
Lgr4/Gpr48 Negatively Regulates TLR2/4-associated Pattern
Recognition and Innate Immunity by Targeting CD14
Expression*□S

Received for publication, January 22, 2013, and in revised form, April 9, 2013 Published, JBC Papers in Press, April 15, 2013, DOI 10.1074/jbc.M113.455535

Bing Du‡, Weijia Luo§, Ruimei Li‡, Binghe Tan‡, Honghui Han‡, Xiaoling Lu¶, Dali Li‡, Min Qian‡, Dekai Zhang§,
Yongxiang Zhao¶1, and Mingyao Liu‡§2

From the ‡Shanghai Key Laboratory of Regulatory Biology, Institute of Biomedical Sciences and School of Life Sciences, East China
Normal University, 500 Dongchuan Road, Shanghai 200241, China, the §Institute of Biosciences and Technology and Department
of Molecular and Cellular Medicine, Texas A&M University Health Science Center, Houston, Texas 77030, and the ¶Biological
Targeting Diagnosis and Therapy Research Center, Guangxi Medical University, 22 Shuang Yong Road, Nanning,
Guangxi 530021, China

Background: Lgr4/Gpr48 has been found to play an important role in development of different organs.
Results:Overactivated innate immune response was found in Lgr4-deficient mice.
Conclusion: Lgr4/Gpr48 could be a negative regulator in TLR2/4-associated immune responses.
Significance:Our novel findings provide new insights into the physiological functions of Lgr4/Gpr48 in immune diseases.

The recognition of pathogen-associated molecular patterns
by Toll-like receptors (TLRs) is pivotal in both innate and adap-
tive immune responses. Here we demonstrate that deletion of
Lgr4/Gpr48 (G-protein-coupled receptor 48), a seven-trans-
membrane glycoprotein hormone receptor, potentiates TLR2/
4-associated cytokine production and attenuates mouse resis-
tance to septic shock. The expression of CD14, a co-receptor for
TLR2/4-associated pathogen-associated molecular patterns, is
increased significantly in Lgr4-deficient macrophages, which is
consistent with the increased immune response, whereas the
binding activity of cAMP-response element-binding protein is
decreased significantly in Lgr4-deficient macrophages, which
up-regulate the expression of CD14 at the transcriptional level.
Together, our data demonstrate that Lgr4/Gpr48 plays a critical
role in modulating the TLR2/4 signaling pathway and repre-
sents a useful therapeutic approach of targeting Lgr4/Gpr48 in
TLR2/4-associated septic shock and autoimmune diseases.

Immune cells, which are armed with pattern recognition
receptors, can recognize numerous pathogen-associated mo-
lecular patterns (PAMPs),3 including lipopolysaccharide (LPS;
Gram-negative bacteria), peptidoglycan (Gram-positive bacte-

ria), and single- and double-stranded DNA or RNA (viruses)
(1). Toll-like receptors (TLRs), which are widely distributed on
antigen-presenting cells, function as primary sensors for invad-
ing pathogens in the innate immune system (2, 3). As of now, 10
human and 12mouse TLRs have been identified, each of which
has distinct recognition patterns. For example, TLR4 recog-
nizes LPS from the outermembrane ofGram-negative bacteria,
whereasTLR1, TLR2, andTLR6 recognize diacyl or triacyl lipo-
proteins from Gram-positive bacteria. TLR3 recognizes viral
double-stranded RNA, whereas TLR7 and TLR8 recognize sin-
gle-stranded RNA to protect the body from virus infection (4).
The activation of TLRs by given agonists will stimulate tran-
scription factor NF-�B and induce secretion of proinflamma-
tory cytokines, chemokine, and type I interferons, such as
TNF-�, IL-6, MCP-1, and IFN-�, to fight against invading
pathogens and recruit additional cells of the immune response
to the site of infection.
The recognition of PAMPs by TLRs is essential for activation

of innate and adaptive immunity against pathogens and is
involved in autoimmune, chronic inflammatory, and infectious
diseases. For example, sepsis, experimental autoimmune
encephalomyelitis (5), asthma (6), and atherosclerosis (7, 8)
could be caused by overactivation of TLR signaling. Therefore,
the activation of TLRs and their signaling pathways must be
maintained under tight negative control. In the past few years,
many negative regulators have been identified to limit toxic
effects of excessive immune activation. For example, soluble
decoy TLRs and intracellular negative regulators, including
MyD88s (the short form of MyD88), IRAKM, SOCS1, NOD2,
PI3K, TOLLIP, and A20, are all found to regulate the toxic
effects of excessive TLR activation (9). However, identifying
endogenous negative regulators of TLR signaling is still an
enormous challenge and will have significant therapeutic value
in our fight against inflammatory and autoimmune diseases.
CD14, a 55-kDa glycoprotein, was first described as a mye-

loid differentiation antigen on the surface of monocytes/
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macrophages in 1990 (10, 11). Similar to the conserved struc-
ture leucine-rich repeats in TLRs, CD14 is also composed of 11
leucine-rich repeats, which could be the key residues in pattern
recognition (12). During TLR4-associated pattern recognition,
CD14 plays a very important role in transferring LPS fromLPS-
binding protein toTLR4,whichwas regarded as the initiation of
TLR4 signaling (13). Furthermore, CD14 also increases the
TLR2-associated signaling through sensitizing the recognition
of lipopeptides, LTA, lipoarabinomannans, and peptidoglycans
(14). It has been shown that different regions of CD14 are
required in the activation of TLR4 or TLR2 signaling (15).
Therefore, regulation of CD14 is crucial in TLR2/4-mediated
pattern recognition and immune responses.
Lgr4, also known as Gpr48 (G-protein-coupled receptor 48),

