
Cell Physiol Biochem 2014;33:195-204
DOI: 10.1159/000356662
Published online: January 24, 2014

© 2014 S. Karger AG, Basel
www.karger.com/cpb 195

Fu et al.: LXR/SOCS3 Pathway in PCa 

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

1421-9778/14/0331-0195$39.50/0

Original Paper

 Copyright © 2014 S. Karger AG, Basel

Accepted: November 20, 2013

This is an Open Access article licensed under the terms of the Creative Commons Attribution-
NonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to 
the online version of the article only. Distribution permitted for non-commercial purposes only.

LXR Agonist Regulates the Carcinogenesis 
of PCa via the SOCS3 Pathway

Weihua Fua   Jiwei Yaoa  Yan Huangb   Qianwei Lia   Weibing Lia   Zhiwen Chena   
Fengtian Hec   Zhansong Zhoua   Junan Yana

aDepartment of Urology, Southwest Hospital, Third Military Medical University, Chongqing, 
bDepartment of Oncology, Xinqiao Hospital, Third Military Medical University, Chongqing,  
cDepartment of Biochemistry and Molecular Biology, College of Basic Medical Sciences,  
Third Military Medical University, Chongqing, China

Key Words
Suppressor of cytokine signaling 3 • Liver X receptors • Small-interfering RNA • Tumorgenesis 
• Prostate cancer

Abstract
Background: Down-regulation of suppressor of cytokine signaling 3 (SOCS3) inhibits prostate 
cancer (PCa) cell growth. Liver X receptors (LXRs) agonists have been recently introduced for 
PCa treatment. We postulated that LXR may inhibit the carcinogenesis of PCa via the SOCS3 
pathway. Methods: LNCaP cells were cultured and transfected with SOCS3 small-interfering 
RNA (SOCS3-siRNA) and control small-interfering RNA (control-siRNA). Then cells were 
treated with LXR activator (GW3965). The expressions of PCa related transcript factors, e.g. 
transcription 3 (STAT3), nuclear factor kappa B (NF-κB) and activation protein 1(AP1) were 
detected by western blot assay. In vitro cell proliferation, cell migration, cell invasion and 
apoptosis were analysed. Nude mice were used for in vivo tumorgenesis. Results: In cells 
treated with control-siRNA, GW3965 enhanced SOCS3 expression and significantly inhibited 
the phosphorylation of STAT3, NF-κB and AP1 expressions, accompanied by dramatically 
reduced cellular proliferation rate, immigration and invasion of cultured cells. In cells treated 
with SOCS3-siRNA, the inhibitory effects of LXR activator on the phosphorylation of STAT3 and 
expressions of NF-κB and AP1 were totally abolished. The cell proliferation rate, immigration 
and invasion were markedly elevated by SOCS3 gene mutation, even with GW3965 treatment. 
The in vivo tumorgenesis assay showed that GW3965 significantly reduced the tumor volumes 
in tumor-bearing nude mice receiving saline injection, but failed to limit the tumor volume 
in tumor-bearing nude mice receiving SOCS3 antibody injection. Conclusion: Our results 
provide evidence in support of the notion that LXR agonist may regulate the carcinogenesis 
of PCa via the SOCS3 pathway.
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Introduction

Prostate cancer (PCa) is the second most frequently diagnosed cancer and the sixth 
leading cause of cancer deaths in males [1-3]. The molecular events responsible for initiation 
and progression of PCa remain poorly understood [4].  Several epidemiological studies 
showed that chronic inflammation plays an important role in prostate carcinogenesis [5-
7]. The suppressor of cytokine signaling 3 (SOCS3) is one of the most important inhibitory 
molecule of inflammatory signal transduction pathways [8, 9]. SOCS3 suppressor is 
upregulated by androgen in prostate cancer cell lines, where it inhibits androgen-mediated 
proliferation and secretion [10]. Down-regulation of SOCS3 causes  cell death of prostate 
cancer through activation of the extrinsic and intrinsic apoptosis pathways [11]. The 
underlying mechanism is that SOCS3 antagonizes the proliferative and migratory ability 
in prostate cancer by inhibition of p44/p42 MAPK signaling [12]. In addition, SOCS3 inhibit 
the signal transducer and activator closely related to Pca cell proliferation and invasiveness, 
such as transcription 3 (STAT3) [13-15], nuclear factor kappa B (NF-κB) [16] and activation 
protein 1(AP1) [17]. 

