
Abstract. Background/Aim: Lipid rafts are cholesterol-
enriched microdomains of the plasma membrane. Recent
studies have underlined that their integrity is critical for
cancer cell survival. Liver X receptor (LXR) has a central
role in cellular cholesterol homeostasis and its stimulation
inhibits proliferation of several cancer cell lines. This study
investigated whether LXR could modulate lipid rafts integrity
and consequently alter proliferation of the MCF-7 breast
cancer cell line. Materials and Methods: Effect of LXR
agonist T0901317 on integrity of MCF-7 lipid rafts was
examined by studying the expression of rafts marker flotillin-
2 (FLOT2) and DHHC5, which palmitoylates FLOT2, and by
studying the expression of phospho-Akt. Results: We
demonstrated that LXR stimulation decreases mRNA and
protein expression of FLOT2 and DHHC5 in MCF-7 cells.
LXR stimulation also reduces Akt phosphorylation and its
localization at the plasma membrane. Conclusion: We
showed, for the first time, that LXR regulates transcription of
specific proteins of lipid rafts in a breast cancer model.

Breast cancer is the most common malignancy in women
worldwide, accounting for 25% of the total cancer cases in
2012 and 14% of the total cancer related deaths (1). A better
understanding of the breast cancer cell metabolism and
identification of novel key molecules involved in malignant
properties are always of great value and could provide new
therapeutic targets. 

Lipid rafts are sphingolipids and cholesterol-enriched
microdomains of the plasma membrane and their integrity

attested by cholesterol content and the presence of anchor
proteins (like Flotillins) is critical for the distribution of raft-
associated proteins especially those involved in survival
signaling such as PI3K/Akt (2, 3). Moreover, the association
of these factors with rafts is often related to post-translational
activation like their phosphorylation (critical for Akt) on S-
acylation. In this regard, recent findings have shown the
critical role of palmitoylation cycle for localization of the
NRAS and HRAS factors at the plasma membrane (4).
Similarly, it seems that in general, proteins with high affinity
for rafts are mostly palmitoylated (5), for example Flotillins
(6, 7). Due to their localization in lipid rafts, Flotillin
proteins play important roles in various cell processes such
as adhesion, endocytosis, phagocytosis and transduction of
cellular signals. In addition, the involvement of Flotillins and
especially FLOT2 in carcinogenesis has been recently
demonstrated (8). Thus, Flotillins seem to be more than
simple markers of lipid rafts and in this field, recent findings
have shown that they colocalize with NPC1L1 and ABCG1,
two proteins involved in cholesterol homoeostasis, which are
regulated transcriptionally by the nuclear transcription
factors LXRs (Liver X Receptor) upon binding of certain
oxysterols or synthetic ligands such as T0901317 (9, 10). 

LXR activation induces regulation of target genes many
of which are keys regulators of lipogenesesis and cholesterol
metabolism (11). Recent studies have reported the anti-
proliferative effects of synthetic and natural LXR agonists in
various types of human cancer cells in vitro and in xenograft
models such as prostate (12-14) ovarian (15, 16), colon (17,
18), and breast cancer (19, 20). It has also been recently
reported that anti-proliferative effects of LXR agonists on
breast cancer cells is correlated with enhanced extracellular
cholesterol efflux (21, 22). 

In cancer cells, lipid raft microdomains are often
overexpressed and their disorganization can induce apoptosis
of tumor cells (23). The efficiency of targeting lipid rafts in
mammary tumor cells has been recently shown (24, 25).
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Therefore, one could expect that disrupting lipid rafts in cancer
cells, by targeting cellular cholesterol homeostasis and/or
anchor proteins integrity, should alter the survival pathway
activation thus inducing cellular apoptosis. In agreement with
this hypothesis, a link between disruption of lipid rafts and
pharmacological induction by LXR ligands has been
documented by Pommier et al., in a prostate cancer model (14).

The general purpose of this study was to investigate more
precisely the effect of an LXR agonist on MCF-7 lipid rafts.
We showed that LXR agonist T0901317 induced lipid raft
disruption of MCF-7 cells attested by down-regulation of
FLOT2 and its membrane associated palmitoylation enzyme,
DHHC5, at both mRNA and protein levels. In addition, we
showed that disruption of lipid rafts is linked to the
antiproliferative effect of T0901317 and the down-regulation
of Akt phosphorylation. 

