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Abstract 

Retinoid X Receptor α (RXRα; NR2B1) is a crucial regulator in the expression of a broad array 

of hepatic genes under both normal and pathological conditions.  During inflammation, RXRα 

undergoes rapid post-translational modifications, including c-Jun N-terminal kinase (JNK)-

mediated phosphorylation, which correlates with a reduction in RXRα function.  A Small 

Ubiquitin-like Modifier (SUMO) acceptor site has been recently described in human RXRα, yet 

the contributors, regulators and consequences of SUMO-RXRα are not well understood.  

Inflammation and other stressors alter nuclear receptor function in liver, and induce 

SUMOylation of several NRs as part of pro-inflammatory gene regulation, but linkages between 

these two pathways in liver, or for RXRα directly, remain unexplored.  We sought to determine 

if inflammation induces SUMOylation of RXRα in human liver-derived (HuH-7) cells.  

Lipopolysaccharide (LPS), interleukin-1β (IL-1β) and tumor necrosis factor α (TNFα) rapidly 

and substantially stimulated SUMOylation of RXRα.  Two RXRα ligands, 9-cis retinoic acid 

(9cRA) and LG268, induced SUMOylation of RXRα, while both inflammation- and ligand-

induced SUMOylation of RXRα require the K108 residue.  Pretreatment with SP600125, a 

potent JNK inhibitor, abrogates TNFα- and 9cRA-stimulated RXRα SUMOylation. Pretreatment 

with SUMOylation inhibitors markedly augmented basal expression of several RXRα-regulated 

hepatobiliary genes.  These results indicate that inflammatory signaling pathways rapidly induce 

SUMOylation of RXRα, adding to the repertoire of RXRα molecular species in the hepatocyte 

that respond to inflammation.  SUMOylation, a newly-described post-translational modification 

of RXRα, appears to contribute to the inflammation-induced reduction of RXRα-regulated gene 

expression in the liver that affects core hepatic functions, including hepatobiliary transport.   
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Introduction 

 

 RXRα, a member of the nuclear receptor (NR) superfamily (Germain et al., 2006), is 

essential for a range of physiological functions in multiple tissues via crucial roles in 

development(Mark et al., 2009), metabolism (Shulman and Mangelsdorf, 2005), energy 

homeostasis (Grun and Blumberg, 2006; Imai, 2003) and inflammation (Ghose et al., 2007; 

Ghose et al., 2004b; Kuenzli et al., 2004; Nunez et al., 2010; Zimmerman et al., 2006).  In liver, 

RXRα, the principal RXR isoform, plays a central role in liver physiology, particularly with 

respect to driving the expression of genes involved in intermediary metabolism, detoxification, 

as well as hepatobiliary transport and bile formation (Wagner et al., 2010).  RXRα (and other 

RXRs) are unique among the NRs by being able to both homodimerize and, more relevantly, 

heterodimerize with over a dozen NRs (Lefebvre et al., 2010). Many aspects of liver function 

depend upon the ability of RXRα to partner with other Type II NRs including: the farnesoid X 

receptor (FXR), liver X receptors (LXRs), peroxisome proliferator associated receptors (PPARs), 

the pregnane X receptor (PXR), retinoic acid receptors (RARs), and the vitamin D receptor 

(VDR) (Lefebvre et al., 2010).  It is through the obligate dimerization with these NR family 

members that RXRα serves as a critical, integrating gene regulator, particularly with respect to 

the control of hepatic transport and bile acid synthesis (Kosters and Karpen, 2010).  Thus, 

modulation of RXRα protein has the likelihood of both broad and specific consequences to 

RXRα:NR partner heterodimer functioning, a feature that has lead to some current 

pharmacological therapeutics and that is a ripe area for further development. 
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 Suppression of RXRα function is a major component of the negative hepatic acute phase 

response (APR), manifested by marked downregulation of RXRα target gene expression in 

response to inflammation (Ghose et al., 2004b; Kim et al., 2007).  This down-regulation of 

RXRα target genes—such as bile salt export pump (BSEP; ABCB11) and other transporters—

often results in cholestasis, which can lead to jaundice, and progression of hepatocellular damage 

from retention of bile acids and other small molecules destined for export(Kosters and Karpen, 

