-
lesterol esterification pathway. The ACAT/cholesterol
esterification pathway thus appears as a new signaling
pathway for the CCK2R that should be targeted for anti-
cancer drug screening and discovery il

The authors thank Dr. Michel Record for critical reading of the
manuscript.
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