Materials and Methods
Materials. Human breast cancer MCF-7 cells were from the
European Collection of Animal Cell Cultures (ECACC, Salisbury,
UK). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide
(MTT), T0901317, and other chemicals were purchased from Sigma
Aldrich (Saint Quentin Fallavier, France). Primers for qPCR were
purchased from Sigma Aldrich. TRIzol reagent for RNA isolation
was from Invitrogen (Cergy Pontoise, France). iScript™ Reverse
Transcription Supermix for RT-qPCR and iQ™ SYBR Green
Supermix were purchased from Bio-Rad (Marnes-la-Coquette,
France). Rabbit antibody against FLOT2, DHHC5, Glyceraldehyde-
3-phosphate dehydrogenase (GADPH) and mouse antibody against
β-Actin were from Sigma Aldrich (Saint Quentin Fallavier, France).
Antibodies against phospho-Akt and Total Akt were purchased by
Cell Signaling Technology (Ozyme, Saint-Quentin en Yvelines,
France). Goat anti-Rabbit IgG(H+L) Secondary Antibody coupled
to Alexa Fluor 488 was from Life Technologies (Saint-Aubin,
France). The IRDye whole IgG secondary antibodies were from LI-
COR Biosciences (Bad Homburg, Germany).

Cell culture. MCF-7 cells were cultured at 37˚C in a humidified
incubator with 5% CO2 in Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 10% fetal bovine serum (FBS), 1%
glutamine and 1% penicillin-streptomycin (complete medium).
Triton X-100 extraction of lipid rafts.

Extraction of lipid rafts was performed as previously described
(26). MCF-7 cells were plated at a density of 1.5×106 in a petri dish
in 12mL culture medium and were allowed to adhere overnight.
Then the seeding medium was removed and cells were treated with
the LXR agonist (T0901317 at 20 μM), diluted in 0.1% fatty acid-
free BSA-containing medium for 24 h and 48 h at 37˚C. After
incubation period, cells were harvested and resuspended in 300 μl
of suspension buffer composed of 25 mM 2-(N-morpholino)-
ethanolsulfonic acid (MES) and 150 mM NaCl (pH 6.5). An
additional 300 μL of the same buffer plus 2% triton X-100 with
Halt™ Protease and Phosphatase Inhibitor Single-Use Cocktail
(Life Technologies, Saint-Aubin, France) was added to the cells
suspension and incubated for 30 min on ice. The insoluble lipid raft
microdomain fractions were then pelleted by centrifugation at 14000
× g for 20 min at 4˚C. The soluble supernatant was removed and

designated as non-lipid rafts soluble fraction (CYTOSOL).
Afterwards, the lipid raft pellets were resuspended in a new buffer
composed of 1% triton X-100, 10 mM Tris (pH 7.6), 500 mM NaCl,
60 mM β-octylglucoside and Halt™ Protease and Phosphatase
Inhibitor Single-Use Cocktail and incubated for 30 min on ice. The
solubilized lipid raft fractions (RAFT) were then separated as
supernatants by centrifugation at 14,000 x g for 20 min at 4˚C. The
protein concentration was determined using the BCA Protein Assay
method (Sigma Aldrich, Saint Quentin Fallavier, France).

Whole cell lysates extraction. MCF-7 cells were plated at a density
of 5×105 in a 6-well plate and were allowed to adhere overnight.
Then, the seeding medium was removed and cells were treated with
LXR agonist (T0901317 at 20 μM), diluted in 0.1% BSA-containing
medium for 24 h and 48 h at 37˚C. Supernatants were then removed
and cells were washed with fresh PBS and lysed in 300 μl M-
PER™ Mammalian Protein Extraction Reagent (MPER) (Life
Technologies, Saint-Aubin, France), that contained protease and
phosphatase inhibitors cocktail. Lysates were centrifuged at 4˚C for
30 min at 12,000 × g. The protein concentration was determined
using the BCA Protein Assay method.

Western blot analysis. Proteins of Triton X-100 extraction or whole
cell lysates were separated with 4-15% SDS polyacrylamide gel
electrophoresis (SDS-PAGE) and were transferred to a nitrocellulose
membrane. Membranes were blocked for 1 h with 5% milk Tris-
buffered saline (TBS)-Tween solution and then incubated overnight
at 4˚C with primary antibodies against human FLOT2 (Sigma
Aldrich, Saint Quentin Fallavier, France) or DHHC5 (Sigma
Aldrich, Saint Quentin Fallavier, France), GADPDH or β-Actin.
Proteins bands were then detected by incubation with IRDye Whole
IgG anti rabbit or anti mouse secondary antibodies and visualized
by system Licor Odyssey Scanner. Quantification was made with β-
actin or GAPDH loading control.

