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Introduction

 Glioma belongs to the most common primary 
malignant brain tumor (astrocytic, oligodendroglial, 
oligoastrocytic and ependymal origin) (Ostrom et al., 
2011; Gigineishvili et al., 2013). It accounts for almost 
80% of primary malignant brain tumors, usually leading 
to poor survival compared to other types of brain tumors 
(Bondy et al., 2008).
 GPR48, also known as leucine-rich repeat (LRR)-
containing G protein-coupled receptor 4 (LGR4), is a 
member of the G protein coupled receptor (GPCR) family 
of proteins (Kudo et al., 2000; Loh et al., 2001). The 
GPCR family containing seven transmembrane domains 
function as the receptors for various classes of ligands, 
such as growth factors, chemokines and peptide hormones, 
and have become major targets for pharmaceutical 
development (Lagerström et al., 2008; Lappano et al., 
2011; Stevens et al., 2013). Several GPCRs, including 
chemokine (C-X-C) receptors and thyroid-stimulating 
hormone receptor, have also been found to contribute to 
carcinogenesis (Xing et al., 2003; Brewer et al., 2007; 
Obermajer et al., 2011; Sengupta et al., 2012). 
 Lgr4 gene deletion have been shown to cause 
developmental defects in multiple organs, including male 
reproductive tracts, spermatogenesis, bone formation and 
hair follicle development, as well as reduced embryonic 
growth (Mazerbourg et al., 2004; Mohri et al., 2008; Luo 
et al., 2009; Li et al., 2010; Qian et al., 2013). In addition, 
recent studies identify members of the R-spondin family 
as ligands for LGR4, directly linking this GPCR to the 
Wnt/β-catenin signaling (de Lau et al, 2011; Glinka et al., 
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Abstract

	 The	key	 signaling	networks	regulating	glioma	cell	proliferation	remain	poorly	defined.	The	 leucine-rich	
repeat	containing	G-protein	coupled	receptor	4	(Lgr4)	has	been	implicated	in	intestinal,	gastric,	and	epidermal	
cell	 functions.	We	 investigated	whether	Lgr4	 functions	 in	glioma	cells	and	 found	 that	Lgr4	expression	was	
significantly	increased	in	glioma	tissues.	In	addition,	Lgr4	overexpression	promoted	while	its	knockdown	using	
small	interfering	RNA	oligos	inhibited	glioma	cell	proliferation.	In	addition,	Wnt/β-catenin	signaling	was	activated	
in	cells	overexpressing	Lgr4.	Therefore,	our	results	revealed	 that	Lgr4	activates	Wnt/β-catenin	signaling	 to	
regulate	glioma	cell	proliferation.	 
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2011). Moreover, Lgr4 expression is up-regulated in p27-
deficient colon cancer cells, and forced over-expression 
of Lgr4 promotes the invasive and metastasis potential 
of HCT116 cells (Gao et al., 2006). Furthermore, Lgr4 
expression is inversely correlated with the expression 
of p27 in human colon carcinomas and associated with 
lymph node metastasis of these tumors, suggesting that 
dys-regulation of Lgr4 contributes to tumor invasiveness 
and metastasis (Gao et al., 2006). In this study, for the first 
time, we will investigate the functions of Lgr4 in glioma 
progression.

Materials and Methods

Cell culture and tissue samples
 Glioma cells (SHG-44 and U251) were obtained from 
American Type Culture Collection (Rockville, MD). Cells 
were culture in RPMI 1640 medium supplemented with 
10% fetal bovine serum. Glioma tissues and adjacent 
tissues from glioblastoma patients were collected from 
routine therapeutic surgery at our department. All samples 
were obtained with informed consent and approved by the 
hospital institutional review board.

siRNA, RNA extraction and Real-time Analysis
 Small interfering RNA oligos (siRNA) targeting 
Lgr4, b-catenin or negative controls were obtained from 
Dharmacon Company (USA). Cells were seeded on to 
6-well plates then transfected with 50nM siRNA oligos. 
Total RNAs were isolated from tissues or cells by TRIzol 
reagent, and reverse transcriptions were performed by 
Takara RNA PCR kit (Takara, China) following the 
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manufacturer’s instructions. In order to quantify the 
transcripts of the interest genes, real-time PCR was 
performed using a SYBR Green Premix Ex Taq (Takara, 
Japan) on Light Cycler 480 (Roche, Switzerland). 

