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ABSTRACT

Cereblon (CRBN), a negative modulator of AMP-activated protein kinase (AMPK), is highly 
expressed in the retina. We confirmed the expression of CRBN in ARPE-19 human retinal 
cells by Western blotting. We also demonstrated that CRBN knock-down (KD) could 
effectively downregulate IL-6 and MCP-1 protein and gene expression in LPS-stimulated 
ARPE-19 cells. Additionally, CRBN KD increased the phosphorylation of AMPK/acetyl-
coenzyme A carboxylase (ACC) and the expression of heme oxygenase-1 (HO-1) in ARPE-19 
cells. Furthermore, CRBN KD significantly reduced LPS-induced nuclear translocation 
of NF-κB p65 and activation of NF-κB promoter activity. However, these processes could 
be inactivated by compound C (inhibitor of AMPK) and zinc protoporphyrin-1 (ZnPP-1; 
inhibitor of HO-1). In conclusion, compound C and ZnPP-1 can rescue LPS-induced levels 
of proinflammatory cytokines (IL-6 and MCP-1) in CRBN KD ARPE-19 cells. Our data 
demonstrate that CRBN deficiency negatively regulates proinflammatory cytokines via the 
activation of AMPK/HO-1 in the retina.

Keywords: AMP-activated protein kinase; Cereblon; Cytokines; Heme oxygenase-1; 
Inflammation; Retina

INTRODUCTION

Inflammation is an adaptive response of body tissues to exogenous stimuli, including 
pathogens and anything causing cell damage. The inflammatory response involves complex 
biological interactions among molecular mediators, including immune cells, within a 
stimulus's microenvironment. Retinitis—inflammation of the retina—may be caused by a 
variety of infectious agents and can permanently damage the retina, leading to blindness (1). 
LPS stimulation in the retina can lead to the production of several inflammatory cytokines, 
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including interleukin-6 (IL-6) and MCP-1 in human (2) and animal models (3). In contrast, 
blocking LPS activity downregulates ocular inflammatory responses (4). It is well known that 
the NF-κB and activator protein-1 pathways are the main signaling pathways activated during 
the inflammatory response.

Cereblon (CRBN) is a protein encoded by the CRBN gene, which has been associated with 
mild mental retardation in humans (5). CRBN is a substrate receptor for cullin-4 RING E3 
ligase and has been shown to be involved in several different functions, including embryonic 
development (6) and the potassium channel regulation (7). The disruption of CRBN has been 
shown to enhance AMP-activated protein kinase (AMPK) activity in the heart (8), liver (9), 
and skeletal muscle (10). Recently, AMPK has been shown to protect against organ injury by 
suppressing inflammation in a septic animal model (11).

Heme oxygenase-1 (HO-1) is an important downstream effector of AMPK that suppresses the 
secretion of inflammatory cytokines from LPS-stimulated retinal tissue. The effects of CRBN 
on retinal AMPK activation and HO-1 expression, and CRBN's role in intraocular injury in a 
model of systemic inflammation, have not been reported.

We investigated how the absence of CRBN affects AMPK and HO-1 in the retina and how it 
augments protection against intraocular injury.

MATERIALS AND METHODS

Cells, Abs, and reagents
ARPE-19 cells were cultured in DMEM supplemented with 10% FBS, penicillin, and 100 µg/
ml streptomycin (Gibco BRL, Gaithersburg, MD). Abs against AMPK, phospho (p)-AMPK, 
acetyl-CoA carboxylase (ACC), and p-ACC were purchased from Cell Signaling Technology 
(Beverly, MA, USA), and Abs against HO-1, β-actin, scrambled siRNAs, and siCRBN were 
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The CRBN Ab was from 
Sigma-Aldrich (St. Louis, MO, USA). The enhanced chemiluminescence Western blotting 
detection reagent was purchased from Amersham (Buckinghamshire, UK). All other 
chemicals, including LPS (from Escherichia coli 0111:B4), zinc protoporphyrin-1 (ZnPP-1), and 
compound C (CC) were purchased from Sigma-Aldrich.

Western blot analysis
RPE homogenates and ARPE-19 cell lysates were subjected to SDS-polyacrylamide gel 
electrophoresis and transferred to polyvinylidene difluoride membranes. The membranes 
were incubated with primary rabbit Abs, and signals were developed by enhanced 
chemiluminescence (Pierce Biotechnology, Waltham, MA, USA) and analyzed using an 
ImageQuant™ LAS 4000 biomolecular imager (GE Healthcare Life Sciences, Waukesha, WI, 
USA) and the bundled Multi Gauge 3.0 software. Western blot values in the figures represent 
the relative densities of the bands normalized to that of β-actin.