Cell viability test. Cells were plated at a density of 104 cells per well
in a 96-well plate in 200 μl of culture medium and allowed to adhere
overnight. The seeding medium was then removed and cells were
treated with T0901317 at different concentrations diluted in 0.1%
BSA-containing medium for 48, 72 or 96 h. For the MTT assay, MTT
solution (50 μL of 2.5 mg/ml) was added to each well to get formazan
crystals. After 4 h of incubation, the liquid in the wells was removed
and formazan deposit was solubilized in 200 μl of DMSO. The
absorbance of formazan solution at 570 nm was measured using
SpectraMax 190. Relative cell viability was expressed as a percentage
of the control that was not treated with LXR ligand.

Flow cytometry analysis. MCF-7 cells were treated with the LXR
agonist in a 6-well plate, as described in the previous section on
whole cell lysate extraction. After 48 h, cells were harvested and
fixed with 4% formaldehyde followed by permeabilization with
90% ice-cold methanol at 4˚C for 30 min. After washing, cells were
stained with anti-phospho Akt (Thr308) rabbit mAb for 1 h,
followed by alexa fluor 488 coupled anti-rabbit antibody secondary
stain. Analyses were performed on a BD Accuri cytometer
(BDAccuri™ C6).

Immunofluorescence assay. MCF-7 cells, grown on coverslips,
untreated or treated with TO901317 at 20 μM for 48 h, were fixed
with 4% PAF, blocked and permeabilized simultaneously in 3%
BSA/0.3% Triton X100 then incubated overnight at 4˚C with the
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primary anti-phospho Akt (Thr308) rabbit mAb followed by staining
with alexa-fluor-488 coupled anti-rabbit secondary antibody. The
nuclei were stained with 4,6-diamido-2-phenylindole (DAPI) for 5
min. Cells were observed using an Axio Imager M2m microscope
(Carl Zeiss, Jena, Germany), equipped with an AxioCam 503 mono
at 40× magnification. Negative controls with secondary antibody
alone were included in all experiments.

RNA extraction and real-time quantitative Polymerase Chain
Reaction (PCR). MCF-7 cells were treated with LXR agonist in a
6-well plate, as previously described. Total RNA was isolated by
the TriZol Reagent (Invitrogen, Cergy Pontoise, France), following
the manufacturer’s instructions. The mRNA (1 μg) was then
reverse-transcribed into cDNA using iScript™ Reverse
Transcription Supermix, according to the manufacturer’s
instructions (Invitrogen, Cergy Pontoise, France). An initial priming
step for 5 min at 25˚C was followed by reserve transcription phase
of 30 min at 42˚C and completed by RT inactivation step of 5 min
at 85˚C. Quantitative PCR was performed on a MyiQ2 Real-Time
PCR Detection System (Bio-Rad, Marnes-la-Coquette, France)
using iQ™ SYBR Green Supermix. PCR was carried out for 45
cycles of 95˚C for 30 s and 60˚C for 30 s. FLOT2 and DHHC5
relative expressions were standardized to the reference gene 18S
expression, using the ΔΔCT method. The sequences of the primers
used are shown in Table I. 

Data analysis. Results were confirmed in triplicates and values
correspond to the mean from at least three independent experiments
to verify results. The Student’s t-test was used, and p-values <0.05
were considered significant. 

Results
T0901317 alters lipid rafts. We first showed by western
blotting that the membrane fraction of MCF-7 cells is enriched
in FLOT2. In fact, western blot analysis of plasma membrane
subcellular fractions showed the presence of FLOT2 in the
lipid raft fraction and a very low presence in non-lipid raft
fractions of MCF-7 (Figure 1). Then we observed that
T0901317 treatment of MCF-7 cells led to a decrease in the
expression of FLOT2 in the whole lysates (Figure 2A) but
also in the fraction corresponding to the plasma membrane
(Figure 2B). Similarly, we showed that T0901317 decreased
the expression of the DHHC5 enzyme which co-localizes with
FLOT2 in the cell membrane (Figure 3).