Recently, a few new agents have been introduced for PCa treatment, one of which is the 
liver X receptors (LXRs) agonist. LXRs have been shown to be the important regulators of 
cholesterol, fatty acid, immunity and glucose homeostasis [18, 19]. LXR agonists suppress 
proliferation of multiple human cancer cell lines in vitro as well as suppress the growth and 
progression of prostate tumor xenografts in nude mice. Treatment with the synthetic LXR 
agonist down-regulated the Akt survival pathway and thus induced apoptosis of LNCaP cells 
in both xenografted nude mice and cell culture [20]. Targeting the transcriptional activity 
of LXRs has, therefore, been proposed as a mechanism for attenuating the progression of 
prostate cancer [21, 22].

SOCS3 is an inducible cytokine and its expression is regulated by a variety of nuclear 
receptor, such as peroxisome-proliferator-activated receptor α (PPAR) β/δ. LXR is also 
a nuclear receptor that controls the expression of genes involved in glucose and lipid 
homoeostasis. Previous study suggests that PPARα-LXR is a novel metabolite coupling 
signal axis in skeletal muscle that acts to optimize substrate selection in response to 
nutrient status. Based on the above mentioned studies, we postulated that LXR may regulate 
the carcinogenesis of PCa via the SOCS3 pathway. In the present study, we explored the 
hypothesis using cultured cell line and nude mice. 

Materials and Methods

Cell culture and treatment
Three PCa cell lines, namely, LNCaP, DU145 and PC-3 were cultured in RPMI-1640 supplemented with 

10% fetal calf serum (FCS), 50 U/mL Penicillin G, and 50 μg/mL Streptomycin (Invitrogen, Carlsbad, CA). 
Trypsin was used for cell passage.  

Small-interfering RNA transfection
Cells were seeded into 6-well plates and were grown until >75% confluent. The cells were transiently 

transfected with 25 nmol/L of SOCS3 small-interfering RNA (SOCS3-siRNA) or negative control siRNA 
(control-siRNA) (Dharmacon (Lafayette, CO, United States) using Dharma FECT 4 transfection reagents 
according to the manufacturer’s instructions. After 24 h, fluorescent images of transfected cells were 
observed under fluorescence microscope (Nikon, Japan). Transfection rates of 70%-80% of the cells were 
accepted for all the experiments [23]. The protein expression of SOCS3 was detected by Western blotting. 

Cell treatment
Cells transfected with SOCS3-siRNA and control-siRNA were treated with LXR activator (GW3965, 

20uM for 2 hours, Invitrogen, Carlsbad, CA). Cells without GW3965 treatment were used as controls.
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Western Blot Analysis
Cells were collected and lysed in lyses buffer. The protein contents were determined. Samples 

were resolved by SDS-PAGE and electroblotted onto a polyvinylidene difluoride membrane. Afterward, 
membranes were incubated respectively with an anti-SOCS3 monoclonal antibody (1:1000 dilution, 
Life Technologies, USA), anti-LXR Polyclonal antibodies (1:1000 dilution, Novus Biologicals,USA), anti-
phosphorylated STAT3 monoclonal antibody (p-STAT3, 1:1000 dilution, Life Technologies, USA) and 
total STAT3 monoclonal antibody (t-STAT3, 1:1000 dilution, Life Technologies, USA), anti-AP1 polyclonal 
antibody (1:1000 dilution, Santa Cruz Biotechnology,USA), anti-NF-κB polyclonal antibody (1:1000 
dilution, Biovision, USA) and anti-glyceraldehyde-3-phosphate dehydrogenase (as reference, anti-GAPDH, 
1:1000 dilution, Santa Cruz Biotechnology,USA) antibody overnight at 4°C, followed by incubation with the 
horseradish peroxidase-conjugated anti-rabbit IgG for 1h at room temperature. The signals were enhanced 
using a chemiluminescence system. The detection for each protein was repeated three times.

Cell Proliferation Assay
MTT assay was performed according to manufacturer instructions (Sigma Aldrich). Briefly, cells were 

washed in PBS. MTT reagent (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, M 2128, 
Sigma Aldrich) was added and incubated at 37°C for 3 hrs. After MTT reagent removal, MTT solvent (10 
% Triton 100X and 0.1 N HCL in anhydrous isopropanol) was added. Absorbance was determined in a 
Microwell plate reader (Model 680, Biorad, Marnes-La-Coquette, France).

