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Hedgehog (Hh) signaling is indispensable in embryonic development, and its dysregulated activity
results in severe developmental disorders as shown by genetic models of naturally occurring
mutations in animal and human pathologies. Hh signaling also functions in postembryonic devel-
opment and adult tissue homeostasis, and its aberrant activity causes various human cancers.
Better understanding of molecular regulators of Hh signaling is of fundamental importance in
finding new strategies for pathway modulation. Here, we identify liver X receptors (LXRs), mem-
bers of the nuclear hormone receptor family, as previously unrecognized negative regulators of
Hh signaling. Activation of LXR by specific pharmacological ligands, TO901317 and GW3965,
inhibited the responses of pluripotent bone marrow stromal cells and calvaria organ cultures to
sonic Hh, resulting in the inhibition of expression of Hh-target genes, Gli1 and Patched1, and
Gli-dependent transcriptional activity. Moreover, LXR ligands inhibited sonic Hh-induced differ-
entiation of bone marrow stromal cells into osteoblasts. Elimination of LXRs by small interfering
RNA inhibited ligand-induced inhibition of Hh target gene expression. Furthermore, LXR ligand
did not inhibit Hh responsiveness in mouse embryonic fibroblasts that do not express LXRs,
whereas introduction of LXR into these cells reestablished the inhibitory effects. Daily oral ad-
ministration of TO901317 to mice after 3 d significantly inhibited baseline Hh target-gene expres-
sion in liver, lung, and spleen. Given the importance of modulating Hh signaling in various
physiological and pathological settings, our findings suggest that pharmacological targeting
of LXRs may be a novel strategy for Hh pathway modulation. (Molecular Endocrinology 23:
1532–1543, 2009)

Hedgehog (Hh) molecules play key roles in a variety of
processes including tissue patterning, mitogenesis,

morphogenesis, cellular differentiation, stem cell physiol-
ogy, embryonic development, cancer, and cardiovascular
disease (1–7). In mammals, three members of the Hh fam-
ily of proteins have been identified, namely sonic Hh
(Shh), indian Hh, and desert Hh (known to be mainly
present in neuronal tissues and gonadal cells). In addition
to its role in embryonic development, Hh signaling plays

a crucial role in postnatal development and maintenance
of tissue/organ integrity and function (8–14). Studies us-
ing genetically engineered mice have demonstrated that
Hh signaling is critical during skeletogenesis and vascu-
logenesis, as well as in development of osteoblasts, chon-
drocytes, and endothelial cells in vitro and in vivo (15–
18). Aberrant Hh signaling has been implicated in various
cancers including hereditary forms of medulloblastoma,
basal cell carcinoma, and prostate, breast, colon, and lung
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cancers, whereas reduced or interrupted Hh pathway ac-
tivity can cause severe developmental defects in mice and
humans (1, 4, 19). Given these roles in various physiolog-
ical and pathological conditions, a better understanding
of molecular regulators of Hh signaling is of fundamental
importance. In addition, modulation of Hh signaling
through novel mechanisms may be beneficial in targeting
various human disorders (20).

Hh signaling involves a complex network of factors
that includes plasma membrane proteins, kinases, phos-
phatases, and factors that facilitate the shuttling and dis-
tribution of Hh molecules (21–23). Production of Hh pro-
teins from a subset of producing/signaling cells involves
synthesis, autoprocessing, and lipid modification (24,
25). In the absence of Hh proteins, Patched (Ptch), present
on the plasma membrane of the responding cells, keeps
Hh signaling in a silent mode by preventing the activity of
another plasma membrane-associated signal transducer
molecule, Smoothened (Smo). In the presence of Hh, the
inhibition of Smo by Ptch is alleviated, and Smo trans-
duces the signal that regulates the transcription of Hh
target genes. This transcriptional regulation in part in-
volves the Ci/Gli transcription factors that enter the nu-
cleus from the cytoplasm after a very intricate interaction
between the members of a complex of accessory mole-
cules, including Fused, suppressor of Fused (Sufu), and
Rab23 that regulate localization and stability of Gli (26–
28). Many, but clearly not all, regulators of Hh pathway
signaling and their functions are conserved between Dro-
sophila and vertebrates, and there is still much to be
learned about the intracellular and extracellular regula-
tors of this critical signaling network.

Liver X receptors � and � (LXR� and LXR�) are nu-
clear hormone receptors that, upon activation, regulate
the expression of target genes in various physiological
pathways (29–31). Perhaps the most well-studied prop-
erty of LXR is its ability to regulate intracellular lipid and
sterol metabolism by regulating the genes the products of
which are key members of the cholesterol biosynthetic
pathway and lipid homeostasis (29–32). LXRs also reg-
ulate reverse cholesterol transport from peripheral tissues
to the liver mainly by increasing the expression of mem-
bers of the ABC superfamily of membrane transporters
(32, 33). Among most studied members are ABCA1 and
ABCG1, which mediate sterol efflux from various cell
types. LXRs were thought to be orphan nuclear receptors
until it was found that specific oxysterols act as their
physiological ligands (29–31). Although most studies
have revolved around LXR’s ability to regulate choles-
terol homeostasis, more recent reports demonstrate its
ability to regulate inflammatory responses through indi-
rect trans-repression of genes that do not have LXR-bind-

ing sites in their promoters (34, 35). Such genes include
inflammatory cytokines and chemokines such as IL-6,
IL-1�, monocyte chemotactic protein-1, and matrix met-
alloproteinase 9, as well as enzymes involved in genera-
tion of bioactive molecules such as inducible nitric oxide
synthase and cyclooxygenase 2 (34, 35). Furthermore,
LXR appears to play a role in growth and progression of
various tumors including breast and prostate, certain
types of which occur as a result of aberrant Hh signaling
(36–39). As such, LXRs may serve as therapeutic targets
for various disorders including atherosclerosis, diabetes,
Alzheimer’s, and cancer (33, 40–42).