T0901317 regulates the gene expression of FLOT2 and
DHHC5. We then examined the effect of the LXR ligand on
the transcription of FLOT2 and DHHC5. We thus performed
a qPCR analysis. The results are presented in Figure 4 and
showed a significant reduction in the mRNA level of FLOT2
in a dose- and time-dependent manner (10 μM for 24 h and
48 h (40% and 25%) and 20 μM for 24 h and 48 h (50% and
60%)) (Figure 4A). Similarly, we observed a significant
reduction in the mRNA level of ZDHHC5 in a dose-and time-
dependent manner (10 μM for 24 h and 48 h (50% and 40%)
and 20 μM for 24 h and 48 h (50% and 70%)) (Figure 4B).

TO901317 inhibits growth of MCF-7 breast cancer cells and
alter Akt-survival pathway. In view of our results, we aimed
to study the effect of LXR on the phosphorylation status of
Akt, a cell survival marker associated with lipid rafts. 

As shown in Figure 5, the LXR agonist reduced MCF-7 cell
viability in a dose- and time- dependent manner (40, 60 and
90% at 48 h, 72 h and 96 h respectively). We next investigated
the effect of T0901317 on the Akt survival pathway. Flow
cytometry analysis of MCF-7 cells treated with 20 μM of
T0901317 (48 h) showed a marked inhibition of phospho-Akt
compared to untreated control cells (Figure 6A). Means of
three independent experiments confirmed these results and
showed a slight inhibition of expression of phospho-Akt at 10
μM (non-significant) and about 60% inhibition by 20 μM
compared to untreated control cells (Figure 6B). These results
were similar with those obtained with Wortmanin treated cells
used as a positive control (data not shown).
Immunofluorescence analysis on MCF-7 cells was then
performed. Cells were fixed, permeabilised and stained with
anti-phospho-Akt (Thr-308) mAb. As shown in Figure 6C,
phospho-Akt was largely translocated to the plasma membrane
of untreated cells (arrows in the control left panel). In contrast,
treatment of MCF-7 cells with the LXR agonist reduced cell
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Table I. Primer sequences used in this study.

Gene name                           Sequences (5’-3’)

18S                                       F-GATGCGGCGGCGTTATTCC
                                             R-CTCCTGGTGGTGCCCTTCC
FLOT2                                  F-CAAGATTGCTGACTCTAAGC
                                             R-GCACAACCTCAATCTCAATC
DHHC5                               F-AGGAATTTGATCATCACTGG
                                             R-CTGAGAGTTCCTCTATGTGG

Figure 1. Expression of flotillin-2 (FLOT2) in lipid raft and non-lipid
raft microdomains of the plasma membrane of MCF-7 cells. Cells were
harvested and extracted with Triton X-100 as described in materials and
methods to isolate the insoluble lipid rafts (RAFT) and soluble non-lipid
rafts (CYTOSOL). These fractions were then subjected to western blot
analysis for FLOT2 and actin expression. One representative experiment
of three performed is shown.



surface expression of phospho-Akt (right panel). Finally, we
tested the effect of T0901317 on Akt total protein level and we
showed that T0901317 treatment of MCF-7 cells did not alter
Akt total protein expression (Figure 6D).

Discussion
Since our laboratory had demonstrated an interesting anti-
proliferative effect of LXR agonist on MCF-7 cells (21)
(Figure 5), we questioned whether this effect was related
to lipid rafts alteration. Our hypothesis was that by
accelerating membrane cholesterol efflux, via the increase
of expression of ABCG1 previously highlighted by our
team (21), LXR agonist T0901317 could disorganize the
lipid rafts signaling platform particularly active in tumor
cells. This effect was indeed demonstrated in an in vitro
model of prostate cancer (14). However, the mechanism by
which LXR agonist disorganizes lipid rafts is not known.
For this, we investigated the effect of treatment with
T0901317 on the expression of the marker of lipid rafts
FLOT2 which is overexpressed in several tumor cells
including breast cancer (27). 

Our results confirmed our hypothesis and proved that
T0901317 induces an alteration of the MCF-7 lipid rafts
attested by the decreased expression of FLOT2 at the
protein level in lipid rafts. Surprisingly, we also found that
T0901317 decreased FLOT2 expression at the mRNA level
showing that LXR stimulation can regulate the transcription
of this lipid raft marker. We thus focused on the enzyme
which palmitoylates FLOT2, DHHC5, and our data clearly
demonstrated that expression of DHHC5 was decreased
after LXR agonist treatment at both mRNA and protein
level. Moreover, because the integrity of lipid rafts is
associated with cell survival of tumor cells (28) including
mammary tumor cells (24) we further studied the effect of
LXR on the phosphorylation status of Akt, a cell survival
marker associated with lipid rafts. Our results showed a

significant decrease in the expression of the phosphorylated
kinase Akt after T0901317 treatment attested by FACS and
Immunofluorescence microscopy analysis without alteration
of total Akt protein level (Figure 6). 