belongs to the glycoprotein hormone receptor subfamily (16–
18). Besides the seven-transmembrane regions, the N-terminal
domain of Lgr4 contains a putative horseshoe-like structure
composed of 18 leucine-rich repeats, which has the potential to
be a ligand-binding site for this receptor (19). Although
R-spondins have been found to interact with Lgr4 and mediate
the potentiation of Wnt/�-catenin signaling, endogenous
ligands of Lgr4 that activate classic signaling pathways of
G-proteins have not been identified (20, 21). Lgr4/Gpr48 has
been found widely expressed in multiple organs, including
heart, brain, spleen, bone, lung, liver, muscle, kidney, and testis.
Although Lgr4/Gpr48 has been found to play an important role
in development of different organs (22–31), the function of
Lgr4/Gpr48 in regulation of innate immunity has not been
investigated.
In this study, we investigated the functions of Lgr4 in TLR-

mediated immune responses using Lgr4-deficient mice. We
demonstrate that deletion of Lgr4 makes the mice much more
sensitive to TLR4-mediated septic shock and that Lgr4-defi-
cient macrophages showed increased production of proinflam-
matory cytokines in response to TLR2/4 ligands. Furthermore,
we show that inactivation of Lgr4 in macrophages substantially
increased the expression level of CD14 by targeting the cAMP-
PKA-CREB signaling pathway. Therefore, for the first time, we
demonstrate that a G-protein coupled receptor (Lgr4) nega-
tively regulates TLR2/4 signaling and innate immune responses
through down-regulating the expression of CD14 protein.

EXPERIMENTAL PROCEDURES

Mice—Lgr4 knock-out mice were generated based on the
secretory trap approach, and genotyping was performed by
PCR as described previously (25). Lgr4�/� mice were back-
crossed to the C57BL/6 strain for at least 7 generations to
obtain a pure genetic background. Lgr4�/� and Lgr4�/� litter-
mates were used in all experiments. For the septic shockmouse
model, 8–12-week-old female Lgr4�/� and Lgr4�/� mice were
challenged with LPS (20 mg/kg, administered intraperitone-
ally) and monitored for 48 h. Furthermore, a sample of blood
was obtained, and plasma TNF-�, IL-6, and IL-1� were mea-
sured by ELISA after being challenged with LPS (20 mg/kg,
administered intraperitoneally) for 2 h. All animal studies were
according toNational Institutes ofHealth guidelines for the use
and care of live animals and were approved by the Animal Care

and Use Committees of the Texas A&MUniversity Health Sci-
ence Center Institute of Biosciences and Technology.
Cells, Antibody, and Reagent—HEK293T and RAW 264.7

cellswere from theAmericanTypeCultureCollection (ATCC).
All cells were cultured as suggested by ATCC. Antibodies spe-
cific for CD14, CREB, and phospho-CREB were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Blocking antibody
for CD14 was from BD Biosciences. Antibodies specific for
IKK�, phospho-IKK�, I�B�, phospho-I�B�, ERK, phospho-
ERK, JNK, phospho-JNK, and �-actin were from Cell Signaling
Technology. The mouse TLR agonist kit (Pam3CSK4 for
TLR1/2, HKLM for TLR2, poly(I:C) for TLR3, Escherichia coli
K12 LPS for TLR4, Salmonella typhimurium flagellin for TLR5,
FLS1 for TLR6/2, ssRNA40 for TLR8, and ODN18266 (type B)
for TLR9) was from InvivoGen. Forskolin (Beyotime) was used
to increase intracellular cAMP levels. Mouse R-spondin/re-
combinant protein was obtained from Sino Biological Inc.
Plasmids and Gene Transfer—Human pSM2 retroviral

shRNAmir for Lgr4 (RHS1764-97192326) and non-silencing
control (RHS1707) were prepared as recommended by the
manufacturer (OpenBiosystems). The plasmids encodingwild-
type Lgr4, Lgr4T755I, PKI, and CREB were constructed in our
laboratory as described (25). The DNA fragment of �996 to
�186 bp of mouse CD14, which contained a putative CREB
binding site (CTGACG, �859 to �854) was cloned into KpnI
and XhoI sites of pGL3-basic with primers 5�-CGGGGTAC-
CCTGCCAAATAGGTCAAAA (sense) and 5�-CCGCTC-
GACAATTTCCCACCGTTCA (antisense) to construct
pGL3-CD14. Then the CREB binding site (�859 to �854) of
pGL3-CD14was deletedwith theQuikChange� II site-directed
mutagenesis kit, and the primers 5�-GGGAAGCAAGGTTT-
GCCGCATTGTCTTCATCATT-3� (sense) and 5�-AATGAT-
GAAGACAATGCGGCAAACCTTGCTTCCC-3� (antisense)
were used to get pGL3-CD14m. Indicated constructs were
transfected into HEK293T cells with Lipofectamine 2000
(Invitrogen) as described by the manufacturer.
siRNAs against CD14—Shortly before transfection, Lgr4

knockdownRAW264.7 cells were seeded into a 12-well plate at
5� 105 cells/well in 200�l of DMEMculturemedium contain-
ing serum and antibiotics. 2 �l of diluted CD14 siRNA (sense,
5�-GGGCAGUUCACUGAUAUUATT-3�; antisense, 5�-UAA-
UAUCAGUGAACUGCCCTT-3�) and control siRNA mole-
cules in 100 �l of culture medium without serum was added 9
�l of Lipofectamine 2000. siRNAwasmixed by overtaxing. The
samples were incubated for 5–10 min at room temperature to
allow the formation of complexes. Adding the complexes drop-
wise onto cells ensures uniform distribution of the complexes.
After incubation for 6 h, an additional 700 �l of DMEM con-
taining 10%FBS and antibioticswere added to eachwell. At 48 h
post-transfection, the cells were challenged with LPS for 6 h to
detect TNF-� production by ELISA (52).
Preparation of Macrophages and Measurement of Cytokines—