2008).  Our lab and others have shown that the downregulation of RXRα-target genes is due, at 

least in part, to post-translational modifications (PTMs) of RXRα, including JNK-mediated 

phosphorylation(Zimmerman et al., 2006).  Higher molecular weight forms of RXRα rapidly 

appear in both mouse liver and cell culture models in response to either LPS or IL-1β signaling 

(Kosters et al., 2009).  However, the identity and function of these high molecular weight RXRα 

species are essentially unknown, and the possibility that inflammatory mediators could induce 

PTM with ubiquitin or SUMO in addition to phosphorylation has not been explored. Choi et al 

identified one SUMOylation site in human RXRα, at K108 (Choi et al., 2006), but the mediators 

and modifiers of SUMO-RXRα, especially in response to inflammatory signals, remain 

undetermined.   

SUMOylation is the process whereby SUMO, a small ~100 amino acid peptide, is 

covalently-linked to a target protein; usually, this occurs at the consensus target sequence ψKxE, 

where ψ is any hydrophobic amino acid residue (Johnson, 2004).  There are three known SUMO 

proteins in mammals:  SUMO1, SUMO2 and SUMO3 (Treuter and Venteclef, 2010).  Similar to 

ubiquitinylation, SUMO proteins are attached to their target proteins by using E1, E2 and E3 

ligases; albeit with individual ligases that are distinct from those used in ubiquitinylation.  While 

a protein may be SUMOylated under basal conditions, often less than 1% of a particular protein 
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pool is SUMOylated at any given time and this SUMOylation can be in response to various 

cellular stressors or require the presence of ligand (Johnson, 2004).  Inflammation and 

engagement of SUMOylation pathways has been linked with several NRs expressed in the liver, 

including PPARs(Ghisletti et al., 2007; Leuenberger et al., 2009; Pascual et al., 2005), 

LXRs(Ghisletti et al., 2007; Venteclef et al., 2010), PXR(Staudinger et al., 2011), and 

LRH1(Venteclef et al., 2010), but not RXRα to date.  In each of these NRs, SUMOylation 

results in a (trans)repression of gene expression (Ghisletti et al., 2007; Hu et al., 2010; 

Leuenberger et al., 2009; Pascual et al., 2005; Venteclef et al., 2010).  In addition to 

inflammation and SUMOylation, JNK signaling and NR SUMOylation are linked to one NR’s 

function, the glucocorticoid receptor (GR), which leads to repression of GR-dependent gene 

expression (Davies et al., 2008). 

 Whether or not there are intersecting roles for inflammation-induced signaling and 

modulation of RXRα function by SUMOylation is unknown in any cell type or tissue.  In the 

studies presented here, we first sought to determine if inflammatory signals induce SUMOylation 

of RXRα in a human liver cell line, given the broad roles for RXRα in liver biology.  Moreover, 

although recent reports indicate that SUMOylation of several NR family members are 

components of the response to inflammation (Treuter and Venteclef, 2010), it was not known if 

RXRα is a SUMOylation target of inflammation-based signaling.  And finally, we sought to 

determine not only if cytokines or RXRα ligands can induce SUMOylation of RXRα, but if 

inhibition of SUMOylation could attenuate its suppressive effects on RXRα-regulated gene 

expression.  All together, the aim of these studies was to determine if inflammatory mediators 

induce SUMOylation of RXRα and whether or not these pathways could possibly modulate 

RXRα-mediated hepatocellular gene targets. 
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Materials and Methods 

 

Cell Culture—HuH-7 cells, a human hepatocellular carcinoma-derived cell line, were a gift from 

the MK Estes laboratory (Department of Molecular Virology and Microbiology, Baylor College 

of Medicine) and maintained in minimum essential medium without L-glutamine containing 

Earle’s salts (VWR, Radnor, PA) and supplemented with 10% certified fetal bovine serum 

(Equitech Bio, Kerrville, TX), penicillin-streptomycin (Invitrogen, Carlsbad, CA), and L-

glutamine (Cellgrow, Manassas, VA).  For cytokine or ligand treatment, cells were maintained in 

serum-free conditions for the duration of treatment. 

