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Inhibitory effect of LXR activation on cell proliferation
and cell cycle progression through lipogenic activity®
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Department of Biophysics and Chemical Biology, School of Biological Sciences, Institute of Molecular
Biology and Genetics, Seoul National University, Seoul, Republic of Korea

Abstract Liver X receptor (LXR), a sterol-activated nuclear
hormone receptor, has been implicated in cholesterol and
fatty acid homeostasis via regulation of reverse cholesterol
transport and de novo fatty acid synthesis. LXR is also in-
volved in immune responses, including anti-inflammatory
action and T cell proliferation. In this study, we demonstrated
that activated LXR suppresses cell cycle progression and
proliferation in certain cell types. Stimulation of LXR with
synthetic ligand T0901317 or GW3965 inhibited cell growth
rate and arrested the cell cycle at the G1/S boundary in
several cells, such as RWPE1, THP1, SNU16, LNCaP, and
HepG2. However, LXR ligands did not exhibit antiprolifer-
ative activity in PC3, HEK293, or HeLa cells. Interestingly,
activated LXR-mediated cell cycle arrest is closely correlated
with the lipogenic gene expression and triacylglyceride ac-
cumulation. In accordance with these findings, suppression
of FAS via small-interference RNA (siRNA) partially allevi-
ated the antiproliferative effect of LXR activation in RWPE1
cells.Hll Together, these data suggest that LXR activation
with its ligands inhibits cell proliferation and induces G1/S
arrest through elevated lipogenic activity, thus proposing a
novel effect of activated LXR on cell cycle regulation.—
Kim, K. H., G. Y. Lee, J. I. Kim, M. Ham, J. W. Lee, and J. B.
Kim. Inhibitory effect of LXR activation on cell prolifera-
tion and cell cycle progression through lipogenic activity.
J- Lipid Res. 2010. 51: 3425-3433.
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Liver X receptor (LXR)a and LXRp, also known as
NR1H3 and NRI1H2, respectively, are members of a nu-
clear hormone receptor superfamily, which are implicated
in metabolic homeostasis and inflammation (1). LXRa is
highly expressed in several tissues, such as liver, adipose,
and steroidogenic tissues, whereas LXR[ is expressed
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ubiquitously (2). LXR can be activated by certain oxygen-
ated cholesterol derivatives, including 20(S)-hydroxy-
cholesterol [20(S)-HC], 22(R)-HC, and 24HC, naturally
occurring oxysterols that stimulate the expression of LXR
target genes (3). For example, ATP-binding cassette trans-
porter (ABC)Al, ABCGI1, ABCGbS, apolipoprotein (apo)E,
cytochrome P-450 7A1 (CYP7A1), sterol response element
binding protein lc (SREBPIlc), and fatty acid synthase
(FAS) are directly upregulated by activated LXR, consis-
tent with key roles in the regulation of cholesterol and
lipid metabolism (1).

In the liver and intestine, LXR activation has been
reported to regulate cholesterol homeostasis through the
expression of certain target genes, such as CYP7A1 and
ABCGb/8, which are responsible for cholesterol conver-
sion into bile acid and excretion (4-7). Furthermore, acti-
vated LXR promotes the expression of several genes
involved in cholesterol efflux, such as ABCA1, ABCGI,
and apok, to stimulate a reverse cholesterol transport from
macrophage to liver (5). Consistent with these findings,
LXR activation shows an anti-atherogenic effect in Ldlr
and apoE knockout mice (8). Deletion of LXRa results in
impaired cholesterol and bile acid metabolism in the liver,
which increases peripheral cholesterol accumulation and
leads to atherosclerosis (4, 9). Therefore, one of the key
functions of LXR has been implicated in atherosclerosis
and its related metabolic complications.