In the present report, we demonstrate the previously
unrecognized interaction between LXR and Hh signaling,
whereby LXR activation by pharmacological ligands in
pluripotent mesenchymal cells [marrow stromal cells
(MSCs)], which are capable of differentiating into various
cell types including osteoblasts and adipocytes (43),
causes significant inhibition of Shh-induced signaling.
This inhibition also translates into inhibition of Shh-in-
duced osteogenic differentiation of MSC, an important
finding that presents yet another step in regulation of
Hh-induced lineage-specific differentiation of MSC, as
well as having implications in bone homeostastis. More-
over, we also demonstrate that LXR activation inhibits
Hh signaling in calvaria organ cultures ex vivo, and in
mouse tissues in vivo.

Results

LXR activation inhibits Hh signaling
In previous studies, we and others have demonstrated

the role of Hh pathway in mediating the lineage-specific
differentiation of pluripotent bone MSCs into bone-form-
ing osteoblasts and inhibition of their differentiation into
adipocytes (44–46). Furthermore, in previous studies we
reported the presence of LXRs in MSCs as well as the
inhibition of osteoblast differentiation marker, alkaline
phosphatase (ALP) activity, upon treatment of these cells
with LXR ligands including TO901317 (TO) (43). These
findings prompted us to examine whether LXR activation
interferes with Hh signaling and ultimately Hh-induced
osteogenic differentiation of MSCs. Treatment of M2-
10B4 (M2) MSCs with TO induced the mRNA expres-
sion of LXR target genes ABCA1 and ABCG1 approxi-
mately 20- and 2-fold, respectively, after 48 h of
treatment (data not shown). TO inhibited the expression
of Shh-induced target genes Ptch1 and Gli1 after 24, 48,
and 72 h of treatment (Fig. 1) in a dose-dependent manner
(supplemental Fig. 1 published as supplemental data on
The Endocrine Society’s Journals Online web site at
http://mend.endojournals.org). Similar results were ob-

Mol Endocrinol, October 2009, 23(10):1532–1543 mend.endojournals.org 1533

 at UCLA Biomedical Lib/Serials 12-077 Ctr for Hlth Sci on October 10, 2009 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org


tained using a structurally distinct LXR ligand, GW3965
(GW, supplemental Fig. 2). In addition, Shh-induced Gli
transcriptional activity, measured using an 8�-Gli lucif-
erase reporter (44), showed dose-dependent inhibition by
TO (Fig. 2). In contrast, LXR activation did not inhibit
bone morphogenetic protein 2 signaling in MSCs as as-
sessed by the lack of any effects of TO on phosphorylation
of Smad/1/5/8 proteins and mRNA expression of bone
morphogenetic protein 2-target genes Id1 and Msx2 (data
not shown). This suggests that the inhibitory effects of

LXR are not due to a generalized inhibition of all cellular
responses.

To further investigate the kinetics of the inhibitory
effects of LXR activation on Shh-induced signaling, M2
cells were treated in the following manner: 1) pretreated
with TO for 24 h, followed by removal of TO and addi-
tion of Shh for 48 h without TO; 2) pretreated with TO
for 24 h followed by the addition of Shh � TO for 48 h;
3) cotreated with Shh � TO for 48 h; and 4) first
treated with Shh for 24 h and subsequently with Shh �

TO for 48 h. Quantitative RT-PCR (Q-RT-PCR) anal-
ysis of RNA extracted at the end of the experiment
demonstrated that TO inhibited Shh-induced expres-
sion of Ptch1 and Gli1 under all the above treatment
conditions (Fig. 3).

In contrast to its ability to inhibit Shh-induced Hh
target gene expression, TO was unable to inhibit re-
sponses of M2 cells to purmorphamine (PM), a ligand
that activates Hh signaling through direct binding to Smo
(47) (Fig. 4).

Effect of LXR elimination on inhibition of Shh
signaling by TO

To further confirm that the effects of TO on Shh sig-
naling are mediated through LXR activation and not
other mechanism(s), first we employed small interfering
RNA (siRNA) to inhibit both LXR� and LXR� expres-
sion in M2 cells. This approach consistently inhibited the
mRNA expression for LXRs by more than 80% (supple-
mental Fig. 3, A and B) and inhibited TO-induced ABCA1
expression (supplemental Fig. 3C). Presence of Shh had
no effect on TO-induced ABCA1 expression in the pres-
ence or absence of LXR siRNA (supplemental Fig. 3C).
LXR siRNA significantly reversed the inhibitory effect
of TO on Shh-induced Ptch1 and Gli1 expression (Fig.
5, A and B).

Furthermore, we examined the inhibitory effect of TO
in mouse embryonic fibroblasts (MEFs) derived from
LXR�� null mice, which do not express either isotype of
LXR, and do not express ABCA1 or ABCG1 mRNA in
response to TO (Fig. 6, A–C). Treatment of MEFs with
Shh caused a significant induction in Gli1 expression;
however, TO was unable to inhibit this response (Fig.
6D). Upon retroviral introduction of LXR� into LXR null
MEFs, TO was able to exert its inhibitory effect on Shh-
induced Gli1 expression (Fig. 6D). Similar to reports from
other cell types including neuronal cells (48, 49), Shh-
induced Ptch1 expression in null MEFs was minimal
(�1.3-fold; data not shown). Interestingly, expression of
LXR� in null MEFs reduced the response of these cells to
Shh compared with MEFs devoid of LXR (Fig. 6D).