Cytokine, Ligand and Inhibitor Treatments—For cytokine treatments, cells were treated with 

either 1 mg/ml LPS (Sigma-Aldrich, St. Louis, MO), 10 ng/ml IL-1β (R&D Systems, 

Minneapolis, MN), 10 ng/ml TNFα (R&D Systems) or the equivalent volume of vehicle (water) 

for 0-4 hours.  For ligand treatments, cells were treated with either 1 μM 9-cis-retinoic acid 

(9cRA; Sigma-Aldrich), 1 μM LG268 (kind gift from Ligand Pharmaceuticals) or vehicle 

(dimethyl sulfoxide, DMSO) for 30 minutes.  For SUMOylation inhibitor experiments, cells 

were pre-treated with 100 μM anacardic acid (AA; Sigma-Aldrich) or 25 μM ginkgolic acid 

(GA; Sigma-Aldrich) or vehicle (DMSO) for 4 hours and then treated with 10 ng/ml TNFα for 

30 minutes.  For gene expression experiments, cells were pre-treated with vehicle (DMSO), 10 

μM GA or 50 μM AA for 4 hours and then exposed to 50 μM chenodeoxycholic acid (CDCA) 

and/or 10 ng/ml TNFα.  For JNK inhibitor experiments, cells were pre-treated with 30 μM 

SP600125 (Calbiochem, Gibbstown, NJ) for 30 minutes and then 10 ng/ml TNFα or 1 μM 9cRA 

for 30 minutes before harvest. 
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Cell Fractionation, His-Tag Isolation and Immunoblotting—Total cell protein was isolated by 

washing cells with ice-cold PBS and then lysing cells with the addition of 300 μL/10 cm plate of 

lysis buffer (50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 5 mM EDTA, pH 8.0; .5% NP-40; 25 mM 

NEM; Calbiochem Protease Inhibitor Cocktail Set I; Calbiochem Phosphatase Inhibitor Cocktail 

Sets I and II).  Protein concentrations were determined with bicinchoninic acid assay.  His-Tag 

isolation was performed with Dynabeads (Invitrogen) using 500 μg total protein and according to 

manufacturer’s protocol.  After elution, 100 μl Laemmli Buffer was added to the samples.  Cell 

lysates (10-25 μg/lane) or 20 μl of His-Tag isolated samples were separated by 10% SDS-PAGE 

gels and electrophoretically transferred to nitrocellulose membrane.  The membranes were 

blocked in 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) at 25oC for 

a minimum of 1 hour.  Incubation in a 1:1000 dilution of monoclonal anti-flag M2 antibody 

(Sigma-Aldrich), 1:1000 dilution of c-myc monoclonal antibody (Clontech, Mountain View, 

CA), 1:50,000 dilution of β-actin (Sigma-Aldrich) in blocking buffer or a 1:1000 dilution of anti-

phospho-cjun (ser63) (Cell Signaling Technology, Danvers, MA)  in 5% bovine serum 

albumin/TBS-T were carried out at 4oC for a minimum of 12 hours.  After washing, membranes 

were incubated in 1:20,000 anti-mouse (Sigma-Aldrich) or 1:2000 anti-rabbit IgG (Santa Cruz 

Biotechnology, Santa Cruz, CA) horseradish peroxidase-linked antibody in the blocking buffer 

for a minimum of 1 hour at 25°C. Membranes were then washed and analyzed using Pierce 

Enhanced Chemiluminescence or Thermoscientific SuperSignal and exposed to Blue 

Autoradiography Film (ISC Bioexpress, Kaysville, UT) for detection.  Quantitation of bands was 

determined using Carestream molecular imaging 5.0 (Carestream Health, Inc, Rochester, NY) 

and SUMO-RXRα bands were analyzed relative to Flag-RXRα bands.  Due to the differences in 
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intensity between the two bands, multiple exposures were done and quantification was analyzed 

in the linear range. 

 

Luciferase Assays—After transient transfections, cells were maintained in complete media for a 

minimum of 8 hours. The media was then changed to serum-free media containing vehicle 

(DMSO) or ligand [1 μM 9-cis-retinoic acid (9cRA; Sigma-Aldrich)] for 20-24 hours. Cells were 

lysed and prepared as per manufacturer’s protocol (Promega Dual-Luciferase Reporter Assay 

System, Madison, WI). All data was corrected for renilla expression and untreated, reporter 

plasmid-only transfected samples were normalized to 1. 