For peritoneal macrophages, 1 ml of 4% bacto brewer’s thiogly-
colate (Sigma) was injected into the peritoneal cavity of
Lgr4�/� and Lgr4�/� mice. The animals were sacrificed on day
4 following the injection of thioglycolate, and the elicited
macrophages were lavaged by intraperitoneal injection of
Ca2�- and Mg2�-free PBS (5 ml, 4 °C). The cells were plated at
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density of 1� 106/ml in a 6-well dish (Nunc), and after a 30-min
rest, the non-adherent cells were removed by washing the Petri
dishes with medium to enrich the cultures with macrophages.
For bone marrow-derived macrophages, total BM cells were
flushed out from the tibias and femurs of Lgr4�/� and Lgr4�/�

mice. Single-cell suspensions of total bone marrow (0.5 � 106/
ml) were cultured in vitro in bonemarrow-derivedmacrophage
(BMM) medium (RPMI 1640 supplemented with 20% L929
conditioned medium (as a source of M-CSF), 20% equine FBS
(Invitrogen), 2 mM L-glutamine, 100 units/ml gentamicin, and
50 �M �-mercaptoethanol). Medium was changed on day 4 of
culture. After 6 days in culture, adherent macrophages were
detached from the Petri dish, washed three times, and resus-
pended at a density of 0.5 � 106 cells/ml in 1% complete
medium. The supernatants were collected at each time point to
evaluate the levels of cytokines present by ELISA according to
the manufacturer’s protocol (BD Biosciences), the cell pellets
were lysed, and the total cellular proteins were extracted for
Western blot analysis.
Reporter Gene Assay—RAW 264.7 cells stably transfected

with Lgr4 shRNA were transfected with NF-�B-luciferase
reporter (pNF-�B-luc, Stratagene) with Lipofectamine 2000
(Invitrogen) as described by the manufacturer. Then, 48 h after
transfection, cells were stimulated with different TLR agonists,
and luciferase activity was measured with the Dual-Luciferase
reporter assay system (Promega). Extracts were also normal-
ized by �-galactosidase activity using the Galacto-Light Plus
�-galactosidase reporter gene assay system (Promega).
Quantitative Real-time RT-PCR—First, macrophages were

stimulated for 1 h with or without LPS, and then cDNA synthe-
sis was performed using the Moloney murine leukemia virus
reverse transcriptase kit (Promega), and the cDNA was ana-
lyzed in a quantitative real-time PCR system machine (Strat-
agene) using the RT real-time SYBRGreen PCRMasterMix kit
(SuperArray); results were normalized toMusculus acidic ribo-
somal phosphoprotein P0 (Arbp) expression. Primers for each
cytokine and gene are described in supplemental Table 1.
Electrophoretic Mobility Shift Assays—Nuclear extracts were

prepared as described previously (53). Briefly, nuclear extracts
from LPS-treated cells were incubated with 32P-end-labeled
45-mer double-stranded NF-�B oligonucleotide (15 �g of pro-
tein with 16 fmol of DNA) from the HIV long terminal repeat,
5�-TTGTTACAAGGGACTTTCCGCTGGGGACTTTCCA-
GGGGGAGGCGTGG-3� (boldface type indicates NF-�B-
binding sites) for 30min at 37 °C, and theDNA-protein complex
formed was separated from free oligonucleotide on 6.6% native
polyacrylamide gels. The dried gels were visualized with a
Storm820 PhosphorImager, and radioactive bands were quanti-
fied using ImageQuant software (Amersham Biosciences).
ChIP Assay—ChIP assays were performed with the

EZ-ChIPTM chromatin immunoprecipitation kit (Millipore).
Briefly, RAW 264.7 cells were grown in 100-mm tissue culture
plates, fixed with 1% formaldehyde for 10 min to cross-link the
binding. Next, glycine was added to each dish to quench unre-
acted formaldehyde. Then DNA was sheared to fragments of
200–500 bp by seven 10-s sonications. The agarose beads were
pelleted, and the precleared supernatant was incubated with
antibodies to CREB overnight at 4 °C. The region between

�889 and �635 of the CD14 promoter was amplified from the
immunoprecipitated chromatin by using the following primers:
5�-AGGCTAATAGGAAATGACT-3� (sense) and 5�-GAC-
GACGACGATGACA-3� (antisense).
Statistical Analysis—Student’s t test (two-tailed) was used to

analyze the significance of data comparison, except where indi-
cated otherwise. For all tests, a p value of less than 0.05 was
considered statistically significant.