FIG. 1. Effect of TO on Shh-induced Ptch1 and Gli1 expression in
marrow stromal cells. M2-10B4 cells were treated with control vehicle
(C) or 200 ng/ml Shh, alone or in combination with 2 �M TO. After 24,
48, and 72 h, RNA was isolated and analyzed for Ptch1 and Gli1
mRNA expression by Q-RT-PCR. Results from a representative
experiment are reported as the mean of triplicate determinations � SD

(*, P � 0.001 for C vs. Shh and for Shh vs. Shh � TO at all time points
for both Ptch1 and Gli1).

FIG. 2. Effect of LXR ligand TO on Gli-reporter activity. M2-10B4 cells
transfected with a Gli-luciferase reporter construct (pGL3b-8XGli) or
the empty reporter construct without Gli response elements (pGL3b)
were treated with Shh (200 ng/ml), alone or in combination with TO
(�M). Gli-luciferase reporter activity was tested after 48 h of treatment.
Results from a representative experiment are shown as the mean of
quadruplicate determinations � SD and expressed as fold induction
over control vehicle-treated cells (*, P � 0.001 for C vs. Shh and for
Shh vs. Shh plus all concentrations of TO in pGL3b–8XGli cells). C,
Control.
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Effect of LXR activation on molecular components
of Hh signaling

We investigated the potential effect of TO-induced
LXR activation on the expression of positive and negative
regulators of Hh signaling. Treatment of M2 cells for 24
and 48 h with 2 �M TO showed no significant changes in
the baseline mRNA expression for Gli1, Gli2, Gli3, and
Smo, which are deemed positive regulators of the Hh

pathway (21), and whose expression levels
may have been reduced by TO (data not
shown). TO also caused no significant change
in the mRNA expression of Ptch1 or Sufu,
which are negative regulators of Hh pathway
activity (50) the levels of expression of which
may have been induced by TO as a mechanism
of inhibiting responses to Shh (data not
shown).

Because recent studies have demonstrated
that Hh signaling is mediated at the level of
primary cilium (51–53), we examined whether
TO inhibits the formation/integrity of primary
cilium in M2 cells. Cells were treated for 48 h
with TO and then stained for primary cilium-
associated acetylated �-tubulin and analyzed
by fluorescence microscopy. In contrast with
chloral hydrate, which has been shown to dis-
rupt primary cilium and Hh signaling in vari-
ous cell types (54, 55) including in M2 cells
(data not shown), TO treatment had no appar-
ent effects on the shape of primary cilium or
the percentage of ciliated cells (Fig. 7, A and B).
In addition, Q-RT-PCR and Western blot
analysis of M2 cells treated with TO for 48 h
did not show any change in mRNA and pro-
tein expression for Polaris, respectively (data
not shown). Polaris is a member of the in-
traflagellar transport (Ift) proteins, the disrup-
tion of which in other cell types was found to
inhibit Hh signaling (51, 56, 57).

LXR activation inhibits Shh-induced osteogenic
differentiation of bone MSCs

We and others have previously reported that Shh in-
duces the osteogenic differentiation of pluripotent mesen-
chymal cells, including MSCs (44, 45). Treatment of M2
cells with TO or GW caused a dose-dependent inhibition
of Shh-induced osteogenic differentiation as measured by
its effects on differentiation markers ALP activity, and
bone sialoprotein (BSP) and osteocalcin (OCN) mRNA
expression (Fig. 8, A–D).

LXR activation inhibits Hh signaling in calvaria
organ cultures ex vivo

To further validate the inhibitory effects of LXR acti-
vation on Hh signaling, we examined the effects of TO on
Shh-induced target gene expression in mouse calvaria or-
gan cultures ex vivo. Calvaria organ cultures derived from
mouse pups contain a population of immature preosteo-
blasts that differentiate and mature ex vivo and have been
previously demonstrated to be excellent indicators of the
in vivo biological effects of various regulators of osteo-

FIG. 3. Effect of pretreatment, cotreatment, and posttreatment with TO on Shh-
induced Patched1 (Ptch) and Gli1 expression in marrow stromal cells. M2-10B4 cells
were treated with control vehicle (C) or TO (2 �M) and Shh (200 ng/ml), alone or in
combination, in the following manner: panel A, pretreated with TO for 24 h,
followed by removal of TO and addition of Shh for 48 h without TO; panel B,
pretreated with TO for 24 h followed by the addition of Shh � TO for 48 h; panel C,
cotreated with Shh and TO for 48 h; or panel D, first treated with Shh for 24 h and
subsequently with Shh � TO for 48 h. RNA was isolated and analyzed for Ptch1 and
Gli1 mRNA expression by Q-RT-PCR. Results from a representative experiment are
reported as the mean of triplicate determinations � SD (*, P � 0.001 for C vs. Shh
and for Shh vs. Shh � TO for both Ptch1 and Gli1, and for all the various treatment
modalities described). DMSO, Dimethylsulfoxide.

FIG. 4. Effect of LXR ligand TO on PM-induced Patched1 (Ptch) and
Gli1 expression in marrow stromal cells. M2-10B4 cells were treated
with control vehicle (C), 1 �M PM, or 2 �M TO, alone or in
combination. After 48 h, mRNA was extracted and analyzed for Ptch1
and Gli1 expression by Q-RT-PCR. Data from a representative
experiment are reported as the mean of triplicate determinations � SD

(*, P � 0.001 for C vs. PM for both Ptch1 and Gli1).
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genesis (58–60). Results showed that TO inhibited the
Shh-induced expression of Ptch1 and Gli1 ex vivo, further
confirming the inhibitory effects of LXR activation on Hh
signaling (Fig. 9). TO (5 �M) consistently caused at least a
significant 4-fold increase in ABCA1 expression confirm-
ing LXR activation in the calvaria organ cultures (data
not shown).