LXR activation governs not only cholesterol homeosta-
sis but also fatty acid metabolism. For example, adminis-
tration of T0901317, a synthetic LXR ligand, leads to
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hepatic steatosis and hypertriglyceridemia through the
enhancement of de novo fatty acid synthesis, which is ac-
complished by the induction of key lipogenic genes, such
as SREBP1c and FAS (10-12). Furthermore, it has been
reported that chronic activation of LXR contributes to
lipotoxicity and apoptosis in pancreatic -cells through
hyperactivation of lipogenesis (13). Due to unwanted po-
tent lipogenic effect of T0901317, GW3965, another LXR
ligand, has been developed (14). GW3965 exhibits a much
milder effect on lipogenic activity of LXR, even though
GW3965 selectively activates LXR to maintain cholesterol
efflux.

Recently, other roles of LXR have been reported. Activa-
tion of LXR suppresses innate immunity by inhibiting the
expression of inflammatory genes, such as inducible nitric
oxide synthase (iNOS), cyclooxygenase 2 (COX2), and
interleukin-6 (IL6), in response to bacterial infection or
lipopolysaccharide (LPS) stimulation (15, 16). Moreover,
LXRa/B-null macrophages reveal enhanced apoptosis af-
ter microbial infection due to defects of LXR-dependent
target gene expression, implying that LXR would be
important for macrophage survival and innate immune
response (16).

Several reports suggest that LXR is involved in prolifer-
ation of several cell types, such as smooth muscle cell, in-
sulin-secreting MING cell, and prostate-originated cancer
cell lines (17-21). Although it has been reported that LXR
activation is associated with regulation of p27 and Smad3,
the underlying molecular mechanism is largely unknown
for cell cycle regulation. In the current study, we have
extensively examined the effect of activated LXR on cell
proliferation. Activation of LXR by its ligands induced G1/S
arrest and attenuated cell proliferation in certain cells, such
as RWPEL, THP1, SNU15, LNCaP, and HepG2 cells, but
not in PC3, HelLa, and HEK293 cells. We further investi-
gated the molecular mechanisms that are associated with
LXR-induced cell cycle arrest. Collectively, our data suggest
that lipogenic activity of activated LXR is important for the
inhibition of cell proliferation and cell cycle progression.

MATERIAL AND METHODS

Reagents

T0901317 and GW3965 were purchased from Calbiochem and
Sigma, respectively. Propodium iodide, Oil Red O, and mevalonic
acid lactone was provided by Sigma. Mevalonic acid lactone was
dissolved in 0.1 mol/I sodium hydroxide to convert lactone into
sodium mevalonate. Then, the product was heated at 50°C for
2 h and adjusted to pH 7.4, as described previously (22, 23).

Cell culture

RWPEL, LNCaP, and PC3 cells were a kind gift from Dr. Sung
Hee Baek (Seoul National University, Seoul, Republic of Korea).
Each cell line was maintained in a medium as follows: RWPE1
in keratinocyte serum-free medium (SFM) supplemented with
5 ng/ml human recombinant EGF and 0.05 mg/ml bovine
pituitary extract (Invitrogen); THP1 and SNU16 in RPMI-1640
supplemented with 10% FBS; HepG2 in Eagle’s minimum essential
medium alpha (MEMa) supplemented with 10% FBS; LNCaP in
Iscove’s modified Dulbecco’s medium (IMDM) supplemented
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with 10% FBS; PC3 in Kaighn’s F12K medium supplemented with
10% FBS; and HeLa and HEK293 in DMEM supplemented with
10% FBS. All cell lines were incubated in a humidified atmosphere
of 5% COy at 37°C.

Cell proliferation assay with CCK-8 reagent

Cell proliferation rate was determined with Cell Counting
Kit-8 (CCK-8) according to the manufacturer’s protocol (Dojindo
Laboratories), which is a sensitive colorimetric assay for viable
cells.

PI staining and FACS analysis

Trypsinized cells were washed with 1x PBS and kept in 70%
ethanol for one day for fixation. Fixed cells were washed with 1x
PBS twice and incubated with propodium iodide (PI) solution
(0.1% Nonidet P-40, 100 ng/ml RNase, and 200 u§/l PI) for 10
min. Stained cells were analyzed by FACSCalibur™" (BD Biosci-
ences), and the number of the cells in each stage was calculated
with the ModFit LT™ cell cycle analysis program (Verity Soft-
ware House) according to the manufacturer’s instructions.