RESULTS

Lgr4 Negatively Regulates the Production of TLR-mediated
Proinflammatory Cytokines—TLR signaling is important in
macrophage-associated pathogen recognition and in inducing
the production of proinflammatory cytokines. To determine
whether Lgr4 is involved in TLR-mediated macrophage activa-
tion, we challenged the peritoneal macrophages derived from
Lgr4�/� and Lgr4�/� mice with different TLR agonists
(Pam3CSK4, HKLM, FSL1, LPS, poly(I:C), ST-FLA, and
ssRNA40) andmeasured the induction of the proinflammatory
cytokine TNF-�. As shown in Fig. 1A, ligands associated with
TLR2/4 (such as Pam3CSK4, HKLM, FSL1, and LPS) signifi-
cantly increased the production of TNF-� in Lgr4�/� macro-
phages, whereas the production of TNF-� induced by poly(I:C),
ST-FLA, and ssRNA40 was almost the same in Lgr4�/� and
Lgr4�/� mice, suggesting that Lgr4 negatively regulates the
production of TNF-� through the TLR2/4 signaling pathway.
To further confirm the role of Lgr4 in negative regulation of

TLR signaling pathways, we measured the production of IL-6,

FIGURE 1. Increased cytokine production in Lgr4�/� macrophages upon
TLR agonist stimulation. Peritoneal macrophages from wild-type and
Lgr4�/� mice were stimulated with Pam3CSK4 (TLR1/2), HKLM (TLR2),
poly(I:C) (TLR3), LPS (TLR4), ST-FLA (TLR5), FSL1 (TLR2/6), and ssRNA40 (TLR8)
for 6 h. The concentrations of TNF-� (A) and IL-6 (B) in the supernatant were
measured by ELISA, respectively. Data are representative of three independ-
ent experiments. *, p � 0.05; **, p � 0.01 (two-tailed Student’s t test). Error
bars, S.D.
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another proinflammatory cytokine, in the macrophages from
Lgr4-deficient mice. Consistent with the TNF-� result, the
induction of IL-6 in Lgr4�/� macrophages was also enhanced
when stimulated by ligands associated with TLR2/4 activation
(such as Pam3CSK4, FSL1, and LPS), but no difference was
found for the activation of other TLRs (Fig. 1B). These results
indicate that Lgr4 negatively regulates only TLR2- and TLR4-
associated signaling pathways and not others.
Lgr4 Attenuates LPS-induced Proinflammatory Cytokine

Production—To examine how Lgr4 regulates LPS-activated
TLR2/4 signaling and proinflammatory cytokine production,
we measured LPS-induced proinflammatory cytokine produc-
tion using ELISA and real-time quantitative PCR assays inwild-
type and Lgr4-deficient peritoneal macrophages. As shown in
Fig. 2, A and B, Lgr4 deficiency leads to increase of TNF-�
production in a time- and dose-dependent manner (Fig. 2A).
Furthermore, we analyzed the mRNA expression levels of dif-

ferent cytokines (IL-1�, IL-6, IFN-�, GM-CSF, CXCL10, and
TNF-�) in wild-type and Lgr4-deficientmacrophages when the
cells were activated with LPS for about 1 h. As shown in Fig. 2B,
the mRNA levels of cytokines, such as TNF-�, IL-6, IL-1�,
IFN-�, CXCL10, and GM-CSF, were all increased significantly
in Lgr4�/� macrophages. Meanwhile, we also treated RAW
264.7 cells with R-spondin to check the influence of Lgr4-me-
diated Wnt/�-catenin signaling in TLR4-associated innate
immune response, but no obvious difference of TNF-� and
IFN-� expression was observed by a quantitative PCR assay in
R-spondin-treated cells (Fig. 2C).
To further confirm that the negative regulation of cytokines

is mediated by Lgr4, not by other cellular factors, we examined
the effects of Lgr4 knockdown using an in vitro cell model,
where RAW 264.7 cells were stably transfected with Lgr4-spe-
cific shRNA to decrease endogenous Lgr4 expression up to 70%
in mRNA level (supplemental Fig. 1A). As shown in Fig. 3,
down-regulation of endogenous Lgr4 significantly increased
LPS-induced TNF-� and IL-6 production in a dose- and time-
dependent manner in cells transfected with Lgr4-specific
shRNA (Fig. 3, A and B). On the other hand, overexpression of
a constitutively active form of Lgr4 (Lgr4T755I) (supplemental
Fig. 1B) in the RAW 264.7 cells significantly reduced the pro-
duction of LPS-induced TNF-� and IL-6 in a time- and dose-
dependent manner (Fig. 3, C and D). Together, these results
suggested a critical role of Lgr4 in negatively regulating the
production of TLR4-mediated proinflammatory cytokines.
Lgr4-deficientMice AreMore Sensitive to LPS-induced Septic

Shock—To investigate the function of Lgr4 in regulating LPS-
mediated inflammation in vivo, we utilized a septic shock
mouse model in Lgr4-deficient and wild-type mice through
intraperitoneal injection of LPS, an agonist for TLR4.Wemon-
itored the survival of mice for 48 h and found that Lgr4-defi-
cient mice were more susceptible to LPS-induced septic shock,
with much higher mortality than wild-type mice (Fig. 4A).
Because proinflammatory cytokines are the main reason for
LPS-induced septic shock (32), we analyzed the circulating con-
centration of TNF-�, IL-6, and IL-1� at 2 h after LPS was
injected into the mice. As shown in Fig. 4B, much higher
TNF-�, IL-6, and IL-1� accumulation was observed in Lgr4-
deficient mouse serum when compared with that in wild-type
mouse serum, which is consistent with the higher mortality in
Lgr4�/� mice. These results suggest that Lgr4 negatively regu-
lates TLR4-mediated induction of proinflammatory cytokines
and plays a crucial role in LPS-induced septic shock andmouse
death (Fig. 4).
Deletion of Lgr4 Increases the TLR2/4-mediated NF-�B Acti-

vation and Signaling Pathway—In most immune response,
NF-�B-associated signaling is activated to induce the releasing
of cytokines and chemokines (33). Thus, the up-regulation of
NF-�B activity is the key step in host defense against invading
pathogens. To investigate the role of Lgr4 in regulating NF-�B
activity, we examined the effects of Lgr4 deletion on LPS-stim-
ulated NF-�B activation in peritoneal macrophages and RAW
cells. As shown in Fig. 5, LPS-stimulated NF-�B activation was
significantly increased in Lgr4�/� macrophages in EMSAs (Fig.
5A). Meanwhile, knockdown of Lgr4 in RAW cells showed a
partial enhancement of NF-�B activation upon stimulation by