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay
The apoptosis in the cultured cell lines were detected by in situ DeadEndTM Colorimetric Apoptosis 

Detection System (Promega, Madison, WI) according to the manufacturer’s instructions. Briefly, cells were 
incubated with terminal deoxynucleotidyl transferase enzyme in a humidified chamber at 37 °C for 60 min. 
The reaction was terminated by transferring the slides to 2× sodium citrate saline solution. The sections 
were counter stained with DAPI. For quantitative analyses, 5 fields per section were selected. Apoptosis was 
indexed by counting TUNEL positive cells per 100 nuclei per section.

Cell Migration and Invasion Assay
For migration assay, 1×105 cells were seeded on the upper compartment of 24-well Transwell culture 

chamber. After 24 h incubation, non-traversed cells were removed from the upper surface of the filter 
carefully with a cotton swab. Traversed cells on the lower side of the filter were stained with crystal violet 
and counted.

The invasion assay was performed using a modified two-chamber plates. 30 µl of 50 mg/ml Matrigel 
(BD Biosciences, Mississauga, Canada) in serum-free medium was added to the upper compartment of 24-
well Transwell culture chamber. 1×105 cells suspended in 200 µl of serum-free medium were seeded on 
the upper compartment, and 600 µl of complete medium was added to the lower compartment. After 24 h 
incubation at 37°C, cells were fixed with methanol. Non-invaded cells were removed from the upper surface 
of the filter carefully with a cotton swab. Invaded cells on the lower side of the filter were stained with 
crystal violet and counted.

In vivo tumorgenesis assay 
For in vivo tumorgenesis assay, nude mice were inoculated subcutaneously with LNCaP cells (1×106/

animal). The mice were raised to allow in vivo tumorgenesis. Two weeks later, selecting mice which had 
tumors with similar size (about 100 mm3) for the tumor growth inhibition studies. The selected tumor-
bearing mice were injected with the anti-SOCS3 antibody (dose: 5ug/g for 7 days) and the same volume 
of saline via vein tail. Then mice were divided into four groups, namely, saline injection, saline injection+ 
GW3965, anti-SOCS3 antibody injection and anti-SOCS3 + GW3965 groups (each group, n=6). GW3965 was 
given by an oral gavage administration method (40 mg/kg daily for 14 days). Mice were sacrificed after 7 
days (n=3) and after 14 days (n=3). Tumor volumes were calculated using the following formula: (cubic 
millimeters) = (length × width) × 0.5. 
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Statistical Analysis 
To evaluate the amount of protein expression, the Raytest TINA software (http://www.raytest.de/

service/raytest_catalog.html) was used for western blotting to calculate the densitometric analysis as 
described previously [24]. The differences in the relative expressions among different genotypes were 
compared by using ANOVA analyses. The analyses were performed with the SPSS software (Statistical 
Package for the Social Sciences, version 16.0, SPSS Inc, Chicago, IL, USA). 

Results

Si-RNA transfection significantly reduced the SOCS3 expression
The protein expression of SOCS3 after si-RNA transfection was detected by Western 

blotting. Compared to cell transfected with control-siRNA, all the cell lines transfected with 
SOCS3-siRNA had significantly reduced SOCS3 expression; however, the inhibition of SOCS3 
did not affect the LXR expression in these cell lines (Fig. 1). 

The effects of LXR activator on SOCS3 expressions in PCa cell lines treated with SOCS3-
siRNA and control-siRNA
Cell lines transfected with control-siRNA or SOCS3-siRNA were treated with or without 

LXR activator GW3965, respectively. Compared to untreated cells, the application of 
GW3965 dramatically increased the LXR expression in both cells treated with control-siRNA 
and SOCS3-siRNA (Fig. 2). In all cell lines treated with control-siRNA, the LXR activator 
induced significantly enhanced SOCS3 expressions, accompanied with significantly reduced 

Fig. 1. Western blot assay showed that the SOCS3-siRNA transfection significantly reduced the SOCS3 ex-
pression in all three Pca cell lines, namely, LNCaP, DU145 and PC-3, compared to control-siRNA transfection. 
The LXR expression levels were not affected by SOCS3-siRNA transfection in these cell lines.
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phosphorylated STAT3 levels, NFκB and AP1 expressions, compared to cell lines without 
GW3965 treatment. Nevertheless, in cell lines treated with SOCS3-siRNA, the inhibitory 
effects of LXR activator on the phosphorylation levels of STAT3 and expressions of NF-κB 
and AP1 were totally abolished (Fig. 2). 