RNA interference
Human CRBN-specific siRNA (nucleotide: 558-579; #1, 701–721; #2) was purchased from 
Genolution Pharmaceuticals Inc. (Seoul, Korea). ARPE-19 cells were transfected with 
RNAIMAX reagent (Invitrogen, Carlsbad, CA, USA) using 1 μM CRBN-siRNAs or scrambled 
siRNA. CRBN expression was determined by Western blot at 24 h post-transfection.
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ELISA
IL-6 and MCP-1 levels in culture medium were determined using ELISA kits (R&D Systems, 
Minneapolis, MN, USA) according to the manufacturer's instructions. Briefly, polyclonal rat 
anti-human cytokine Abs were used as primary Abs, and biotinylated polyclonal goat anti-rat 
Abs were used for detection. A standard curve was generated for each assay, and colorimetric 
changes were determined at 450 nm.

RNA preparation and RT-PCR analysis
Total RNA was isolated from cells using TRIzol (Invitrogen/Thermo Fisher Scientific, 
Waltham, MA, USA). The RNA was reverse-transcribed using the IScript cDNA synthesis kit 
(Bio-Rad Laboratories, Hercules, CA, USA). Real-time PCR was performed on an iCycler iQ 
(Bio-Rad Laboratories) with iQ SYBR Green Supermix (Bio-Rad Laboratories). The following 
primer sequences were used: human IL-6 sense, 5′-GGTACATCCTCGACGGCATCT-3′ 
and antisense, 5′-GTGCCTCTTTGCT-GCTTTCAC-3′; human MCP-1 sense, 
5′-CATTGTGGCCAAGGAG- ATCTG-3′ and antisense, 5′-ATCTCTGCTGTTGTCCCAAAC-3′; 
human ribosomal protein S18 sense, 5′- TTTGCGAGTACTCAACACCAACA-3′; and antisense, 
5′-CCTCTTGGTGA GGTCAAT GTCTG-3′.

Transfection and luciferase activity assays
For transient transfections, cells were seeded at 5×105 cells/well in a 48-well plate. The 
expression vectors that contained the NF-κB luciferase reporter construct (pNF-κB-LUC; 
Stratagene, Grand Island, NY, USA) or pRL-SV40 plasmid (Renilla luciferase expression 
for normalization) (Promega, Madison, WI, USA) were transfected with 0.5 µL of serum- 
and antibiotic-free Lipofect AMINE 2000 reagent (Invitrogen). After 6 h, the medium was 
replaced with basal medium. Cells were treated with LPS for 24 h and then lysed. Relative 
luciferase activities were generated by normalizing promoter-driven firefly luciferase activity 
with the level of Renilla luciferase activity.

Statistical analysis
All experiments were repeated at least three times. The results are expressed as the 
mean±standard deviation, and the data were analyzed by one-way ANOVA followed by 
Student's t-test to detect significant differences. The Kaplan-Meier method was used to 
compare differences in mortality rates between groups; p-values <0.05, p-values <0.01 were 
considered statistically significant.

RESULTS

CRBN knock-down (KD) had diminished IL-6 and MCP-1 expression in LPS-
stimulated ARPE cells
CRBN expression in the mouse retina has previously been reported (12). Therefore, we first 
confirmed the presence of CRBN protein in the retinal tissue and ARPE-19 cells (Fig. 1A). 
Next, we compared the amount of CRBN between CRBN-siRNA- and CRBN-scrambled-treated 
ARPE-19 cells by Western blot assay. CRBN expression was diminished in CRBN-siRNA-
treated cells (Fig. 1A). First, there was no difference in the level of IL-6 and MCP-1 between 
control group (scramble) to siRNA CRBN group (Fig. 1B-D).

It was well known that IL-6 and MCP-1 are representative cytokines that initiate retinal 
inflammation (13). The IL-6 and MCP-1 levels were diminished when ARPE-19 cells were treated 

3/9https://doi.org/10.4110/in.2020.20.e26

Cereblon Regulates LPS-induced Inflammation in Retina

https://immunenetwork.org

https://immunenetwork.org


with siCRBN RNA #2 (Fig. 1B and C). Moreover, IL-6 and MCP-1 mRNA expression levels also 
decreased relative to LPS-stimulated controls (Fig. 1D). These findings support the hypothesis 
that CRBN protein deficiency initiates the inflammatory process and immune cell recruitment.