BrdU Assays
 A cell proliferation enzyme-linked immunosorbent 
assay (BrdU kit; Beyotime) was used to analyze the 
incorporation of BrdU during DNA synthesis following 
the manufacturer’s protocols. All experiments were 
performed in triplicate. Absorbance was measured at 450 
nm in the Spectra Max 190 ELISA reader (Molecular 
Devices, Sunnyvale, CA)

Western blot
 Cells or tissues were harvested and lysed with ice-cold 
lysis buffer (50 mM Tris-HCl, pH 6.8, 100 mM 2-ME, 2% 
w/v SDS, 10% glycerol). After centrifugation at 20000× 
g for 10 min at 4 °C, proteins in the supernatants were 
quantified and separated by 10% SDS PAGE, transferred to 
NC membrane (Amersham Bioscience, Buckinghamshire, 
U.K.). After blocking with 10% nonfat milk in PBS, 
membranes were immunoblotted with antibodies as 
indicated, followed by HRP-linked secondary antibodies 
(Cell Signaling). The signals were detected by SuperSignal 
West Pico Chemiluminescent Substrate kit (Pierce, 
Rockford, IL) according to manufacturer’s instructions. 
Anti-Lgr4 and β-catenin antibodies were purchased from 
Abcam Company (USA). Protein levels were normalized 
to lamin B (Abcam, USA) or GAPDH (Santa Cruz, USA).

Statistical analysis
 Data are expressed as the mean±SEM from at least 
three separate experiments. Differences between groups 
were analyzed using Student’s t-test. A value of p< 0.05 
was considered statistically significant.

Results 

Lgr4 expression levels were up-regulated in glioblastoma 
patients
 Firstly, to examine whether the Lgr4 is differentially 
expressed in human glioma, its expression level was 
determined using TaqMan real-time PCR in 25 pairs of 
glioma tissues and pair-matched adjacent noncancerous 
tissues. Our results demonstrated that the mRNA level 
of Lgr4 was significantly increased in glioma tissues in 
comparison with the adjacent noncancerous tissues (Figure 
1A). We then employed western blot with anti-Lgr4 
antibody to detect the protein content of Lgr4 in those 
clinic samples. The results showed the increased protein 
expression of Lgr4 in glioma samples (Figure 1B). 

The effects of Lgr4 overexpression on cell growth
 In order to assess the effects of Lgr4 on glioma cell 
growth, the Lgr4 expression plasmid was transfected into 
SHG-44 and U251 cells and cell growth was examined 
post-transfection (Figure 2A and 2B). As a result, Lgr4 
overexpression significantly increased cell number and 
promoted proliferation in both cells (Figure 2C and 2F). 

Inhibition of Lgr4 blocks the proliferation of glioma cells
 As described above, Lgr4 plays a critical role in 
the proliferation of glioma cells. However, it remained 
unknown whether inhibiting Lgr4 would reduce cell 
proliferation. Therefore, cells were transfected with 
small interfering RNA oligos (siRNA) targeting Lgr4 or 
negative controls (Figure 3A-3B). The results showed 
that knockdown of Lgr4 expression reduced the growth 
of SHG-44 and U251 cells, compared to NC-transfected 
cells (Figure 3C-3F). 

Figure	1.	Expression	Levels	of	Lgr4	in	Glioma	Tissues.	
(A-B) Representative Lgr4 expression was determined by 
TaqMan real-time PCR and western blot in human glioma tissues 
and pair-matched adjacent noncancerous brain tissues (Normal)
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Figure	2.	Overexpression	of	Lgr4	Promotes	Glioma	
Cell	Proliferation. (A-B) Lgr4 expression was determined by 
western blot in SHG-44 and U251 cells transfected with plasmids 
containing empty vector (EV) or Lgr4. (C-D) The growth curve 
of SHG-44 and U251 cells after Lgr4 transfection compared to 
controls (EV).  (E-F) The cell proliferative potential (BrdU) was 
determined in SHG-44 and U251 cells. A450 absorption was 
assayed after transfection for 36 hr
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Figure	3.	Lgr4	Knockdown	Reduces	the	Proliferation	
of	Glioma	Cells.	 (A-B) Lgr4 expression was determined 
by western blot in SHG-44 and U251 cells transfected with 
siRNA oligos targeting Lgr4 or negative controls (NC). (C-D) 
The growth curve of SHG-44 and U251 cells after transfection 
with siRNA oligos targeting Lgr4 or negative controls (NC). 
(E-F) The cell proliferative potential (BrdU) was determined 
in SHG-44 and U251 cells. A450 absorption was assayed after 
transfection for 48 hr