The biological behaviors of PCa cell lines with or without LXR activator treatment
In cell lines transfected with control-siRNA, the administration of LXR activator 

significantly reduced cellular proliferation rate, reduced immigration and invasion (vs. 
untreated cells, all P<0.001 in LNCaP, DU145 and PC-3 cell lines, Fig. 3). The apoptosis rates 
were all significantly increased in LNCaP, DU145 and PC-3 cell lines treated with GW3965 
than untreated cells (all P<0.001, Fig. 3). In contrast, in cells treated with SOCS3-siRNA, the 
proliferation rate, immigration and invasiveness abilities of LNCaP, DU145 and PC-3 cell lines 
at baseline level were significantly higher, but the apoptosis rates were dramatically lower 
than cell lines transfected with control-siRNA (all P<0.001). In these cell lines treated with 
SOCS3-siRNA, the addition of LXR activator did not change the cell proliferation, immigration 
and invasiveness abilities as well as apoptosis rates (vs. untreated cells receiving control-
siRNA transfecteion, all P<0.001, Fig. 3). 

Fig. 2. LXR activator GW3965 dramatically increased the LXR expression in LNCaP, DU145 and PC-3 cell 
lines. Quantitative analyses showed that GW3965 enhanced the expressions of SOCS3, p-STAT, NF-κB and 
AP1 only in cells treated with control-siRNA, but in cells transfected with SOCS3 si-RNA, all these inhibitory 
effects were totally abolished.
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In vivo tumorgenesis
The size of tumors in mice receiving saline injection, anti-SOCS3 antibody injection and 

anti-SOCS3 antibody+ GW3965 increased dramatically at day 7 and day 14, however, that in 
mice receiving saline + GW3965 treatment was significantly decreased. At day 7, the tumor 
volume was 254±23 mm3 in mice receiving saline injection, 122±21 mm3 in mice receiving 
saline + GW3965, 302±19 mm3 in anti-SOCS3 antibody treated mice and 278±20 mm3 in anti-
SOCS3 antibody+ GW3965 treated mice (P<0.001). At day 14, the tumor volume was 567±38 
mm3 in mice receiving saline injection, 195±42 mm3 in mice receiving saline + GW3965, 
529±50 mm3 in anti-SOCS3 antibody treated mice and 538±47 mm3 in anti-SOCS3 antibody+ 
GW3965 treated mice (P<0.001). 

Fig. 3. In cells transfected with control-siRNA, LXR activator GW3965 significantly reduced cellular prolife-
ration rate, immigration and invasion abilities and increased PCa cell apoptosis. However, in in cells trans-
fected with SOCS3-siRNA, LXR activator failed to change the cell proliferation, immigration and invasiveness 
abilities as well as apoptosis rate. 
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Discussion

In this study, we observed that treatment of the LXR activator (GW3965) and control 
siRNA induced elevated expression of SOCS3, and conversely reduced expression of 
phosphorylated STAT3, NF-κB and AP1 in the LNCaP cells. The association of transcription 
factors, i.e. STAT3, NF-κB and AP1, in promoting metastatic progression of prostate cancer 
has been previously demonstrated [25-27]. From our study, this decreased expression of 
the transcription factors also correlates with depressed progression of the PCa cells in 
vitro indicated by significantly reduced proliferation, immigration and invasion of tumor 
cells, in addition to a longer period to develop prostate cancer in the tumor-bearing nude 
mice compared to the controls. Interestingly, the effects of GW3965 on both SOCS3 and the 
transcription factors, STAT3, NF-κB and AP1, were noted to be abolished upon treatment of 
SOCS3-siRNA in the LNCaP cells in vitro. Furthermore, the treatment of the SOCS3 antibody 
and GW3965 was associated with the significantly larger mean tumor size in the nude mice 
compared to mice treated with GW3965 alone. These findings suggest the potential role of 
the LXR activator in conferring protection against PCa cells possibly through SOCS3.