CRBN KD enhanced p-AMPK, p-ACC, and HO-1 expression in ARPE-19 cells
In a previous study, we reported that CRBN deficiency increased phosphorylated AMPK 
and ACC activity, as well as HO-1 expression, in mouse peritoneal macrophages (11). Thus, 
we checked whether CRBN KD increased AMPK and ACC activity in ARPE-19 cells. There 
were no significant differences in the amounts of total AMPK or ACC between control and 
CRBN KD (siCRBN RNA #2-treated) ARPE-19 cells (Fig. 2A and B). However, the amounts of 
phosphorylated AMPK and ACC in CRBN KD cells were higher than in control cells (Fig. 2A, C 
and D). The expression of HO-1 was significantly increased in KD cells (Fig. 2E). These results 
suggest that CRBN deficiency enhances AMPK pathway activation and, subsequently, HO-1 
expression in LPS-stimulated ARPE-19 cells.
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Figure 1. Effects of CRBN on LPS-induced diminution of IL-6 and MCP-1 in ARPE cells. 
(A) Expression of CRBN by Western blot in ARPE-19 cells. (B) ARPE-19 cells were pretreated with siCRBN RNA #1,2 at the indicated concentrations for 1 h and then 
stimulated with LPS (100 ng/ml) for 24 h. The culture medium was collected and subjected to ELISA to measure the concentration of IL-6. (C) ARPE-19 cells were 
pretreated with siCRBN RNA#1,2 at the indicated concentrations for 1 h and then stimulated with LPS (100 ng/ml) for 24 h. The culture medium was collected and 
subjected to ELISA to measure the concentration of MCP-1. (D) Analysis to determine expression of IL-6 and MCP-1. All experiments were performed in triplicate. 
*p<0.05, **p<0.01 vs. treated sample. †p<0.05 vs control sample.
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CRBN is negatively associated with NF-κB
The NF-κB pathway is considered a prototypical proinflammatory signaling pathway and is 
characterized by the activation of NF-κB and proinflammatory factors, including cytokines, 
chemokines, and adhesion molecules.

NF-κB expression diminished when ARPE-19 cells were transfected with an NF-κB luciferase 
reporter and CRBN and treated with LPS. To assess the role of CRBN in inflammatory 
signaling after NF-κB activation, we treated ARPE-19 cells with CRBN-siRNA, LPS, CC, and 
ZnPP-1 (Fig. 3). The LPS-stimulated, siRNA-treated ARPE-19 cells showed diminished NF-κB 
expression relative to controls (Fig. 3A). The cells treated with CC and ZnPP, however, showed 
increased NF-κB expression (Fig. 3B).

These results suggest that the CRBN gene regulates NF-κB expression as well as 
downregulation of AMPK and HO-1 during NF-κB expression in CRBN-deficient retinitis.