LXR activation inhibits Hh target gene expression
in vivo

Hh signaling has been implicated in postembryonic
tissue maintenance and regeneration in various organs
including the liver, lung, and spleen (8–14, 61–63). To
examine the potential effect of LXR activation on Hh
signaling in vivo, we examined the expression of Ptch1
and Gli1 in RNA isolated from liver, lung, and spleen of
mice after 3 d of daily administration of TO (40 mg/kg) by
oral gavage in 8-wk-old male C57BL/6 mice. Q-RT-PCR
analysis showed the baseline expression of Ptch1 and Gli1
in all tissues examined, and LXR activation in each tissue
was confirmed by a robust and significant TO-induced
expression of LXR target genes ABCA1, ABCG1, and
SREBP1c in the lung and spleen, and SREBP1c and
ABCG1 in the liver compared with mice treated with con-
trol vehicle (data not shown). We found that TO admin-

istration caused a significant inhibition of Ptch1 and Gli1
in the liver and spleen of mice and a significant inhibition
of Ptch1 in the lung compared with mice treated with
control vehicle (Fig. 10).

Discussion

Given the multitude of physiological and pathological
processes that are regulated by Hh signaling, gaining
greater insights into its molecular regulation is of funda-
mental importance to its therapeutic targeting. Cross talk
between Hh signaling and nuclear hormone receptors in-
cluding the steroid hormone receptors (64), retinoic acid
receptor (65), and peroxisome proliferator-activated re-
ceptors (66) among others have been reported in the past.
The present report provides the first line of evidence for
negative regulatory effects of LXR on Hh signaling.

LXRs are expressed in various tissues during embry-
onic and postembryonic stages of life, and their role in
tissue physiology, inflammation, and lipid metabolism
has been demonstrated (29–31). We speculate that an-
other one of LXR’s significant and yet unrecognized phys-
iological roles may involve regulation of Hh signaling.
Data presented here definitively show that pharmacolog-
ical activation of LXR by small molecule ligands inhibits
the responses of Hh-responsive cells to Shh, and that in
the absence of LXR these ligands do not exert their inhib-
itory effects. However, interestingly, LXR activation was
not effective in inhibiting Hh responsiveness when the
activation of Hh pathway was caused through direct in-
teraction of PM with Smo rather than that achieved by
Shh, which binds to Ptch (21). These differential effects of
LXR activation on Hh pathway suggest the targeting of
an LXR-regulated molecular event that modulates Hh
signaling through direct regulation of Ptch and/or a Ptch-
regulated secondary event that occurs upstream of Smo.
We did not find any significant effects of TO on mRNA
expression for Ptch; therefore, any effect on Ptch would
most likely be at the level of protein expression or subcel-
lular localization, perhaps to primary cilium (67). Our
initial studies of the effect of LXR activation on primary
cilium and one of the Ift proteins, Polaris, did not show
any significant changes in TO-treated cells. However, we
cannot rule out that other features of the primary cilium,
such as its molecular integrity and composition, that af-
fect its ability to transduce signals may not be altered by
LXR activation. Alternatively, it has been suggested that
Ptch may somehow regulate the interaction of a small
molecule, such as an oxysterol, with Smo (68, 69), which
could be the target of LXR activation. It is noteworthy
that LXR activation induced the expression of ABC trans-
porters in all cells tested, and it is plausible that transport

FIG. 5. Effect of LXR siRNA on Ptch1 and Gli1 mRNA expression in
marrow stromal cells. M2-10B4 cells were transfected with scrambled
or LXR� and LXR� siRNAs as described in Materials and Methods. Cells
were treated 48 h after transfection with control vehicle (C), 200 ng/ml
Shh, or 1 �M TO, alone or in combination. After 48 h, the expression
of Ptch1 (A) and Gli1 (B) mRNA was analyzed by Q-RT-PCR. Results
from a representative experiment are reported as the mean of triplicate
determination � SD and expressed as fold induction over control
untreated cells (*, P � 0.001 for C vs. Shh for scrambled and LXR
siRNA for Ptch1 and Gli1 expression; #, P � 0.001 for Shh vs. Shh �
TO for scrambled siRNA for Ptch1 and Gli1 expression; **, P � 0.05
for Shh vs. Shh � TO for LXR siRNA for Ptch1 and Gli1 expression).
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of a lipophilic molecule or sterol by these transporters
away from Smo might negatively regulate Hh signaling.
Although this possibility is yet to be tested, the previous
observation that sterol depletion of cells hampers their
response to Hh proteins is supportive of that hypothesis
(70). Moreover, although our studies were performed in
response to exogenously added Shh-N, intact production,
transport, and distribution of endogenous Hh proteins

are important during development and
perhaps postembryonic tissue mainte-
nance (22). We speculate that LXR ac-
tivation and increased sterol removal
from cells might also affect posttransla-
tional processing and sterol modifica-
tion of Hh molecule in Hh-producing
cells, thereby causing impaired trans-
port and distribution of Hh molecules
(22) and Hh-regulated processes. The
specific molecular mechanism(s) by
which LXR activation negatively reg-
ulates Hh signaling remains to be elu-
cidated in future studies.