siRNA     NC      Lgr4 

Lgr4 

GAPDH 

Lgr4 

GAPDH 

SHG-44 cells U251 cells 

siRNA     NC    Lgr4 

A	 	 	 	 				B

C	 	 	 	 				D

E	 	 	 	 				F

Figure	 4.	Lgr4	Positively	Regulates	Wnt	Signaling	
Activation. (A-B) Nuclear β-catenin expression was 
determined by western blot in SHG-44 and U251 cells transfected 
with plasmids containing empty vector (EV) or Lgr4. Lamin B 
levels were measured as a loading control. (C-D) mRNA levels 
of Sox9, Cylin E and Cylin D1 were examined by real-time PCR 
in SHG-44 and U251 cells overexpressing empty vector (EV) 
or Lgr4. (E-F) Nuclear β-catenin expression was determined by 
western blot in SHG-44 and U251 cells transfected with siRNA 
oligos targeting Lgr4 or negative controls (NC). (G-H) mRNA 
levels of Sox9, Cylin E and Cylin D1 were examined by real-
time PCR in SHG-44 and U251 cells transfected with siRNA 
oligos targeting Lgr4 or negative controls (NC)
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Figure	 5.	 β-catenin	Depletion	Attenuates	 the	Roles	
of	Lgr4	Overexpression.	 (A) β-catenin expression was 
determined by western blot in SHG-44 cells transfected with 
siRNA oligos targeting β-catenin or negative controls (NC). 
(B) The cell proliferative potential (BrdU) was determined in 
SHG-44 cells. Cells were pre-treated with siRNA oligos for 
24 hours and then transfected with Lgr4 or empty vector (EV) 
for another 24 hours. (C) β-catenin expression was determined 
by western blot in U251 cells transfected with siRNA oligos 
targeting β-catenin or negative controls (NC). (D) The cell 
proliferative potential (BrdU) was determined in U251 cells. 
Cells were pre-treated with siRNA oligos for 24 hours and then 
transfected with Lgr4 or empty vector (EV) for another 24 hours
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Lgr4 activates Wnt signaling in glioma cells
 Lgr4 has recently been reported to potentiate Wnt 
signaling after binding to its ligand R-spondin (de Lau 
et al., 2011; Glinka et al., 2011). To test whether the 
Wnt pathway mediates Lgr4 in glioma cells, the nuclear 
β-catenin abundance was examined. As shown in Figure 
4A and 4B, the protein content of nuclear β-catenin was 
increased in cells overexpressing Lgr4. Besides, several 
downstream target genes of β-catenin including Sox9, 
Cyclin E and Cyclin D1 (Chartier et al., 2007; Panza et 
al., 2013), were also up-regulated by Lgr4 overexpression 
(Figure 4C-4D). Consistently, we observed a reduced 
nuclear β-catenin abundance and decreased expression of 
its target genes in cells depletion of Lgr4 (Figure 4E-4H), 
indicating that Lgr4 activates Wnt/β-catenin signaling 
pathway in glioma cells

The proliferative roles of Lgr4 is dependent on Wnt/β-
catenin signaling
 Next, SHG-44 and U251 cells were transfected 
with siRNA targeting β-catenin or negative controls 
(Figure 5A and 5C). As a result, knockdown of β-catenin 
dramatically reduced cell proliferation activity induced by 
Lgr4 overexpression (Figure 5B and 5D), suggesting that 
β-catenin is required for the proliferative roles of Lgr4 in 
glioma cells.
 
Discussion

In this study, we demonstrated that Lgr4 expression 
is up-regulated in glioma tissues. Up-regulation of Lgr4 
promoted cell proliferation while inhibition of Lgr4 
inhibited glioma cell proliferation. At the molecular 
level, we revealed that Wnt/β-catenin signaling plays 
an indispensable role in mediating Lgr4 activation. 
Collectively, these findings suggest that up-regulation 
of Lgr4 may promote the initiation and progression of 
glioma.
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The common hallmark in various human caner tissues 
is the nuclear retention of β-catenin, the main effector 
of the canonical Wnt signaling pathway (Fodde et al., 
2001; Casás-Selves et al., 2012). In the absence of Wnt 
ligands, β-catenin is tightly regulated by a multi-protein 
complex including: the tumour suppressor APC, the 
scaffolding protein axin, and the phosphokinases GSK-3β 
and CK1 (Fodde et al., 2001; Casás-Selves et al., 2012). 
Upon ligand activation, the complex is destabilized, 
allowing for cytoplasmic β-catenin accumulation with 
subsequent nuclear translocation (Fodde et al., 2001; 
Moon et al., 2004). In the nucleus, β-catenin acts as an 
essential cofactor in the context of cell cycle progression, 
proliferation and survival (Niehrs et al., 2012). For various 
human cancers, an association between aberrant Wnt 
signaling pathway activation and the clinical behavior of 
the respective tumor has been well established (Angers 
et al., 2009). For instance, in human breast cancer, 
cytoplasmic and nuclear localization of β-catenin were 
shown to predict a poor outcome (Deng et al., 2002). In 
human gliomas, nuclear immunoreactivity of β-catenin 
is established as a favorable-risk indicator in a subgroup 
of medulloblastomas (Baryawno et al., 2010). Besides, 
activating mutations in the β-catenin gene have identified 
and was shown to be involved in the development of a 
subset of medulloblastomas (Zurawel et al., 1998). In 
addition, several extracellular signals were exhibited 
to promote or repress glioma cell proliferation through 
regulation of Wnt/β-catenin (Xie et al., 2004; Baryawno 
et al., 2010). Therefore, these findings demonstrate the 
importance of Wnt signaling pathway as a therapeutic 
target in treatment of glioma.

In summary, the key finding of the current study is that 
Lgr4 can promote the proliferation of glioma cell lines 
by activation of Wnt/β-catenin pathway. Understanding 
the precise role played by Lgr4 progression will not only 
advance our knowledge of glioma biology, but also will 
help determine if Lgr4 has potential as a novel therapeutic 
target for the treatment of glioma.
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