FIGURE 2. Lgr4 attenuates LPS-induced proinflammatory cytokine pro-
duction. A, deletion of Lgr4 increased TNF-� concentration in Lgr4�/� peri-
toneal macrophages stimulated with LPS, as measured by ELISA in both a
time-dependent (right) and dose-dependent (left) manner. *, p � 0.05; **, p �
0.01 (two-tailed Student’s t test). Data are representative of three indepen-
dent experiments. B, real-time PCR analysis of cytokine expression in Lgr4�/�-
and Lgr4�/�-derived peritoneal macrophages stimulated with LPS for 1 h.
Data are representative of three independent experiments. **, p � 0.01 (two-
tailed Student’s t test). C, real-time PCR analysis of cytokine expression in RAW
264.7 cells stimulated with LPS and R-spondins for 1 h. Data are representa-
tive of three independent experiments. Error bars, S.D.
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LPS (Fig. 5B). These results suggest that Lgr4 negatively regu-
lates NF-�B activation in the LPS-induced signaling pathway.
Furthermore, using an NF-�B-responsive luciferase reporter
gene, we measured the NF-�B activation in Lgr4 WT and
knockdown RAW cells with different ligands for the TLRs. As
shown in Fig. 5C, agonists for TLR2/4 activated much more
NF-�B-responsive luciferase reporter in Lgr4 knockdown cells
(Fig. 5C, black bars) as compared with control cells (Fig. 5C,
white bars). However, there was no difference for the activation

ofNF-�B luciferase reporter when other TLRswere stimulated,
suggesting a specific function of Lgr4 in TLR2/4-mediated
NF-�B activation (Fig. 5C).
The activation of TLRs usually accompany with two distinct

signaling pathways involved by NF-�B and MAPKs. To inves-
tigate the influence of Lgr4 on those signaling pathways, we
treated BMMs from Lgr4-deficient mice with TLR4-specific
agonists (LPS). Our data show that Lgr4 deficiency enhanced
LPS-induced phosphorylation of IKK�, I�B�, ERK, and JNK in
BMMs (Fig. 5D). We also checked the function of Lgr4 in the
TLR3-associated signaling pathway by poly(I:C) activation. No
obvious difference was observed between wild-type and Lgr4-
deficient BMMs (data not shown), which indicates that Lgr4
has little influence on the TLR3-dependent signaling pathway.
Deletion of Lgr4 Increases the Expression of CD14 in TLR Sig-

naling Pathways—To examine the target genes regulated by
Lgr4 in TLR signaling, we measured the expression levels of
TLR-associated genes in wild-type and Lgr4-deficient perito-
neal macrophages by quantitative PCR. As shown in Fig. 6A, a
significant increase in CD14 expression was observed in Lgr4-
deficient cells both in resting (LPS 0 h, Fig. 6A, top) and in
activated status (LPS 1 h, Fig. 6A, bottom), suggesting that
CD14 is a potential target gene regulated by Lgr4 in the macro-
phages. To further determine whether CD14 is up-regulated in
Lgr4-deficient macrophages, we analyzed the protein expres-
sion level of CD14 in peritoneal macrophages by FACS using a
specific antibody for CD14. As expected, Lgr4-deficientmacro-
phages showed a much higher expression level of CD14 on the
cell membrane, suggesting a negative regulation of CD14 by
Lgr4 signaling (Fig. 6B). A similar observationwas also obtained
in Lgr4 knockdown RAW cells (Gpr48 shRNA), which showed
increased CD14 expression level by immunoblot analysis using
a specific antibody againstCD14 (Fig. 6C). Together, our results
suggest that Lgr4-mediated signaling inhibited the expression
level of CD14 in macrophages, a possible key mechanism in
negative regulation of the TLR2/4 signaling pathway by Lgr4 in
macrophages.
CD14 Antibody and siRNA Rescue Lgr4 Deficiency-mediated

Cytokine Production—To further investigate the function of
CD14 in LPS-induced cytokine production, we treated Lgr4
knockdownRAWcells, whichhave increasedCD14 expression,
with CD14 antibody to block CD14-enhanced TLR4 signaling.
As shown in Fig. 6D, the production of TNF-� was decreased
significantly by CD14 antibody in a dose-dependent manner,
and the increased TNF-� production enhanced by Lgr4 knock-
down was also rescued by CD14-blocking antibody (Fig. 6D),
suggesting a crucial role of CD14 in Lgr4-regulated TLR4 sig-
naling. Furthermore, we also decreased the expression of CD14
by siRNA in Lgr4 knockdown and control cells to rescue Lgr4
deficiency-mediated TNF-� increase. Similar to the above
observation, the production of TNF-� was decreased by CD14-
specific siRNA in a dose-dependent manner and returned to a
similar level prior to the knockdown of Lgr4 in the cells (Fig.
6E). Taken together, Lgr4 negatively regulated the expression
of CD14, and knockdown of Lgr4 enhanced the expression of
CD14 in the TLR2/4-mediated signaling pathway.