Oil Red O staining

Oil Red O stock solution was prepared in propylene glycol (0.7
g/100ml) and heated to 100°C for 10 min. DMSO or T0901317-
treated cells were fixed with 10% formaldehyde-containing PBS
for 15 min and washed with PBS twice. Then cells were soaked in
100% propylene glycol and stained with Oil Red O stock solution
for 30 min. Stained cells were washed with 85% propylene glycol
and distilled water until the background became clear. Images
were captured with EVOS® ORIGINAL microscope (Advanced
Microscopy Group) and NIKON TMS inverted microscope
(NIKON).

RNA isolation and real-time quantitative PCR

As described earlier (24), total RNA was isolated with TRIzol
reagent (Invitrogen). Then equal amounts of RNA were sub-
jected to cDNA synthesis by using RevertAid M-MuLV reverse
transcriptase (Fermentas). The relative amount of mRNA was
evaluated by MylQ real-time quantitative PCR detection system
(Bio-Rad Laboratories) and calculated following normalization
to the GAPDH mRNA. The primer sequences that were used for
the real-time quantitative PCR analyses are described in supple-
mentary Table I.

Small-interference RNA transfection

Small-interference RNA (siRNA) duplexes for SREBP1 and
FAS were designed by Dharmacon and produced from Gene-
Pharma. RWPEI cells were transfected with Lipofectamine-
2000™ reagent (Invitrogen) according to the manufacturer’s
protocol. The sequence information for siRNA is described in
supplementary Table II.

Protein isolation and Western blotting

The cells were lysed with NETN buffer [100 mM NaCl, 1 mM
EDTA, 20 mM Tris-HCI (pH 8.0), 0.5% Nonidet P-40 and
Complete™ protease inhibitor cocktail (Roche)] and subjected
to Western blotting as described previously (13). Briefly, equal
amounts of the proteins were separated by SDS-PAGE and trans-
ferred to PVDF (polyvinylidene difluoride) membranes (Millipore).
After transfer, the membranes were blocked with 4% nonfat milk
and probed with primary antibodies. The primary antibodies
used in Western blotting were B3-tubulin, cyclin A, cyclin B1, cyclin
D1, cyclin E, cyclin H, and Rb 1, which were provided by Sigma.
The SREBP1 antibody was produced by LabFrontier using 1-403
construct of SREBP1c as an immunogen. The results were visualized
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with horseradish peroxidase-conjugated secondary antibodies
(Sigma) and enhanced chemiluminescence (Pierce) by using
LAS-3000 imaging system (Fujifilm).

RESULTS

LXR activation suppressed cell proliferation

To test whether activated LXR is involved in cell prolif-
eration, T0901317, a synthetic LXR ligand, was treated
into various cell lines, and we monitored their prolifera-
tion rate. As shown in Fig. 1A, the proliferation of certain
cells, such as RWPEL, THP1, SNU16, LNCaP, and HepG2
was dose-dependently inhibited by activated LXR with
T0901317. On the contrary, proliferation of PC3, HEK293,
and HeLa was not affected by T0901317 (Fig. 1B). Consis-
tently, results of CCK-8 assay, which is a colorimetric
method to measure the number of viable cells, also revealed
that cell proliferation of RWPEI and LNCaP, but not PC3,
was diminished by LXR ligand (Fig. 1C), implying that
inhibitory effect of LXR activation on cell proliferation
appears to be limited in certain cell types.

Recent studies have reported that a high dose of
T0901317 is able to unexpectedly stimulate other nuclear
hormone receptors, such as FXR and PXR, although
T0901317 is more potent in activating LXR (25, 26). To
ascertain whether the inhibitory effect of T0901317 on cell
proliferation is mediated by activated LXR, we used an-
other LXR agonist, GW3965. GW3965 has been developed
as a more specific ligand for LXR, and it hardly influences
the transcriptional activities of other nuclear hormone
receptors, including FXR and PXR (14). When GW3965
was treated to RWPEL cells, cell proliferation was signifi-
cantly suppressed in a dose-dependent manner (supple-
mentary Fig. I). Similarly, we observed antiproliferative
activity of GW3965 in LNCaP cells (supplementary Fig. II),
suggesting that activation of LXR would repress cell growth
and proliferation in certain cells.