The present observations also dem-
onstrate that pretreatment of cells with
TO, and its removal before treatment
with Shh, had significant inhibitory ef-
fects on Hh target gene expression. This
suggests that LXR activation precondi-
tions the cells to dampen their response
to Shh, perhaps through expression of
inhibitory molecules or other cellular
changes that remain intact even after the
LXR ligand is removed. For example,
we found that TO-induced ABCA1 ex-
pression in M2 cells remains elevated
for at least 72 h after removal of the

ligand from the cultures (data not shown). Therefore, if
ABCA1 plays a regulatory role in limiting Hh signaling as
speculated in the previous paragraph, its persistent ex-
pression may be one mechanism for preconditioning of
cells upon TO treatment. In addition, treatment of cells
with TO subsequent to exposure of cells to Shh still
showed inhibitory effects on Shh-induced gene expres-

sion. This suggests that LXR activation
can reverse Shh-induced signaling and/or
limit its magnitude by causing cellular
changes as described above.

Transcriptional repression of inflam-
matory genes by LXR has been reported
in the past and occurs through trans-re-
pression (35). Such genes, including IL-6,
IL-1�, cyclooxygenase 2, and matrix met-
alloproteinase 9 among others, do not
possess LXR binding sites in their proxi-
mal promoters (35), suggesting an indi-
rect mechanism of transcriptional repres-
sion. Such indirect mechanisms may
involve inducing the expression of tran-
scription repressors, competing for coac-
tivators, or inhibiting other transcriptional

FIG. 6. LXR activation does not inhibit Hh signaling in LXR null MEFs. LXR��/�; LXR��/�
MEFs were infected with pBabe-Hyg empty vector or pBabe-mLXR� and selected with
hydromycin as described in Materials and Methods. LXR� expressing cells (LXR�; LXR��/�)
and control double-null cells (LXR��/�; LXR��/�) at confluence were treated with control
vehicle (C), 200 ng/ml Shh, or 2 �M TO, alone or in combination. After 48 h, mRNA was
isolated and analyzed for LXR� expression (panel A) and expression of LXR target genes
ABCG1 (panel B) and ABCA1 (panel C) to demonstrate that introduction of mLXR� in
double-null MEFs restores the regulation of LXR target genes by TO. Analysis of expression
of Gli1 (panel D) in MEFs was also performed in response to Shh and in the presence or
absence of TO. Results from a representative of three separate experiments are shown as
mean � SD and expressed as fold induction over control vehicle-treated cells (*, P � 0.05;
NS, not significant, P � 0.1564).

FIG. 7. Effects of LXR ligand TO and chloral hydrate on primary cilium in MSCs. M2-10B4
cells at confluence were treated with 2 �M TO or 4 mM chloral hydrate (CH) for 48 h. Cells
were then fixed in 4% paraformaldehyde and processed for immunostaining with
antibody to acetylated �-tubulin, which is concentrated in primary cilium and DAPI for
staining nuclei. Staining of primary cilium was examined under a fluorescent microscope
with a magnification of �100 (A; arrows). B, Ciliated cells were counted in six fields per
well, in triplicate wells per treatment, and total number of cells in each field was
determined by counting DAPI-stained nuclei. Percent of ciliated cells was calculated for
each field and averaged for each treatment. Results from a representative experiment are
reported as the mean � SD (*, P � 0.001 for C vs. CH). C, Control.
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activators, such as nuclear factor- �B in the case of inflam-
matory gene repression (35). Using Genomatix soft-
ware, preliminary examination of the 5-kb region up-
stream of transcription start site for mouse Ptch1 and
Gli1, both of which are repressed by TO, did not reveal
any putative LXR-binding sites [LXR response elements
(LXREs); data not shown]. Therefore we speculate that
similar to inflammatory genes, inhibition of Hh-target
gene expression by LXR may involve trans-repression, in
addition to cellular changes that may limit Hh signaling
directly as proposed above.

In addition, our data show that the expression of os-
teogenic genes in response to Shh was inhibited by LXR
activation. Such inhibition may be 1) through interference

with Shh-induced signaling that, in turn, in-
duces the expression of osteogenic genes,
and/or 2) through direct inhibition of osteo-
genic genes regardless of the inducer mole-
cule. It is noteworthy that preliminary exam-
ination of the 5-kb region upstream of
transcription start site for mouse ALP, BSP,
and OCN showed no apparent LXREs in
ALP and BSP and only one putative LXRE
in OCN genes (data not shown). Therefore,
inhibition of some osteogenic genes by LXR
may be direct whereas others may involve an
indirect trans-repression mechanism similar
to that reported for inflammatory genes.
LXR-induced inhibition of osteogenic genes
that mediate osteoblast differentiation and ac-
tivity may be important in regulation of bone
formation and bone homeostasis. Evidence
for the negative regulation of osteoblasts by
LXR was also presented in a recent publica-
tion where it was found that in LXR��/�
mice there is an increased mRNA expression
of the master regulator of osteogenesis,
Runx2 transcription factor, and osteogenic
genes such as osteopontin, OCN, BSP, ALP,
and type I collagen (71). In addition, there was
an increase in serum levels of OCN and ALP
in LXR��/� mice suggesting increased os-
teoblast activity (71). These findings suggest
the presence of more active osteoblasts in the
absence of LXR�, and an inhibitory effect of
LXR on osteogenesis.