 

Plasmid Constructs—An N-terminal dually Flag- and His-tagged human RXRα construct were a 

kind gift from the J.M. Kurie laboratory (Department of Thoracic/Head and Neck Medical 

Oncology, M. D. Anderson Cancer Center) (Mann et al., 2005).  The K108R mutant was derived 

from this RXRα plasmid using site-directed mutagenesis with the Quick Change Site-Directed 

Mutagenesis Kit (Stratagene, Santa Clara, CA).  UBC9, N-terminal c-myc-tagged SUMO-1 and 

SUMO2 plasmids were kind gifts from David Owerbach (Molecular Diabetes and Metabolism 

Section and the Harry B. and Aileen B. Gordon Diabetes Research Center, Department of 

Pediatrics, Baylor College of Medicine) (Bohren et al., 2004). 

 

Transient Transfections—After plating and reaching 50-60% confluency, HuH-7 cells were 

transfected using 1.5 μl of FuGENE (Roche Applied Science, Indianapolis, IN)  per μg of 

plasmid DNA in serum-free media. Ten μg of total plasmid DNA were used for 10 cm plates. 

After a minimum of 16 h, cells were washed with warm PBS and the media changed to serum-
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containing media. After a minimum of 16 h in complete media, cells were treated in serum-free 

media and harvested as described above. 

 

Quantitative Real-Time polymerase chain reaction—Total RNA was isolated from HuH-7 cells 

tissue using Qiagen’s RNeasy kit and Qiashredder according to the manufacturer’s protocol.  

Complementary DNA was synthesized using the High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Carlsbad, CA).   Real-time quantitative PCR was performed with a 

StepOne Plus real-time PCR System (Applied Biosystems) using SYBR Green PCR master mix 

(Applied Biosystems). Primers were obtained from Sigma Genosys and sequences are listed in 

Supplemental Table 1s.  Quantitative expression values were extrapolated from standard curves 

and were normalized to 18s. Data are expressed as relative to vehicle treatments, and all 

treatments were compared to the control group, which was set to 1.  

Statistical Analysis—Data were expressed as the means +S.E. from at least three independent 

experiments. Differences between experimental groups were evaluated for statistical significance 

using Student’s t test where p <0.05 were considered to be statistically significant. 

 

Results 

 

 SUMOylation of RXRα is induced by inflammatory mediators and RXRα ligands.  We 

first sought to determine if inflammatory mediators could influence the SUMOylation of RXRα.  

HuH-7 cells, a human hepatocellular carcinoma-derived cell line, were co-transfected with: a 

plasmid that expresses a dual Flag-His-tagged RXRα (abbreviated F-RXRα; ~ MW 70 KDa);  

UBC9 (the only known E2 SUMO-conjugating enzyme); and either a plasmid that expresses 
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myc-tagged SUMO1 or SUMO2. Controls were transfected with F-RXRα, UBC9 and the empty 

SUMO vector plasmids.   Transfected cultures were subjected to cytokine or LPS treatments for 

0.5-4 hours (Fig. 1A).  Although 4 hours of exposure to either LPS or IL-1β did not lead to 

increased SUMO(2)ylation of RXRα, both treatments induced SUMO(1)ylation of RXRα (Fig. 

1A,B; ~MW 110 KDa).  TNFα−treatment of transfected cell cultures significantly induced 

SUMOylation of RXRα with either SUMO1 or SUMO2 at 30 minutes (Fig. 1A,B). Due to the 

necessary overexposure of the F-RXRα band in order to obtain a detectable SUMOylated F-

RXRα band, each band was quantified at different exposures and normalized to the untreated 

samples for comparison.  Furthermore, the higher molecular weight F-RXRα “smear” is believed 

to be a result of PTMs, including ubiquitinylation or phosphorylation.  Because the degree of this 

modified RXRα varied, and was often increased in response to inflammatory mediators or 

decreased in response to inhibitors, quantification of the Western band omitted these higher 

molecular weight “smears” of RXRα.  Furthermore, total levels of F-RXRα increased in 

response to TNFα and IL-1β, but not LPS, suggesting the possibility that regulation may be 

different among these inflammatory inducers. (We controlled for these minor differences in 

expression by always quantifying the Flag-RXRα band relative to the total RXRα band.)  Both 

baseline and TNFα-induced higher molecular weight bands were abolished when F-RXRα- and 

SUMO1-transfected HuH-7 cells were pre-treated with either general SUMOylation inhibitor, 

AA or GA (Fig. 1C), thus demonstrating that these higher molecular weight species are SUMO-

RXRα.  Furthermore, His-tag purification of F-RXRα followed by immunodetection with anti-c-

myc (to identify c-myc-tagged SUMO1), led to the appearance of a prominent 110 kDa band in 
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response to TNFα (Fig. 1D).  Together, these provide strong evidence that cytokines, particularly 

TNFα, induce SUMOylation of RXRα in liver cells. 