LXR activation induces G1/S arrest

Because LXR activation mitigates the proliferation rate
in certain cells, we further investigated whether LXR activa-
tion would modulate cell cycle progression. When we ana-
lyzed the cell cycle distribution via flow cytometry analysis,
we discovered that LXR ligand T0901317 increased the
population in the G1 phase and decreased the population
in the S phase in RWPE1L, THP1, SNU16, and LNCaP cells
(Fig. 2A). Both T0901317 and GW3965 arrested LNCaP
cells at G1/S boundary in a dose-dependent manner
(supplementary Fig. II-C). However, LXR activation did not
change the cell cycle status in PC3, HEK293, or HeLa cells
(Fig. 2B). These results suggest that activation of LXR in
certain cell types would prevent cell cycle progression into
the S phase by inducing G1/8 arrest, eventually leading to
downregulation of cell proliferation in certain cell types.

Differential regulation of target gene expression by LXR

Because activation of LXR exhibited antiproliferative
effects in certain cells, but not in all cell types, we hypoth-

A
RWPE1
THP1 |
SNU16
LNCaP |
HepG2
B
PC3 |
HEK293
HelLa
C
. —-DMSO -=T1pM —A-T3uM -@-T10pM
@
'g 8 RWPE1 : LNCaP : PC3
26
Z ] 2t
g 4
22 ¢ !
g
é 0 . 0 . 0 .
0 24 48 0 24 48 0 24 48
treatment periods (hr)

Fig. 1. LXR activation suppresses the proliferation of certain cell
lines. A: RWPEL, THP1, SNU16, LNCaP, and HepG2 cells were in-
cubated with LXR ligand T0901317 (T) for two days, and micro-
scopic images were taken. B: Similar experiments were performed
with PC3, HEK293, and Hel.a cells. C: RWPE1, LNCaP, and PC3
cells were treated with T0901317, and the proliferation rates were
monitored by CCK-8 assay. CCK-8, Cell Counting Kit-8; LXR, liver
X receptor.

esized that activated LXR might differentially regulate
target gene expression depending on cell type. This idea
was explored by examining the patterns of target gene ex-
pression on LXR ligands in various cells.

In RWPE1, THPI1, SNU16, LNCaP, and HepG2 cells
whose proliferations were sensitively suppressed by acti-
vated LXR, most LXR target genes, including ABCAI,
ABCGI1, SREBPIc, and FAS, were significantly upregulated
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Fig. 2. LXR activation induces G1 arrest in certain cell lines. A: RWPE1, THP1, SNU16, and LNCaP cells were treated with T0901317 at
the indicated concentrations for one day. After harvesting, cells were trypsinized and subjected to FACS analysis as described in Materials
and Methods. The percentage of cells in each phase was calculated with the ModFit L™ analysis program. B: Similar to (A), PC3, HEK293,
and HeLa cells were treated with T0901317, and FACS analyses were carried out. Similar experiments were repeated three times, and rep-

resentative results are presented. LXR, liver X receptor.

by the LXR ligand. However, in HEK293 and HelLa cells,
expression of LXR target genes was barely changed by
LXR activation (Fig. 3). Interestingly, although prolifera-
tion of PC3 cells was not significantly altered by the LXR
ligand, expression of ABCAl and ABCGI mRNAs was
greatly stimulated by the LXR ligand in PC3 cells. How-
ever, the levels of SREBP1c and FAS mRNA were not sig-
nificantly influenced by the LXR ligand in PC3 cells. These
results imply that expression pattern of fatty acid metabo-
lism-related genes, such as SREBP1c and FAS, appears to
be more tightly associated with the suppression of cell pro-
liferation by LXR activation rather than cholesterol me-
tabolism-related genes.
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Mevalonate treatment does not affect ligand-induced cell
cycle inhibition

LXR plays a key role in both cholesterol and fatty acid
metabolism. Recently, it has been shown that LXR is able
to repress T cell proliferation through regulation of LXR-
dependent sterol metabolism (27). In T cells, induction of
ABCG1 is essential for inhibitory effects of LXR, and treat-
ment with mevalonate, a precursor for cholesterol, nulli-
fies antiproliferative property of LXR activation.