LXRs play a key role in cross-talking between lipogenesis and inflammation [28]. 
Growing evidence has shown that both chronic inflammation and lipids may contribute to 
the development of PCa [21, 29]. The involvement of LXRs in carcinogenesis of PCa has been 
widely studied and reported [8, 30-32]. Given the extensive involvement of SOCS3 in the LXR 
signaling pathway [28, 33, 34], and its own correlation with the survival of PCa patients [35], 
we seek further understanding of the association of SOCS3 in the function of LXRs, and its 
role in development of PCa.

Like LXRs, SOCS3 also acts as a molecular link between lipid metabolism and inflammation 
[22]. SOCS3, the adapter-encoding gene, is a critical transcriptional target of PPARγ. LXRs 
induce the expression of lipogenic genes, including PPARγ [28, 36], and, thereby, enhanced 
expression of SOCS3. On the other hand, LXRs down-regulate the expression of inflammatory 
genes, such as TNFα and IL-6 [28, 36], and the latter potently induces SOCS3 that, in turn, 
terminates IL-6 signal transduction through a feedback loop [28]. In addition, promoter 
binding of SOCS3 with PPARγ represses differentiation of proinflammatory cells, such as the 
T-helper (TH) 17 cells [33]. Therefore, SOCS3 mediate the function of LXRs involving in both 

Fig. 4. GW3965 treatment significantly inhibited tumor growth in tumor-bearing mice receiving saline 
injection, but failed to do so in tumor-bearing mice receiving anti-SOCS3 antibody injection. At day 7, the 
tumor volume was 254±23 mm3 in mice receiving saline injection, 122±21 mm3 in mice receiving saline 
+ GW3965, 302±19 mm3 in anti-SOCS3 antibody treated mice and 278±20 mm3 in anti-SOCS3 antibody+ 
GW3965 treated mice (P<0.001). At day 14, the tumor volume was 567±38 mm3 in mice receiving saline 
injection, 195±42 mm3 in mice receiving saline + GW3965, 529±50 mm3 in anti-SOCS3 antibody treated 
mice and 538±47 mm3 in anti-SOCS3 antibody+ GW3965 treated mice (P<0.001). † comparison at day7, 
P<0.001; ‡ comparison at day14, P<0.001
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inhibiting the inflammatory response and promoting lipid metabolism [30], which conveys 
protection against PCa cells and facilitates PCa progression, respectively. 

Because of the paradoxical roles of LXRs, conflicting reports exist regarding to their 
effects on the development of PCa. For example, the LXRs agonist has been indicated to both 
facilitate [21] and attenuate [20] progression of PCa because of their function in enhancing 
lipid metabolism and reducing inflammatory response. Although our study agrees with 
the latter finding, a similarly controlled microenvironment, such as studied cells, animals, 
treatment dosages and compounds, should be approached in order to reach comparable 
results. In our study, we utilized the LNCaP cell line that is characterized by a reduced 
amount of cells in the S phase, regulation of which has been considered involved in enhanced 
cholesterol efflux via LXR-induced expression of the cholesterol transporter—ABCA1. A 
recent report has shown that treatment of the LXR activator may result in lowering of cellular 
cholesterol led by accumulation of ABCA1, reduction of the lipid raft size, and consequently 
decrease of the cell survival [22]. It suggests that not only an anti-proliferative effect but also 
a pro-apoptotic effect in the LNCaP cells may contribute to protection against malignancy of 
the LNCaP cells with administration of the LXR activator.

Altogether, our study demonstrated a putative role of LXR activation in suppressing 
PCa tumorigenesis using both the in vivo and in vitro methods. We found that reduced 
production of phosphorylated STAT3, NF-κB and AP1 and enhanced SOCS3 expression 
were accompanied with improved animal survivals and retained aggression of the PCa cells 
treated with the LXR activator. Blocking the function of SOCS3 via si-RNA in vitro abolished 
the effects of the LXR activator, resulting in increased production of phosphorylated STAT3, 
NF-κB and AP1 accompanied with aggressive malignant progression of the PCa cell line. It 
currently lacks of understanding on the role of SOCS3 in outcomes of PCa. Our study intends 
to provide information on an alternative target and potentially a novel treatment option for 
PCa patients. 
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