 Some NR ligands induce SUMOylation of target NR family members (e.g. LXRα and 

PPARγ), but this is not known for RXRα (Ghisletti et al., 2007).   HuH-7 cells were transfected 

with F-RXRα and SUMO1 and treated with either vehicle (DMSO) or the naturally-occurring 

RXRα ligand, 9cRA, for 30 minutes before harvest. 9cRA treatment significantly increased 

SUMO(1)ylation of RXRα, as compared to vehicle (Fig. 2A,B).  Since 9cRA has multiple 

effects on the cell in addition to functioning as an RXRα ligand, we treated F-RXRα/SUMO1 

transfected HuH-7 cells with the specific and highly-potent rexinoid LG268, which also led to 

induction of RXRα SUMO(1)ylation (Fig. 2A,B). Taken together, either 9cRA or LG268 can 

induce SUMOylation of RXRα. 

 

 The K108 residue of RXRα is the primary SUMOylation site in TNFα- and 9cRA-induced 

SUMOylation.  It has been previously reported that human RXRα contains multiple SUMO 

consensus sequences and that one site, K108, is the main, and likely sole, SUMOylation site 

(Choi et al., 2006).  However, this was determined under basal conditions in a non-liver (human 

embryonic kidney-derived) cell line and it was not known if this one site was SUMOylated in 

liver cells or if there was a response to inflammatory mediators.  We therefore sought to 

determine whether K108 is the primary SUMOylation site in RXRα under inflammatory 

conditions or in the presence of ligand.  HuH-7 cells were transfected with either F-RXRα or a 

SUMOylation-deficient mutant, F-RXRαK108R, as well as SUMO1 and treated with either 

vehicle or TNFα.  As shown in Fig 3A, TNFα induces SUMO(1)ylation of RXRα, but not in F-
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RXRαK108R-transfected cells.  Next, we investigated whether K108 was necessary for 9cRA-

induced SUMO(1)ylation of RXRα.  Similarly, when HuH-7 cells were transfected with either 

F-RXRα or F-RXRαK108R, as well as SUMO1, and then treated with either vehicle or 9cRA, 

induction of SUMO(1)ylation of RXRα was evident in cells transfected with wt F-RXRα 

plasmid, but not F-RXRαK108R (Fig. 3B).  These experiments indicate that K108 is the 

principle, and likely sole, SUMOylation site in human RXRα and is necessary for cytokine- and 

ligand-induced SUMOylation of RXRα. 

 

 JNK is critically involved in TNFα-induced and 9cRA-induced SUMO(1)ylation of 

RXRα. JNK signaling appears necessary for stressor and inflammation-induced phosphorylation 

of RXRα (Zimmerman et al., 2003; Zimmerman et al., 2004).  In at least a few signaling 

pathways, JNK-mediated phosphorylation can positively regulate the SUMOylation of a target 

protein (Davies et al., 2008; Leitao et al., 2010).  Given the role for JNK-dependent suppression 

of RXRα function, we hypothesized that JNK modulates TNFα-induced SUMO(1)ylation of 

RXRα.  HuH-7 cells that were transfected with SUMO1 and F-RXRα-expressing plasmids, pre-

treated with the potent pan-JNK inhibitor SP600125, and exposed to TNFα for 30 min before 

harvest.  TNFα induced SUMO(1)ylation of RXRα in the presence of vehicle, while SP600125 

pre-treatment abrogated this effect (Fig. 4A).  JNK does not appear to be required for basal 

SUMO(1)ylation of RXRα since baseline SUMOylation was present, albeit at lower levels than 

vehicle-treated cells; however, no TNFα-induction occurred when JNK activity was inhibited 

with SP600125 (Fig. 4A).  Control experiments with the downstream target of JNK (phospho-
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cjun) verified the capability of SP600125 to effectively inhibit JNK signaling in HuH-7 cells (Fig 

4A, B).   

 To determine whether JNK could also be involved with ligand-induced SUMO(1)ylation 

of RXRα,  HuH-7 cells transfected with SUMO1 and F-RXRα plasmids were pre-treated for 30 

min with SP600125 and then exposed to 9cRA for 30 min.  Similarly to TNFα-induced 

SUMOylation, 9cRA induced SUMO(1)ylation of RXRα in the presence of vehicle, while 

SP600125 pre-treatment abrogated this effect (Fig. 4B).   