CC and ZnPP upregulated IL-6 and MCP-1 in CRBN-deficient retinitis
To investigate IL-6 and MCP-1 expression in CRBN KO ARPE-19 cells, the cells were stimulated 
with LPS, then CC and ZnPP-1 function were evaluated (Fig. 4). First, there was no difference 
in the level of IL-6 and MCP-1 between control group to CC-treated or ZnPP-treated group 
(Fig. 4A and B). The LPS-stimulated CRBN KD ARPE-19 cells showed decreased IL-6 
expression, but those treated with CC and ZnPP-1 showed increased IL-6 expression (Fig. 4A). 
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Figure 2. Expression of AMPK, ACC, and HO-1 in ARPE-19 cells with siCRBN RNA#2. 
(A) ARPE-19 cells were pretreated with siCRBN RNA#2 and treated with LPS (100 ng/ml) for 24 h and then lysed. 
Western blotting was carried out to evaluate the activation of AMPK and ACC and the expression of HO-1. (B) The 
relative ratio of CRBN to actin was calculated in ARPE-19 cells. (C) The relative ratio of pAMPKa to total AMPKa 
was calculated in ARPE-19 cells. (D) The relative ratio of pACC to total ACC was calculated in ARPE-19 cells. (E) 
The expression of HO-1 relative to actin in ARPE-19 cells. 
t-, total; CON, control.
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These findings suggest that AMPK inhibition with CC upregulates IL-6 expression, and HO-1 
inhibition with ZnPP affects IL-6 expression in the absence of CRBN. MCP-1 was expression 
also affected by CC and ZnPP-1 (Fig. 4B). These findings suggest that the CRBN gene is crucial in 
AMPK/HO-1 signaling in the control of IL-6 expression during retinal inflammatory signaling.
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Figure 3. Effects of CRBN on NF-κB activation in LPS-stimulated ARPE cells. 
(A) ARPE-19 cells were treated with LPS, LPS+siCRBN, and LPS+siCRBN+CC or PS+siCRBN+ZnPP for 24 h, and nuclear extracts were subjected to Western blotting 
to determine the NF-κB subunit p65 expression levels. (B) ARPE-19 cells transiently transfected with NF-κB-luciferase reporter plasmid was treated with siCRBN, 
Compound C, ZnPP-1, and LPS for 24 h, and subjected to a luciferase assay. 
*p<0.05, **p<0.01 vs. treated sample −: no treatment; +: LPS-treated. †p<0.05 vs control sample.
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Figure 4. Effect of the HO-1 inhibitor ZnPP-1 on LPS-induced siCRBN upregulation of IL-6 and MCP-1 activation in ARPE-19. 
(A) ARPE-19 cells were treated with Compound C, ZnPP, LPS, LPS+siCRBN, and LPS+siCRBN+CC or LPS+siCRBN+ZnPP for 24 h. The culture medium was 
collected and subjected to ELISA to measure the concentration of IL-6. (B) ARPE-19 cells were treated with Compound C, ZnPP, LPS, LPS+siCRBN, and LPS + 
siCRBN+CC or LPS+siCRBN+ZnPP for 24 h. The culture medium was collected and subjected to ELISA to measure the concentration of MCP-1. All experiments 
were performed in triplicate. 
*p<0.05, **p<0.01 vs. treated sample. †p<0.05 vs control sample.

https://immunenetwork.org


DISCUSSION

Previous research has shown that CRBN is highly expressed in the mouse retina (12), as 
confirmed by this study. We also confirmed that CRBN protein is expressed in the human 
retinal cell line, ARPE-19.

Uveitis is a common intraocular inflammatory disease. A well-studied model for acute 
infectious uveitis relies on inflammation induced by intravenous injection with LPS. This 
produces various inflammatory cytokines, including IL-6, TNF-α, and MCP-1 (14,15), which 
lead to prominent features as iris hyperemia and leukocyte infiltration (16).

In uveitis, IL-6 is a multifunctional proinflammatory cytokine; it is involved in selectively 
recruiting monocytes, neutrophils, and lymphocytes (17). MCP-1 is a key chemokine involved 
in regulating the migration and infiltration of monocytes and macrophages (18).

Our data demonstrate that CRBN deficiency can downregulate LPS-induced inflammatory 
cytokines (IL-6 and MCP-1) expression. Recently, CRBN was shown to acts as a 
multifunctional protein in various diseases models, including cardiovascular disease, fatty 
liver, and sepsis. For all of these diseases, the ablation of CRBN increased AMPK levels and 
protected against organ damage. Additionally, AMPK was shown to modulate inflammation 
in diseases, including uveitis (19). Our data indicate that CRBN deficiency upregulates the 
expression of phosphorylated AMPK, ACC, and HO-1, which controls the expression of 
anti-inflammatory proteins by regulating AMPK activation in ARPE-19 cells. The regulatory 
pathway from CRBN to HO-1 might play a similar role in protecting against uveitis, where 
HO-1 is also a key mediator (20).

In association with intraocular injury and uveitis, NF-κB is an important transcription 
factor responding to endotoxin stimulation (21). NF-κB activity is essential for regulating 
the secretion of proinflammatory cytokines, such as IL-6, TNF-α and MCP-1. Notably, in our 
study, LPS-induced NF-κB transcriptional activity and proinflammatory cytokines (IL-6, 
MCP-1) expression were suppressed by CRBN depletion via AMPK/HO-1 signaling.

In the future, the effects of CRBN deficiency on other cell types or ophthalmic tissues should 
be evaluated to clarify the role of CRBN in the pathogenesis of uveitis.

In summary, this study suggests that CRBN suppresses AMPK signaling and HO-1 expression 
and that CRBN has a role in promoting the inflammatory response in the retina.
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