Because proliferation of RWPEL cells were sensitively
repressed by LXR ligands, we treated RWPEI cells with
mevalonate in the absence or presence of LXR ligands,
such as T0901317 and GW3965, to test whether control of
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Fig. 3. LXR activation differentially affects the expression of LXR target genes. Each cell line was incu-
bated with T0901317 (5 pM) for 18 h, and total RNA was isolated. After synthesizing cDNA from total RNA,
the relative expression level of LXR target genes, such as ABCAI, ABCGI1, SREBPIc, and FAS, was analyzed
by real-time quantitative PCR. Each value was normalized with GAPDH. Fold induction of ABCG1 expression
by T0901317 is noted. ABC, ATP-binding cassette; LXR, liver X receptor; SREBPIc, sterol regulatory ele-

ment-binding protein lc.
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cholesterol metabolism might be involved in the inhibi-
tory effect of LXR activation on cell proliferation. Unlike
T cells, mevalonate did not overcome the inhibitory effect
of the LXR ligands on cell proliferation (Fig. 4A, C). Fur-
ther, CCK-8 assays indicated that treatment of mevalonate
did not reverse the cell cycle arrest by LXR ligands, even in
a high concentration (Fig. 4B, D). These data suggest that
regulation of cholesterol metabolism by LXR activation
might be independent of cell proliferation, except for T
cells.

Control of lipogenesis is involved in antiproliferative
effect of activated LXR

Next, we examined whether lipogenic activity of acti-
vated LXR is linked with an antiproliferative property. In
RWPE1L cells, both T0901317 and GW3965 treatment
greatly promoted positive cells stained with Oil Red O
(Fig. bA), reflecting the induction of de novo fatty acid
synthesis by elevating the levels of accumulated neutral
lipids, such as triacylglycerides and cholesterol esters.
Similarly, other cell lines, including THP1 and HepG2,
remarkably increased triacylglyceride accumulation upon
LXR activation (Fig. 5B). On the contrary, HelLa and
HEK293 cells, which are insensitive cell types for the anti-
proliferative action of stimulated LXR, did not elevate
lipid accumulation (Fig. 5B), suggesting that lipogenic ac-
tivity induced by LXR activation appears to play a key role
in the antiproliferative effect.

To mediate lipogenic stimulation upon LXR activation,
itis well known that there are two crucial LXR target genes.
One is SREBP1c which is a key transcription factor for sev-
eral downstream lipogenic genes, such as FAS, ACC, and
SCD1, as well as insulin signaling (28-31). The other is
FAS, which directly facilitates the synthesis of long chain
fatty acids, and known to be modulated in both LXR-
dependent and LXR-independent manners (11). To test
whether SREBP1lc and/or FAS might be a key mediator
for cell cycle arrest by LXR activation, we suppressed these
genes via siRNA. Each RNAi construct exhibited ~40-50%