FIGURE 3. Lgr4 regulates LPS-induced cytokine production in RAW 264.7
cells. A and B, knockdown of Lgr4 increased the production of TNF-� (A) and
IL-6 (B) induced by LPS. RAW 264.7 cells were stably transfected with Lgr4
shRNA to knock down the expression of Lgr4. Then the cells were treated with
LPS in a time- and dose-dependent manner, and the concentrations of TNF-�
(A) and IL-6 (B) were measured by ELISA. C and D, overexpression of active
mutant Lgr4 (Lgr4T755I) inhibited the production of TNF-� (C) and IL-6 (D) in
RAW 264.7 cells, respectively. Control or the active mutant receptor (Lgr4T755I)
was transfected into RAW 264.7 cells. All the cells were challenged with LPS in
a dose- and time-dependent manner. Then production of TNF-� (C) and IL-6
(D) in cell supernatant was measured by ELISA. Data are representative of
three independent experiments. *, p � 0.05; **, p � 0.01 (two-tailed Student’s
t test). Error bars, S.D.
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Lgr4 Regulates CD14 at the Transcriptional Level through the
cAMP-PKA-CREB Signaling Pathway—To explore the mecha-
nism of Lgr4 in regulating CD14 expression, we analyzed the
promoter region of CD14 and identified a conserved cAMP-
responsive element site (CREB binding site) at�859 to�854 in
the murine CD14 promoter (Fig. 7A). We then generated the
wild type (pGL3-CD14) and the CREB-binding site-deleted
mutant promoter (pGL3-CD14m) of murine CD14 into a lucif-
erase reporter construct. To determine whether Lgr4 regulates
CD14 expression through this CRE site, wemeasured the lucif-
erase activity of the reporter gene under different conditions.
As shown in Fig. 7B (left), the CD14-luciferase activity was
increased by knockdown of Lgr4 (Lgr4 shRNA) and by the spe-
cific PKA inhibitor (PKI). On the other hand, overexpression of
Lgr4 or its active mutant receptor (Lgr4T755I) or CREB in
HEK293T cells directly inhibited the luciferase activity of the
CD14 luciferase promoter gene with the intact CRE site. To
confirm that the CRE site is essential for Lgr4-mediated CD14
promoter activity, we measured the luciferase activity of the
CD14 promoter with mutation in the CRE binding site (pGL3-
CD14m). As shown in Fig. 7B (right), no obvious influence was
observed with the mutant CD14 promoter (pGL3-CD14m) in
all conditions tested, suggesting that the regulation of CD14
promoter by Lgr4 is mediated by the PKA-CREB pathway.
ToexaminewhetherdeletionofLgr4affectsCREBphosphor-

ylation and activation, we investigated the phosphorylation lev-

els of CREB (phosphorylated at serine 133) in Lgr4 knockdown
macrophages using a specific anti-phospho-CREB antibody in
Western blot analysis. Our data indicated that knockdown of
Lgr4 leads to the decrease of CREB phosphorylation in
macrophages (Fig. 7C). Furthermore, to confirm the inhibi-
tory effect of Lgr4 on the binding activity of the CREB tran-
scription factor, we examined the specific binding of CREB
to the CD14 promoter region by a ChIP assay. As shown in
Fig. 7D, the binding of CREB to the CD14 promoter was
decreased significantly in Lgr4 knockdown RAW cells (Fig.
7D), suggesting a direct correlation of Lgr4 expression and
CREB binding activity to the CD14 promoter. These data are
consistent with those of the luciferase assays in which CREB
is the negative regulator for CD14 transcription. To further
confirm the function of the cAMP-PKA-CREB signaling
pathway in the regulation of TLR4-associated immune
response, we used forskolin to increase endogenous cAMP in
Lgr4 knockdown cells. As shown in Fig. 7E, the expression of
TNF-� and IL-6 was suppressed significantly by forskolin in
a dose-dependent manner, which is consistent with the neg-
ative regulation of Lgr4 in TLR2/4-associated immune
response. Together, our data demonstrate that Lgr4 nega-
tively regulates CD14 transcriptional activation and CD14-
mediated immune response through the cAMP-PKA-CREB
signaling pathway.

FIGURE 4. Lgr4-deficient mice are more sensitive to LPS-induced septic shock. A, survival curve of wild-type and Lgr4 null mice after LPS-induced septic
shock. Age- and sex-matched Lgr4�/� (n � 10) and Lgr4�/� (n � 12) mice (8 –12 weeks old) were injected intraperitoneally with 20 mg/kg LPS and monitored
every 2 h for 48 h. Results are plotted as a percentage of total numbers. B, serum concentrations of TNF-�, IL-6, and IL-1� in wild-type and Lgr4 null mice at 2 h
after injection of LPS. Mouse TNF-�, IL-6, and IL-1� in serum were obtained at 2 h after injection of LPS for ELISA. *, p � 0.05; **, p � 0.01 (two-tailed Student’s
t test). Data are representative of two (A) or three (B) independent experiments. Error bars, S.D.
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DISCUSSION

G-protein coupled receptors have been found with a variety
of physiological functions and have become the most popular
drug targets in pharmaceutical markets. Although a novel
orphan G-protein-coupled receptor, Lgr4 has been found to
play a crucial role in the development of different organs and in
the regulation of Wnt signaling (20, 34). The role of Lgr4 in
innate immune response remains unknown. In this study, we
have shown that Lgr4-deficient mice are much more suscepti-
ble to and have much higher mortality from LPS stimulation.
Lgr4 negatively regulates TLR2/4-associated pattern recogni-
tion and proinflammatory cytokine production by decreasing

the expression of CD14 through the cAMP-PKA-CREB signal-
ing pathway. Increased expression of CD14 leads to the activa-
tion of the TLR2/4 signaling pathway and the production of
proinflammatory cytokines (Fig. 8). Our results are the first to
suggest that Lgr4 is a novel negative regulator in innate immune
response and could be a potential therapeutic target for inflam-
matory disorders.
The activation of TLR signaling is a double-edged sword (35).