 To determine if TNFα-induced SUMOylation is specific to JNK, the potential role of 

extracellular signal-regulated kinases (ERK) signaling in TNFα-induced SUMOylation of RXRα 

was also explored.  Cells were transfected with SUMO1 and F-RXRα, pre-treated with the ERK 

inhibitor PD90059, and exposed to TNFα for 30 min before harvest.  ERK inhibition had no 

effect on TNFα-stimulated RXRα SUMOylation (Fig 4C), indicating that JNK is likely the main 

MAP kinase involved with inflammation-induced SUMOylation of RXRα. 

 

 Inhibition of SUMOylation increases expression of RXRα target genes.  In order to 

determine if SUMOylation impacts gene expression of RXRα liver target genes, we investigated 

the effects of SUMO inhibitors on RXRα/FXR target genes expressed in HuH-7 cells.  The Bile 

Salt Export Pump (BSEP; ABCB11), which exports bile acids from the hepatocyte into the 

canaliculi, is strongly up-regulated in response to FXR ligands such as the primary bile acid 

chenodeoxycholic acid (CDCA) (Ananthanarayanan et al., 2001; Plass et al., 2002).  Inhibition 

of SUMOylation with GA had the most profound effect on basal transcription, with a 90-fold 

increase in transcription (p<.05).  Similarly, significant upregulation of BSEP RNA were seen 

with another SUMOylation inhibitor, AA (p<.01) (Fig 5A).  In addition, GA treatment increased 
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RNA levels of other RXRα–dependent genes (SHP and Cyp2B6) but not the canalicular 

transporter MDR1 or housekeeping gene GAPDH, neither of which are known as significantly 

RXRα–regulated genes.  SHP is upregulated by RXRα /FXR and Cyp2B6 by RXRα/CAR  

(Goodwin et al., 2000) (Piton et al., 2010; Tompkins and Wallace, 2007).  These data 

demonstrate a significant increase or decrease of gene expression with GA-treated cells of genes 

that are known to be significantly up- or down-regulated, respectively, by RXRα.  However, 

genes that are not known RXRα targets, or that are only minimally regulated by RXRα, such as 

MDR1 (Fig 5A) are not significantly changed, although globally inhibiting SUMOylation may 

have a slight effect on gene expression.  Taken together, inhibition of SUMOylation upregulated 

RXRα–dependent gene expression, but did not induce a global increase in gene expression in 

HuH-7 cells.   

To investigate the role of SUMOylation of RXRα in ligand-dependent gene expression, 

we transfected HuH-7 cells with both wildtype and SUMOylation-deficient plasmids and 

evaluated expression on a RXRα-specific promotor.  As expected, expression was significantly 

(p<.05) higher in cells with the SUMOylation-deficient RXRα (Fig 5B).   HuH-7 cells were also 

treated with both GA and the RXRα ligand 9cRA for gene expression studies.  As before, GA 

alone markedly induced BSEP RNA expression, but substantially enhanced 9cRA-induced BSEP 

RNA  (from ~3-fold to ~30-fold, p<.05; Fig 5C), thus indicating that SUMOylation of RXRα is 

playing a major role in the regulation of ligand-induced BSEP RNA expression.   All together, 

SUMOylation seems to be playing a major role maintaining a low level of expression in the non-

liganded state.    

 

Discussion 
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 The liver orchestrates the systemic inflammatory response and the APR—namely by 

producing acute phase proteins, and by down-regulating expression of many genes, including 

hepatobiliary transporters regulated by RXRα heterodimers (Beigneux et al., 2000; Ghose et al., 

2004a; Ruminy et al., 2001; Zimmerman et al., 2006).  These inflammation-induced changes 

lead to toxin accumulation , further damaging liver integrity and function (Kosters and Karpen, 

2010).  RXRα function in the inflamed liver is reduced through MAP kinase activation, 

particularly JNK, which phosphorylates RXRα and inhibits its transcriptional activity (Kosters et 

al., 2009; Macoritto et al., 2008; Mann et al., 2005; Zimmerman et al., 2004; Zimmerman et al., 

2006).  Here we show that another PTM, SUMOylation, modulates RXRα activity in response to 

inflammation.  Moreover, we show a linkage between inflammation-induced JNK activation and 

RXRα SUMOylation.  These are the first studies identifying inflammation-mediated 

SUMOylation of hepatic RXRα, providing novel explanations for the suppression of RXRα 

heterodimer function in response to inflammation, thus broadening the stage for potential 

pharmacological targets.  