Finally, our data also demonstrate that sys-
temic administration of TO in mice inhibits
the baseline expression of Hh target genes
Ptch1 and Gli1 in liver, lung, and spleen, al-
though inhibition of Gli1 in the spleen did not
reach statistical significance. Inhibition of Hh
target genes by TO was correlated with the

induced expression of LXR target genes as expected. This
finding further supports the potential role of Hh signaling
in adult tissue physiology and implicates the potential role
of endogenous and exogenous factors that regulate
LXR signaling in modulation of Hh signaling-regulated
processes during embryonic development and postembry-
onic tissue homeostasis. Therefore, future investigations
of LXR-Hh interactions in vivo and in various physiolog-
ical and pathological settings would be of great
importance.

The observation that LXR activation negatively regu-
lates Hh signaling may have a number of implications in
physiology and pathology. Hh signaling plays a major

FIG. 8. Effect of LXR ligands, TO and GW3965, on Shh-induced osteogenic
differentiation markers in M2-10B4 MSCs. Panels A and B, M2-10B4 cells were
treated with control vehicle (C) or 200 ng/ml Shh, alone or in combination with
increasing doses of TO or GW ligands (�M). After 3 d, ALP activity assay was
performed on whole-cell lysates. Results from a representative experiment are
reported as the mean of quadruplicate determinations � SD (*, P � 0.001 for C vs.
Shh and for Shh vs. Shh plus all concentrations of TO and GW). Panels C and D, M2-
10B4 cells were treated with control vehicle (C), 200 ng/ml Shh, or 2 �M TO, alone or
in combination. After 6 d, RNA was isolated and analyzed for BSP and OCN mRNA
expression by Q-RT-PCR. Results from a representative experiment are reported as the
mean of triplicate determinations � SD (*, P � 0.001 for C vs. Shh and for Shh vs.
Shh � TO for both BSP and OCN).
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role in embryonic development as demonstrated by the
severe defects that occur when Hh signaling is impaired.
Furthermore, LXRs and LXR target genes have been
identified in developing embryos as early as embryonic d
11.5 (72). Therefore, it is conceivable that cross talk be-
tween Hh and LXR signaling is important for the proper
regulation of embryonic development. However, because
we are unaware of any reports of defects in embryonic
development of LXR�� double-knockout mice, it is not
clear whether Hh-LXR cross talk is of physiological im-
portance during embryonic development. We are also un-
aware of any reports regarding the potential adverse ef-
fects of LXR hyperactivity on embryonic development,
which might be caused through perturbation of Hh sig-
naling. This apparent absence of developmental defects in
LXR null mice, in the face of the expected increase in Hh
signaling, may be due to extremely tight compensatory
regulation of Hh signaling during embryonic develop-
ment given its critical role in various developmental pro-
cesses. However, in postembryonic development and tis-
sue maintenance, LXR-Hh cross talk may be of greater
significance. Aberrant Hh signaling results in the forma-
tion of various tumors, among which medulloblastoma
and prostate tumors have been well studied (37–39, 48,
73). It has been shown that defects in negative regulators
of Hh signaling, namely Ptch, Sufu, REN, and pituitary
adenylate cyclase-activating polypeptide, cause or en-
hance the up-regulation of Hh signaling and formation of
medulloblastoma (48, 74, 75). Administration of cyclo-
pamine or small molecule antagonists of Hh signaling has
been found effective in inhibiting cell proliferation and
medulloblastoma in mice (73). Similarly, aberrant Hh sig-
naling also contributes to prostate cancer, and a number
of studies have demonstrated that interference with Hh
signaling inhibits tumorigenesis in the prostate (37–39).

We speculate that activating LXR through pharmacolog-
ical or gene targeting intervention might be a potential
strategy for eradicating tumors that arise from dysregu-
lated Hh signaling. Interestingly, administration of TO or
phytosterols that activate LXR in vivo to mouse models of
human prostate cancer tumors has been found to inhibit
or delay tumor growth and progression (37, 38). Prolif-
eration of various cancer cell lines in vitro was also inhib-
ited by TO, although the concentrations of TO used in
those studies were relatively high, and it is not clear
whether cytotoxicity of high doses of TO may be, in part,
the cause of decreased cell viability and proliferation (39).
Furthermore, it would be important to examine whether
baseline LXR activity may be compromised in cancers
that arise from aberrant Hh signaling.

Altogether, our data clearly demonstrate the negative
regulatory effects of LXR on Hh signaling in pluripotent
MSCs and embryonic fibroblasts. We speculate that sim-
ilar effects of LXR on Hh signaling may be found in other
cell types in which LXRs are present and functional. Be-

FIG. 9. Effect of LXR ligand, TO, on ex vivo Hh signaling. Calvaria
from mouse pups were extracted and incubated for 24 h with growth
medium. Next, cultures were treated with control vehicle, 400 ng/ml
Shh, or 5 �M TO, alone or in combination. RNA from organ cultures
was extracted after 48 h of treatment and analyzed for Ptch1 and Gli1
mRNA expression by Q-RT-PCR. Results from a representative study are
reported as the mean value from triplicate cultures � SD per condition
and expressed as fold induction over untreated control cultures (*, P �
0.001 for control vs. Shh and Shh vs. Shh � TO for both Ptch1 and
Gli1; #, P � 0.05 for control vs. TO for Ptch1 and Gli1).

FIG. 10. Effect of LXR ligand, TO, on in vivo Hh signaling. Mice were
gavaged daily for 3 d with TO (40 mg/kg/d) or vehicle (0.5%
methylcellulose). On the third day, mice were euthanized and RNA
from liver, lung, and spleen was extracted and analyzed by Q-RT-PCR
for Hh target genes, Ptch1 and Gli1, and LXR target genes, ABCA1,
ABCG1, and SREBP1c (data not shown). Results are expressed as
mean � SD (*, P � 0.05 for control vs. TO-treated mice; n � 5).