Although the production of cytokines can activate the immune
system to fight infection, uncontrolled immune responses also
have serious side effects. Thus, the immune system needs to
keep a balance between activation and inhibition to avoid det-

FIGURE 5. Increased signaling in Lgr4�/� macrophages upon LPS stimulation. A and B, deletion or knockdown of Lgr4 increases NF-�B activity in both
peritoneal macrophages (A) and RAW 264.7 cells (B), respectively. EMSA was performed to measure the DNA binding activity of NF-�B in the nuclear extracts
of Lgr4�/�- and Lgr4�/�-derived peritoneal macrophages (A) or Lgr4 knockdown RAW 264.7 cells (B), unstimulated (left) or stimulated (right) with LPS (100
ng/ml). C, knockdown of Lgr4 increased the NF-�B-luciferase activity in RAW cells transfected with an NF-�B-luciferase reporter and then stimulated for 1 h with
agonists to different TLRs. *, p � 0.05; **, p � 0.01 (two-tailed Student’s t test). D, immunoblot analysis of IKK�, I�B�, ERK, and JNK phosphorylation (p-) in
wild-type and Lgr4-deficient BMDMs stimulated for 0 – 60 min with LPS (100 ng/ml). �-Actin serves as a loading control. Error bars, S.D.
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rimental and inappropriate inflammatory responses. Sepsis is a
serious body-wide response to infection and is considered to be
a severe disease with high mortality. In the United States, the
total number of deaths from septic shock continue to increase
(36). Therefore, finding negative regulators in TLR-mediated
immune responses will be important in understanding the
mechanisms of immune disorders. In this paper, we investi-
gated the function of Lgr4 in modulating pattern recognition
and innate immunity using a septic shock mouse model by
intraperitoneal injection of a high dose of LPS.Wedemonstrate
that almost all Lgr4�/�micewere dead fromLPS injection after
48 h, whereas more than 60% of Lgr4�/� mice remained alive,
suggesting that Lgr4 is a negative regulator for LPS signaling
and response. Because Lgr4 and TLRs are transmembrane pro-
teins with multiple leucine-rich repeat regions in the extracel-
lular domain, it will be fascinating to explore the possible inter-
action of Lgr4 and TLR-mediated innate immune responses.

Macrophages play a key role in the innate immune system,
which includes both acute and chronic inflammation (37).
Macrophages can prevent invading pathogens throughnonspe-
cific uptake of particles at the first recognition and then present
the antigen information to the acquired immune systemas anti-
gen-presenting cells. Therefore,macrophage has been regarded
as the co-regulator between innate and acquired immune sys-
tems. An overly activated macrophage response, however, can
lead to pathological symptoms that contribute significantly to
septic shock, autoimmune diseases, and various granulomatous
disorders (38). In this research, the bone marrow-derived and
peritoneal macrophages from Lgr4-deficient mice were chal-
lenged with different TLR agonists to investigate the effects of
Lgr4 inmacrophage-mediated functions.We showed that Lgr4
negatively modulates PAMP-induced immune responses. The
loss of Lgr4 in macrophages induces the activation of NF-�B
and the overproduction of cytokines by LPS, Pam3CSK4,
HKLM, and FSL1, which is the key reason for septic shock
responses in the mouse models.
CD14 is a well known pattern recognition receptor in the

innate immune system, which was strongly up-regulated dur-
ing the differentiation of monocytic precursor cells into mono-
cytes (39). CD14 exists in membrane-bound (mCD14) and sol-
uble form (sCD14), and both contribute to host clearance of
LPS. The interaction betweenCD14 and LPS is also responsible
for the toxic effects of LPS in the liver and in systemic circula-
tion after the release of inflammatory cytokines and mediators.
Thus, inhibition of CD14 expression is an alternative way to
rescue LPS-induced septic shock. Treatment with CD14 anti-
body, which blocks the binding of CD14 to LPS, attenuates the
release of proinflammatory cytokines (40). In this study, dele-
tion of Lgr4 leads to an obvious increase of CD14 both in
mRNAandprotein levels. Accordingly, the release of cytokines,
such as IL-6 and TNF-�, in the serum and cell culture medium
was enhanced in response to LPS and Pam3CSK4. Meanwhile,
a series of LPS-induced cytokines, such as IL-1�, IFN-�, IL-10,
GM-CSF, and CXCL10, were all enhanced in Lgr4-deficient
macrophages, suggesting that both MyD88-dependent and
MyD88-independent signaling pathways are regulated by the
loss of Lgr4. When we treated the Lgr4 knockdown cells with
CD14-blocking antibody or CD14-specific siRNA, the produc-
tion of TNF-� was rescued to the normal level, suggesting an
important role ofCD14 in Lgr4-regulated immune responses. It
has been found that the increased soluble circulating CD14 is
associated with high mortality in Gram-negative septic shock
and even in HIV infection (41, 42), suggesting a potential ther-
apeutic role of Lgr4 in CD14-mediated immune diseases.
Most recently, it has been shown that R-spondin can interact

with Lgr4 to activate Wnt/�-catenin signaling through nonca-
nonical G-protein signaling pathway (20, 21). Although
R-spondin1 has been found clinically useful in the therapeutic
treatment of inflammatory bowel disease by stimulating crypt
cell growth, accelerating mucosal regeneration, and restoring
intestinal architecture (43), no obvious influence on TLR4-as-
sociated innate immune response was observed by R-spondin
in macrophages (Fig. 2C), whereas we demonstrated that Lgr4
can regulate innate immune response in classical cAMP-PKA
signaling pathway. Therefore, it will be interesting to explore