MAP Kinases have been implicated in PTM of proteins, including SUMOylation.   Here, 

JNK activation is linked to RXRα SUMOylation, thereby adding RXRα to the ranks of other 

NRs which undergo JNK-modulated SUMOylation, GR (Davies et al., 2008) and PR (Leitao et 

al., 2010).  ERK, a known RXRα kinase, (Macoritto et al., 2008; Solomon et al., 1999) has also 

been shown to regulate SUMOylation (Arito et al., 2008; Guo and Sharrocks, 2009; Utsubo-

Kuniyoshi et al., 2007).  While both JNK and ERK phosphorylate RXRα, only JNK induces 

RXRαSUMOylation  (Fig 4).  This places RXRα alongside other NRs that undergo ligand-

induced SUMOylation, including LXRα and PPARγ (Ghisletti et al., 2007), which may also 
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allow for RXRα–mediated transrepression.  These data suggest additional layers of crosstalk 

between RXRα heterodimers and signaling pathways, and is an important area for future 

experimentation. 

JNK signaling mediates TNFα-induced SUMOylation of RXRα (Fig 4); however, this 

could involve direct or indirect targeting.  Since it is known that JNK phosphorylates 

RXRα (Adam-Stitah et al., 1999; Zimmerman et al., 2003; Zimmerman et al., 2004), JNK-

induced phosphorylation could influence RXRα SUMOylation.  This needs to be explored in 

appropriate future experiments.  Furthermore, it has been shown that phosphorylation sites 

within close proximity to SUMOylation sites can positively affect SUMOylation (Hietakangas et 

al., 2006); while RXRα’s amino acid sequence contains neighboring serine residues, to date, no 

reports have been published regarding phosphorylation at these serines.  

Interestingly, in addition to the established RXRα SUMOylation site (K108), two other 

potential SUMO consensus sequences (K201, K245), could have been engaged during activation 

of SUMOylation pathways.  However, these studies strongly indicate that only the K108 residue 

is targeted and necessary for both TNFα- and ligand-induced SUMOylation of RXRα (Fig 3).  

Thus, with respect to TNFα- and ligand-induced SUMOylation of RXRα, the two additional 

potential consensus SUMOylation sites do not participate in the response to these signals.  

In other NRs, ligands can induce SUMOylation (Ghisletti et al., 2007; Hu et al., 2010; 

Leuenberger et al., 2009; Pascual et al., 2005).  This also seems to be true for RXRα (Fig 2).  

Uniquely, ligand-induced SUMOylation of RXRα is modulated by JNK (Fig 4).  While JNK 

augments GR SUMOylation, GR SUMOylation seems to be ligand-independent  (Davies et al., 

2008).  Similar to PXR SUMOylation (Hu et al., 2010), though, is that both inflammatory stimuli 

and ligand can induce RXRα SUMOylation.  Thus, the final common pathway of RXRα 
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SUMOylation appears to converge at K108 via JNK signaling, either with ligand or cytokine 

activation. Interestingly, previous work has shown no impact of 9cRA on RXRα 

phosphorylation status in COS-1 cells (Adam-Stitah et al., 1999).  This raises the possibility  

JNK could be inducing SUMOylation of RXRα indirectly; that is, without phosphorylating 

RXRα.  Further experiments are needed to determine whether ligand and TNFα-stimulated 

pathways act synergistically or distinctly and to evaluate the whether each stimulus has a similar 

or different systemic effect.   

These data also show that SUMOylation likely modulates the expression of hepatobiliary 

transporter genes in diverse regulatory contexts.  Bile acid-activated RXRα/FXR target genes 

(BSEP, SHP) augmentated gene expression in the presence of GA and CDCA (Fig 5), indicating 

SUMOylation normally represses transcription, particularly in basal (absence of ligand) states.  