Mol Endocrinol, October 2009, 23(10):1532–1543 mend.endojournals.org 1539

 at UCLA Biomedical Lib/Serials 12-077 Ctr for Hlth Sci on October 10, 2009 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org


cause LXRs are thought to be potential drug targets for
various indications by promoting antiinflammatory, cho-
lesterol homeostatic, and glucose tolerance effects, we
propose that activating LXRs may also be effective in
targeting Hh signaling and may be used in addition to or
in lieu of small molecule inhibitors of Hh pathway. Fur-
ther studies of the molecular mechanisms underlying the
LXR-Hh pathway cross talk and its biological relevance
will further test this possibility.

Materials and Methods

Cell culture and reagents
M2-10B4 murine bone MSCs were maintained as previously

described (43). Experimental treatments were performed in
RPMI 1640 containing 5% heat-inactivated fetal bovine serum
(FBS) (Hyclone Laboratories, Logan, UT), 50 �g/ml ascorbate,
and 3 mM �-glycerophosphate. MEFs from LXR double-knock-
out embryonic d 13.5 embryos were isolated and immortalized
with forced expression of large T antigen (pBabe-Puro large T).
To generate retroviral overexpression of large T antigen, Phoe-
nix A cells (76) were grown in DMEM with 10% FBS and
penicillin/streptomycin and transiently transfected with the
large T antigen expression vector using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). Retroviruses were collected 48 h
after transfection and filtered. The LXR��/�, LXR��/�
MEFs were infected with virus at 8 �g/ml polybrene overnight
and selected with puromycin (2 �g/ml) for 1 wk. Immortalized
MEFs were then infected either with pBabe-Hyg control or
pBabe-Hyg-mLXR� viruses and selected with hygromycin (800
�g/ml). LXR� expressing cells (LXR�, LXR��/�) and control
double null cells were used in experiments as described. Recom-
binant mouse Shh N-terminal peptide was obtained from R&D
Systems, Inc. (Minneapolis, MN), TO from Calbiochem (La
Jolla, CA), PM from Cayman Chemical (Ann Arbor, MI), and
chloral hydrate from Sigma-Aldrich (St. Louis, MO). TO and
GW3965 were kind gifts of Timothy Wilson (GlaxoSmithKline,
Research Triangle Park, NC).

Animals
Male C57BL/6 mice (8 wk old) were maintained on a stan-

dard rodent chow and were gavaged daily for 3 d with either TO
(40 mg/kg/d) or vehicle (0.5% methylcellulose), five mice per
treatment, before being euthanized, with the last treatment per-
formed on the day of euthanasia. Tissues were immediately
frozen in liquid nitrogen and stored in �80 C until RNA
extraction.

ALP activity assay
Colorimetric ALP activity assay on whole-cell extracts was

performed as previously described (43).

Quantitative real-time PCR
Total RNA from cells or tissues was extracted with the RNA

isolation kit from Stratagene (La Jolla, CA) according to the
manufacturer’s instructions. RNA was DNase treated using
DNA-free kit from Ambion, Inc. (Austin, TX). RNA (3 �g) was
reverse transcribed using reverse transcriptase from Stratagene

to make single-stranded cDNA. The cDNAs were mixed with iQ
SYBR Green Supermix (Bio-Rad Laboratories, Inc., Hercules,
CA) for Q-RT-PCR assay using a Bio-Rad I-cycler IQ quantita-
tive thermocycler. All PCR samples were prepared in triplicate
wells of a 96-well plate. After 40 cycles of PCR, melt curves were
examined to ensure primer specificity. Fold changes in gene
expression were calculated using the 		Ct method (44). Se-
quences of primers used are reported in supplemental Table 1.
PCR products for all primer sets were sequenced by UCLA se-
quencing core facility to verify the identity of the products.

Transient transfection and Gli-dependent
reporter assay

Cells at 70% confluence in 24-well plates were transiently
transfected with Gli-dependent firefly luciferase and Renilla lu-
ciferase vectors as previously described (44). Total DNA per
well did not exceed 500 ng, and FuGENE 6 transfection reagent
(Roche Applied Science, Indianapolis, IN) was used at a ratio of
3:1 (reagent-DNA). Cells were treated for 48 h before luciferase
activity was assessed using the Dual Luciferase Reporter Assay
System (Promega Corp., Madison, WI) according to the manu-
facturer’s instructions. Experiments were performed in tripli-
cate, and error bars indicate 1 SD.

LXR-� and LXR-� siRNA transfection
Both LXR-� and LXR-� siRNAs (ON-TARGETplus

SMARTpool; catalog nos. L-040649-01-0010 and L-042839-
00-0010) were obtained from Dharmacon (Lafayette, CO). To
knock down LXRs, M2 cells at 80% confluency in 24- or six-
well plates were transfected with siRNA using DharmaFECT
transfection reagent (Dharmacon) to a final concentration of 25
nM of each siRNA. Knockdown of target genes was monitored
at the mRNA level by Q-RT-PCR and further assessed by level
of LXR target gene expression when cells were treated with
LXR ligands.