decrease of SREBP1 and FAS mRNA levels (Fig. 6A and
supplementary Fig. III). Although suppression of SREBP1
via siRNA (hSREBP1_2394) did not significantly affect the
antiproliferative property of activated LXR, suppression of
FAS via siRNA (hFAS_6089) partially, but substantially, re-
covered the cell proliferation activity in the presence of
LXR ligands (Fig. 6B-E). Consistent with these results,
the population of positive cells stained with Oil Red O was
decreased in FAS-knockdown cells, but not significantly
in SREBPlc-suppressed cells (Fig. 6F). Further, when
other siRNA against SREBP1 (hSREBP1_3278 and
hSREBP1_2493) and FAS (hFAS_6124 and hFAS_6428)
were tested on target gene expression, cell proliferation,
and lipid accumulation, we observed similar results (sup-
plementary Fig. III). These data imply that FAS might be
more crucial to mediate the effect of activated LXR-
dependent cell cycle arrest in certain cells. Despite these
data, we could not completely exclude the possibility that
SREBPIc is not involved in activated LXR-dependent anti-
proliferation due to the technical limitation of achieving
sufficient suppression of SREBP1 via siRNA.

Expression level of cyclin A was decreased by
LXR ligands

Cell cycle regulation is affected by key cell cycle-related
genes, such as cyclins and cdk inhibitors. To investigate
the molecular mechanism of LXR-dependent cell cycle ar-
rest in selective cells, we intensively examined the levels of
several cyclins, cdc2ba phosphatase, cdk inhibitors, cell
cycle-related transcription factors, and their target genes
by analyses with cDNA microarrays and qPCR. For assess-
ing gene expression profiles, we primarily compared
LNCaP with PC3 cells, because these cells represent acti-
vated LXR-sensitive and LXR-insensitive antiproliferation,
respectively. The mRNA level of cyclin A and cdc25a were
selectively decreased by activated LXR in LNCaP cells with-
out significant changes in mRNA levels of other cyclins,
such as Al, B1, D1, and E, whereas none of them were al-
tered in PC3 cells (Fig. 7A, C). In accordance with these
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Fig. 4. Mevalonate does not relieve the LXR-induced suppression of cell proliferation. RWPEI cells were
treated with mevalonate in the absence or presence of 3 uM T0901317 (A and B) and 2 pM GW3965 (C and
D). After two days of incubation, microscopic pictures were taken, and CCK-8 assays were performed. CCK-8,
Cell Counting Kit-8; GW, GW3965; LXR, liver X receptor; MVA, mevalonate; T, T0901317.
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Fig. 5. Activation of LXR leads to lipid accumulation in RWPEL, THP1, and HepG2 cells. A: RWPEL cells
were treated with T0901317 (1 and 3 wM) and GW3965 (2 uM). After two days of incubation, cells were fixed
and intracellular triacylglycerides were visualized with Oil Red O staining (see Materials and Methods). B:
THP1, HepG2, HeLa, and HEK293 cells were treated with T0901317 and subjected to Oil Red O staining.
Attachment of THP1 cells to the culture dish was induced by the treatment of phorbol 12-myristate 13-ace-
tate (PMA, 0.1 uM) for 12 h. Accumulated lipid amount was quantified by Image] software. GW, GW3965;

LXR, liver X receptor; T, T0901317.

findings, the protein level of cyclin A was decreased by the
LXR ligand in LNCaP cells, but the protein level was not
decreased in other cyclins, such as Bl, D1, E, and H (Fig.
7D). Simultaneously, when we examined the expression
level of cdk inhibitor genes, such as pl15, p21, and p27,
there were minor changes in mRNA level of LNCaP cells.
To ascertain these data, we also examined gene expression
profiles in RWPE] cells and obtained results similar to
LNCaP cells (Fig. 7B, E). These findings indicate that cyclin
A and cdc25a might be potential candidates to mediate acti-
vated LXR-induced antiproliferation in certain cell types.

DISCUSSION

In this study, we investigated the inhibitory effect of
LXR activation on cell proliferation and cell cycle progres-
sion. We revealed that liganded LXR attenuated prolifera-
tion of certain cells through G1/S arrest, whereas the
proliferation of other cell lines, such as PC3, HEK293, and
HeLa, was not affected by LXR stimulation (Figs. 1 and 2).
Gene expression pattern analyses in particular indicated
that expression of lipogenic genes was closely associated
with the antiproliferative effect of activated LXR (Fig. 3).
Furthermore, knockdown of FAS partly relieved activated
LXR-induced cell growth arrest (Fig. 6). However, the ex-
act mechanism(s) involved in LXR-dependent cell cycle
attenuation remains to be further investigated.