The major finding of our work is the role of LXR as a
modulator of lipid raft signaling in breast cancer cells. Our
results clearly showed that LXR agonist can disrupt lipid
rafts in breast cancer cells by accelerating cholesterol efflux
but also by regulating the transcription of key markers of
rafts such as FLOT2 and its acylation partner, DHHC5. This
lipid raft disruption can thus explain the antiproliferative
effect observed in MCF-7 cells. Furthermore, alteration of
lipid rafts integrity by LXR agonist decreased the levels of
Akt bound to the plasma membrane and then disrupted its
phosphorylation, without altering cytosolic Akt-total protein
expression. These results are in agreement with those
obtained in prostate cancer cells (14).

Several perspectives can be considered. Indeed, our data
showed for the first time that LXR agonist treatment can
regulate DHHC5, an enzyme involved in protein
palmitoylation. Recent experiments highlighted the critical role
of cellular post-translational modifications like acylation
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Figure 2. Expression of FLOT2 protein in plasma membrane rafts and whole-cell lysates of MCF-7 cells after treatment with Liver X Receptor
(LXR) agonist T0901317. Cells were treated or not for 24 or 48 h with T0901317 at 20 μM. Total cells lysis (Whole cell extract) or Triton X-100
extraction were performed as described in the materials and methods section, to obtain soluble non-lipid rafts (CYTOSOL) or insoluble lipid rafts
fraction (RAFT). Western blotting analysis for FLOT2 was then performed on whole-cell lysates (A) and on Triton X-100 extraction samples (B). 

Figure 3. Expression of DHHC5 protein after treatment of MCF7 with
LXR agonist T0901317. Cells were treated with T0901317 for 24 h and
48 h at 20 μM. After total cell lysis, study of expression of DHHC5 was
analyzed by western blot. 



especially in cancer (29). Specifically, it was shown that
interfering with NRAS post-translational palmitoylation/
depalmitoylation cycle could disturb proper NRAS
localization, and therefore decrease cell proliferation and
downstream signaling (30-32). Thus, our data open new fields
in the Pharmacology of cancer and targeting acylation enzymes
such as DHHC family could be of particular interest.

Moreover, it seems interesting to consider the
mechanism underlying the LXR-ligand dependent down-
regulation of FLOT2 and DHHC5 by LXR. LXR agonist
dependent gene down-regulation (transrepression) has been
documented in inflammatory processes where the
expression of selective inflammatory genes is under control
of transcription factors that can be inhibited by LXR.
Indeed, transrepression is considered to involve LXR
interaction with additional proteins bound to promoter
regions such as members of the small ubiquitin-like
modifier (SUMO) family, rather than direct interaction with
DNA (33, 34). Regarding our data, it will be interesting to
investigate the mechanism by which LXR ligand induces
FLOT2 and DHHC5 gene down-regulation.

Finally, the effect of LXR agonist activity on other
signaling pathways linked to lipid rafts in cancer cells should
also be studied. We can cite membrane receptors associated
to lipid rafts like EGFR but also membrane associated
proteins whose interaction with lipid rafts is a prerequisite
for their activation (by phosphorylation or acylation) such as
Ras GTPase, c-Jun N-Terminal Kinase (JNK) and Src family
kinases (35, 36).

In conclusion, in this study we showed that LXR
stimulation by down-regulating FLOT2 and DHHC5 gene
expression can target lipid rafts integrity but can also
regulate post-translational modifications of proteins such as

palmitoylation. Finally, our experiments have described new
gene targets for LXR in breast cancer cells model and thus
open new fields in the anticancer research. 
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Figure 4. Effect of T0901317 on FLOT2 and ZDHHC5 genes expression. Cells were treated for 24 h or 48 h with T0901317 at 10 and 20 μM and
then harvested for qPCR analysis as described in the Materials and Methods. Data are means±SD of three independents experiments. 

Figure 5. Effect of T0901317 on proliferation of MCF-7 cells. MCF-7
cells were treated with increased concentration of LXR agonist
T0901317 during 48, 72 and 96 h. Cells viability was determined by
MTT assay. Each point represents the mean±SD of three different
experiments. ***p<0.001, **p<0.01, *p<0.05 versus untreated cells,
using Student’s t-test.
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