Immunocytochemistry
M2-10B4 cells cultured on chamber slides were fixed with

4% paraformaldehyde in PBS at room temperature for 7 min.
Nonspecific binding was blocked with 5% normal goat serum in
0.1% Tween/PBS at room temperature for 60 min. Cells were
then incubated with mouse-antiacetylated �-tubulin (1:500,
Sigma) prepared in blocking solution for 60 min at room tem-
perature, followed by incubation with Alexa 599 goat-anti-
mouse or Alexa 488 goat-antirabbit secondary antibody (1:250,
Invitrogen) for 60 min at room temperature. After rinsing with
0.1% Tween/PBS, cell nuclei were counterstained with 320 nM

4�,6-diamidino-2-phenylindole (DAPI) solution (Molecular
Probes, Inc., Eugene, OR) in PBS for 5 min according to the
manufacturer’s instructions. Staining of primary cilium was ex-
amined under a regular fluorescent microscope with a magnifi-
cation of �100. Ciliated cells were counted in six fields per well,
in triplicate wells per treatment, and total number of cells in
each field was determined by counting DAPI-stained nuclei. Per-
centage of ciliated cells was calculated for each field and aver-
aged for each treatment.

Western blotting
After treatments, cells were lysed in lysis buffer (50 mM

NaCl, 5 mM EDTA, 5 mM EGTA, 10 mM HEPES, 0.1% Triton
X-100), protein concentrations were determined using the Bio-
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Rad protein assay, and SDS-PAGE was performed as previously
described (43), probing for native and phosphorylated Smad
1/5/8 proteins using antibodies from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA) and Cell Signaling Technology (Danvers,
MA), respectively. Antibody to Polaris was a kind gift of Dr.
Bradley Yoder from University of Alabama (Tuscaloosa, AL).

Calvaria organ cultures
Calvaria from 7-d-old CD1 mouse pups were excised and

cultured in DMEM containing 10% heat-inactivated FBS in a
CO2 incubator at 37 C overnight. Next day, the cultures were
treated in DMEM containing 5% FBS, 50 �g/ml ascorbate, and
3 mM �-glycerophosphate with control vehicle, Shh, or TO,
alone or in combination, for 48 h (four calvaria per treatment
condition). The calvaria were then homogenized and the RNA
extracted as described above for Q-RT-PCR analysis of Gli1,
Ptch1, and ABCA1 mRNA expression.

Statistical analyses
Computer-assisted statistical analyses were performed using

the StatView 4.5 program. All P values were calculated using
ANOVA and Fisher’s projected least significance test. A value of
P � 0.05 was considered significant.
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65. Niederreither K, Dollé P 2008 Retinoic acid in development to-
wards an integrated view. Nat Rev Genet 9:541–553

66. Varnat F, Heggeler BB, Grisel P, Boucard N, Corthésy-Theulaz I,
Wahli W, Desvergne B 2006 PPAR�/� regulates paneth cell differ-
entiation via controlling the hedgehog signaling pathway. Gastro-
enterology 131:538–553

67. Rohatgi R, Milenkovic L, Scott MP 2007 Patched1 regulates hedge-
hog signaling at the primary cilium. Science 317:372–376

68. Chen JK, Taipale J, Cooper MK, Beachy PA 2002 Inhibition of
Hedgehog signaling by direct binding of cyclopamine to Smooth-
ened. Genes Dev 16:2743–2748

1542 Kim et al. LXRs Inhibit Hedgehog Signaling Mol Endocrinol, October 2009, 23(10):1532–1543

 at UCLA Biomedical Lib/Serials 12-077 Ctr for Hlth Sci on October 10, 2009 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org


69. Rohatgi R, Scott MP 2007 Patching the gaps in Hedgehog signaling.
Nat Cell Biol 9:1005–1009

70. Cooper MK, Wassif CA, Krakowiak PA, Taipale J, Gong R, Kelley RI,
Porter FD, Beachy PA 2003 A defective response to Hedgehog signal-
ing in disorders of cholesterol biosynthesis. Nat Genet 33:508–513

71. Robertson KM, Norgård M, Windahl SH, Hultenby K, Ohlsson C,
Andersson G, Gustafsson JA 2006 Cholesterol-sensing recep-
tors, liver X receptor � and �, have novel and distinct roles in
osteoclast differentiation and activation. J Bone Miner Res 21:
1276 –1287

72. Annicotte JS, Schoonjans K, Auwerx J 2004 Expression of the liver
X receptor � and � in embryonic and adult mice. Anat Rec 277A:
312–316

73. Berman DM, Karhadkar SS, Hallahan AR, Pritchard JI, Eberhart
CG, Watkins DN, Chen JK, Cooper MK, Taipale J, Olson JM,

Beachy PA 2002 Medulloblastoma growth inhibition by hedgehog
pathway blockade. Science 297:1559–1561

74. Lee Y, Kawagoe R, Sasai K, Li Y, Russell HR, Curran T, McKinnon
PJ 2007 Loss of suppressor-of-fused function promotes tumorigen-
esis. Oncogene 26:6442–6447

75. Di Marcotullio L, Ferretti E, De Smaele E, Argenti B, Mincione C,
Zazzeroni F, Gallo R, Masuelli L, Napolitano M, Maroder M,
Modesti A, Giangaspero F, Screpanti I, Alesse E, Gulino A 2004
REN(KCTD11) is a suppressor of Hedgehog signaling and is de-
leted in human medulloblastoma. Proc Natl Acad Sci USA 101:
10833–10838

76. Marathe C, Bradley MN, Hong C, Lopez F, Ruiz de Galarreta CM,
Tontonoz P, Castrillo A 2006 The arginase II gene is an anti-in-
flammatory target of liver X receptor in macrophages. J Biol Chem
281:32197–32206

Mol Endocrinol, October 2009, 23(10):1532–1543 mend.endojournals.org 1543

 at UCLA Biomedical Lib/Serials 12-077 Ctr for Hlth Sci on October 10, 2009 mend.endojournals.orgDownloaded from 

http://mend.endojournals.org