Interestingly, some of our data suggest that the regula-
tion of fatty acid metabolism by LXR activation contrib-
utes to cell cycle inhibition. First, PC3, HEK293, and HelLa
cells, which are insensitive to activated LXR-dependent
antiproliferative effect, failed to induce expression of lipo-
genic genes such as SREBP1c and FAS, even though they
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were able to promote expression of cholesterol efflux
genes (Fig. 3). Second, the number of Oil Red O-stained
positive cells in the presence of LXR ligands was only ele-
vated in activated LXR-dependent cell cycle-arrested cells
(Fig. 5). Third, treatment of mevalonate, which is a pre-
cursor of cholesterol, did not rescue the RWPEI cells from
activated LXR-induced cell cycle arrest (Fig. 4). Lastly,
suppression of FAS via siRNA partially diminished the in-
hibitory effect of activated LXR on cell proliferation (Fig. 6),
implying that upregulation of FAS might be important for
activated LXR-induced cell cycle arrest, at least in part. To
ascertain whether inhibition of FAS would relieve LXR-
induced cell cycle arrest, we treated the cells with ceru-
lenin, a well-known FAS inhibitor. However, we failed to
optimize experimental conditions because cerulenin ex-
hibited potent cytotoxicity, which is well-known in many cells
(32-35). Consistently, previous reports have suggested
that cerulenin would be a lead compound for an anticancer
drug due to its potent antiproliferative property (32-35).
It appears that LXR-dependent antiproliferation is reg-
ulated by several mechanisms based on cell type and con-
text. Consistent with our data, recent studies have reported
that LXR is involved in antiproliferation in several cells
(17-21). In T cells, LXR activation inhibits cell prolifera-
tion via cholesterol metabolism (27). In addition, LXR af-
fects cell cycle arrest by increasing p27 in smooth muscle
cells, pancreatic B-cells, and prostate cancer cells (17, 21,
36). In this study, we did not observe upregulation of p27
mRNA or protein in the presence of LXR ligand (Fig. 7;
data not shown). Rather, we noticed that increase of de
novo fatty acid synthesis appeared to be crucial for cell cy-
cle arrest, supported by the results of differential regula-
tion of LXR target genes and Oil Red O staining as well
as FAS knockdown experiments. It is well-established that
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Fig. 6. Effect of SREBP1 and FAS knockdown on activated LXR-induced cell cycle arrest. A: RWPEI cells
were transfected with siRNA (control), SREBP1 (hSREBP1_2394), and FAS (hFAS_6089), and then treated
with T0901317 (1 pM) for 18 h. Total RNA was isolated, and target gene expression was analyzed by real-time
quantitative PCR. Transfected RWPE1 cells were incubated with 3 wM of T0901317 (B and C) and 1 pM of
GW3965 (D and E). After two days of incubation, microscopic images were taken, and relative cell numbers
were determined by CCK-8 assay. C and E: Fold of inhibition. F: Transfected RWPE1 cells with each siRNA
were incubated with 3 uM T0901317 for two days, and Oil Red O staining was carried out. Accumulated lipid
amount was quantified by Image] software. GW, GW3965; LXR, liver X receptor; siRNA, small-interference
RNA; SREBP, sterol regulatory element-binding protein; T, T0901317.

elevated fatty acid level confers lipotoxicity and even cell
death, concomitant with G1/S arrest in certain cells (37—
39). For instance, RWPE1, macrophage, and pancreatic
B-cells are very active for lipid uptake and synthesis (37,
40, 41), and uncontrolled lipogenic activity leads to anti-
proliferation and apoptosis in these cells (data not shown).
Therefore, it is feasible that dysregulated lipid accumula-
tion accompanied by increased lipogenic activity would be
one of key mechanisms to mediate the antiproliferative ef-
fect of LXR activation.