FIGURE 6. Regulation of TLR signaling and target genes by Lgr4. A, dele-
tion of Lgr4 increased the expression of CD14 mRNA. Real-time PCR analysis
of mRNA expression in Lgr4�/�- and Lgr4�/�-derived peritoneal macro-
phages. The cells were unstimulated (top, LPS 0 h) or stimulated with LPS for
1 h (bottom, LPS 1 h). Data were presented relative to the expression of genes
in Lgr4�/� samples. **, p � 0.01 (two-tailed Student’s t test). B, flow cytometry
analysis of the surface expression of CD14 protein on Lgr4�/�- and Lgr4�/�-
derived peritoneal macrophages. C, immunoblot analysis of CD14 in RAW
264.7 cells transfected with Lgr4-specific shRNA and then stimulated with LPS
(100 ng/ml) for different times. D, the production of TNF-� was analyzed by
ELISA at different concentrations of CD14 blocking antibody in control and
Lgr4 knockdown RAW 264.7 cells (Lgr4 shRNA) stimulated with LPS (100
ng/ml) for 6 h. Data are representative of three independent experiments. E,
production of TNF-� was analyzed by ELISA at different concentrations of
CD14 siRNA in Lgr4 knockdown RAW 264.7 cells stimulated with LPS (100
ng/ml) for 6 h. Data are representative of three independent experiments.
Error bars, S.D.
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the cross-talk between Wnt/�-catenin and Lgr4 classic signal-
ing pathways in different immune systems.
It has been shown that the activation of Lgr4 by constitutively

mutant receptor leads to an increase in intracellular cAMP and
the activation of PKA, which phosphorylates and activates the
transcription factor CREB (25, 30, 44, 45). Although CREB acts

usually as a transactivator, it could also function as a repressor
when phosphorylated at Ser-142 (46) or heterodimerized with
the co-repressor forms of the cAMP-response element modu-
lator (CREM and ICER) (47). The negative regulation of CREB
in gene transcription has also been shown on CYR61 and nec-
din (48, 49). In this study, we demonstrate that CREB binds to

FIGURE 7. CREB negatively regulates CD14 expression. A, the schematic diagram represents the mouse CD14 promoter with a conserved CREB binding site.
Putative binding sites for CREB transcription factor and promoter mutation were revealed. B, regulation of CD14 promoter by Lgr4, PKA, and CREB. HEK-293T
cells transfected with pGL3-CD14 or pGL3-CD14m, which contained the original (left) or mutated CREB binding site (right), were transiently co-transfected with
Lgr4, Lgr4T755I, Lgr4 shRNA, PKI (a specific inhibitor of PKA), and CREB and then subjected to the luciferase assay as described under “Experimental Procedures.”
*, p � 0.05; **, p � 0.01; ***, p � 0.001 (two-tailed Student’s t test). Data are representative of two independent experiments. C, immunoblot analysis of CREB
phosphorylation in RAW 264.7 cells transfected with control and Lgr4-specific shRNA and then stimulated with LPS (100 ng/ml) at different times. D, knock-
down of Lgr4 decreased CREB binding to the CD14 promoter by ChIP analysis. Control and Lgr4 knockdown RAW cells were analyzed for CREB occupancy at the
CD14 promoter using RT-PCR, presented relative to control RAW cells. IgG, immunoprecipitation with an irrelevant antibody (negative control). Data are
representative of three independent experiments. E, production of TNF-� and IL-6 was analyzed by quantitative PCR at different concentrations of forskolin for
4 h in Lgr4 knockdown RAW 264.7 cells stimulated with LPS (100 ng/ml). Data are representative of three independent experiments. Error bars, S.D.
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the promoter region of CD14 to negatively regulate the expres-
sion of CD14. Deletion of the CREB-binding site in CD14 will
terminate the inhibitory effects of Lgr4 and CREB to CD14,
confirming a crucial role of cAMP and CREB in regulating
CD14-associated signaling, which is consistent with previous
studies (50, 51). In fact, the recognition of LPS byTLR4 not only
activates the NF-�B signaling pathway but also increases the
activity of CREB binding to CD14 (Fig. 7C). It is reasonable to
hypothesize that CREB regulates the expression of CD14
through a feedback pathway to keep the response to PAMPs at
an appropriate level. The mCD14 or sCD14 helps TLRs to rec-
ognize the invading pathogen and activates the downstream
signaling pathway, including NF-�B and CREB activity. Then
the increased cAMP/CREB activity reduces the expression level
of CD14 and eventually restricts the immune response to an
appropriate level (Fig. 7E). Our results showed that Lgr4 func-
tions as a co-regulator through the cAMP-PKA-CREB pathway
to keep the immune response in balance. The evidence we pro-
vided here shows the potential of Lgr4 in curing TLR-associ-
ated septic shock and autoimmune diseases. The finding of
Lgr4 as a regulator in innate immunitywill provide new insights
into the physiological functions of this G-protein-coupled
receptor in immune diseases.
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