The antiproliferative property of activated LXR is also
linked to decreased levels of cyclin A and cdc25a. Cyclin A
is essential for controlling DNA replication during the S

phase and timing mitosis entry during the G2 phase (42—
44). Accordingly, the level of cyclin A is elevated in a vari-
ety of tumors, such as breast cancer, leukemia, and prostate
cancer (42). It remains to be investigated whether there
is any correlation between lipotoxicity and cyclin A reg-
ulation upon LXR activation in certain cells. Cdc25a is
another cell cycle-regulating gene encoding a tyrosine
phosphatase, which is involved in the regulation of G1/S
transition by activating cyclin A/Cdk2 and cyclin E/Cdk2
complexes through removal of inhibitory phosphoryla-
tions (45, 46). Thus, it is possible that reduction of cdc25a
also contributes to the inhibition of cell cycle progression
at the G1/S checkpoint upon LXR activation. However,
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Fig. 7. Expression profiles of cell cycle-regulating genes in LNCaP and PC3 cells. LNCaP(A), RWPE1 (B),
and PC3(C) cells were incubated with 5 puM T0901317 for 18 h, and total RNA were isolated. After synthesiz-
ing cDNA from total RNA, mRNA expression levels of cyclin A, cyclin Al, cyclin Bl, cyclin D1, cyclin E,
cdc2ba, plb, p21, p27, p27, p53, mdm2, gadd4ba, and myc were analyzed by real-time quantitative PCR and
normalized with GAPDH control. LNCaP (D) and RWPEI (E) cells were treated with 5 M T0901317 for one
day, and total protein was subjected to Western blotting analysis. *P < 0.05; **P = 0.146; ns, not significant.

the exact mechanism for cell cycle inhibition by LXR
activation remains to be elucidated.

To explore the inhibition of cell proliferation by LXRa
and LXRp, we examined the expression levels of LXRa
and LXRp in various cell lines (supplementary Fig. IV).
Because most cells expressed substantial amounts of both
LXRa and LXRB mRNA, we did not find any correlation
between LXRa or LXRpB expression and cell cycle inhibi-
tion. Additionally, we investigated the effect of LXRa and
LXRp suppression via siRNA in RWPEI cells. Neither
LXRa nor LXRB knockdown in RWPE1 cells failed to
relieve antiproliferation in the presence of LXR ligands.
Although we tested several LXRa and LXRB siRNA
constructs (hLXRa_934, hLXRa_b542, hLXRB_508, and
hLXRB_1176), the knockdown efficiency of LXRa and
LXRp siRNA was only ~40-50%, respectively (supplemen-
tary Fig. V). Moreover, combined treatment of LXRa and
LXRp siRNA did not improve the technical limitations
of individual LXR knockdown (data not shown). When we
examined the antiproliferative effect of LXR activation in
mouse embryonic fibroblasts (MEF) from LXRa-knockout
(aKO), LXRB-knockout (BKO), and LXRa/pB-double
knockout (DKO) mice, LXR activation with its ligands did
not suppress proliferation rates in those MEF (supplemen-
tary Fig. VI-A). Under the same conditions, we did not de-
tect any dramatic change of lipid contents on LXR ligands
in MEF (data not shown). However, we noted that expres-
sion of several LXR target genes was upregulated by LXR
ligand in wild-type and LXRa KO MEF (supplementary
Fig. VI-B). Thus, even though we propose that LXR activa-
tion with elevated lipogenic activity appears to play a role
in mediating antiproliferation in certain cell types, future
studies are essential to clarify whether LXRa and/or LXRf3
is crucial for LXR-dependent antiproliferation.
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Taken together, we propose that LXR may play a role
in the regulation of cell proliferation as well as energy
homeostasis. LXR activation actively attenuates cell cycle
progression in certain cell types, such as RWPE], THPI,
SNU16, LNCaP, and HepG2, but not in others, such as PC3,
HEK293, and HelLa cells. Further, we found that the inhi-
bition of cell proliferation is associated with the lipogenic
activity of LXR. These results provide new insight for the
role of LXR on cell cycle control with lipogenic activity. Bl
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