This is not surprising since  SUMOylation of most NRs represses gene expression (Treuter and 

Venteclef, 2010).  Considering that any decrease in BSEP significantly contributes cholestasis 

development and possibly liver cancer (Mulder et al., 2009; Wang et al., 2011), this identifies 

SUMOylation as one of the potentially modifiable regulators of hepatobiliary function.  Other 

inflammatory models (Cherrington et al., 2004; Le Vee et al., 2008; Wauters et al., 2010) have 

reported a significant reduction in BSEP expression during inflammation; however, technical 

experimental considerations precluded the combinatorial, prolonged testing of TNFα, GA, and 

CDCA, in our model system. Other models need to be utilized to address this question.  

Regardless, considering the marked augmentation of gene expression with GA treatment, 

targeting SUMOylation could be of potential therapeutic benefit in inflammatory cholestatic 

conditions.  
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Contributing to a suggestive role for RXRα SUMOylation in regulation of hepatic gene 

expression are the observations that 1) similar effects are obtained with CDCA or 9cRA, 2) the 

inhibition of SUMOylation, and the resultant increase in gene expression, is not limited to 

RXRα/FXR target genes and 3) luminescence is increased when using a SUMOylation-deficient 

RXRα.  The comparitively less dramatic 9cRA-induced BSEP RNA induction than with the 

potent FXR ligand, CDCA, is expected given the subordinate nature of RXRα ligand (Shulman 

et al., 2004).  Importantly, 9cRA combined with GA significantly augmented BSEP RNA 

transcription (Fig 5).  This suggests that RXRα SUMOylation is physiologically relevant.  

CYP2B6, a drug metabolizer, is up-regulated through RXRα and partners CAR and PXR  (Piton 

et al., 2010; Tompkins and Wallace, 2007; Wang et al., 2004).  Inhibiting SUMOylation with 

GA augmented CYP2B6 gene expression, which parallels the effect seen on RXRα/FXR target 

genes (Fig 5). Unlike BSEP and SHP, 9cRA only slightly, but significantly, increased in 

CYP2B6 RNA expression. This is also expected since with conditional partners such as CAR, 

RXRα ligands will not increase transcription, whereas with permissive partners such as FXR and 

PXR, RXRα ligands do increase transcription (Shulman et al., 2004).  RXRα is the common 

transcriptional regulator among these genes, thus supporting the hypothesis that RXRα 

SUMOylation is significantly impacting gene expression, although the promoter context may 

modulate the effect.  Also suggesting that RXRα SUMOylation inhibits transcription is that in 

luciferase assays, cells transfected with SUMOylation-deficient RXRα exhibited significantly 

higher luminescence (Fig. 5B).  While multiple factors, including SUMOylation of coregulators, 

may regulate RXRα-target genes, the evidence suggests that RXRα SUMOylation is 

significantly involved in gene expression. 
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A relevant caveat to these studies is the reliance, as for others in the field, upon transient 

overexpression to better reveal SUMOylation.  This protein overexpression may cause artifact 

due to a larger protein pool and possible effects secondary to endoplasmic reticulum stress or the 

transfection itself.  Since SUMOylated protein is often less than 1% of a protein pool, and this 

modification is transient (Johnson, 2004), overexpression is relied upon to demonstrate effect 

and plausibility.  When more sensitive reagents are developed, we expect to delineate the genes, 

interacting proteins, and chromatin sites where SUMO-RXRα acts.  We primarily were 

interested not in the array of SUMO-RXRα’s effects natively, but as a component of the 

inflammatory response. Future experiments will place SUMO-RXRα in context of the broad 

hepatocellular inflammatory response such as increases in specific miRNAs and other signaling 

pathways (Davidson-Moncada et al., 2010).  While our experiments necessarily focused on 

SUMOylation, we cannot exclude that miRNAs or another inflammatory process could be 

contributing.  One caveat to the gene expression experiments is that we used general 

SUMOylation inhibitors, GA and AA, and cannot completely exclude that contributions to the 

observed effects may include SUMOylation of proteins other than RXRα, such as coregulators.  

However, given that RXR is a key component in the regulation of the analyzed genes, 

SUMOylation of RXRα likely plays at least a partial role, if not a complete role, in the 

modulation of gene expression.  Moreover, GA did not have a global effect on gene transcription 

since MDR1 and GAPDH showed no gene expression changes with GA treatment (Fig 5). 

Finally, the present studies were done in a cancer cell line which, by definition, has 

pathophysiology.  While we cannot definitively exclude a cancer-related phenotype, we did use 

HuH7 cells which are amongst the most differentiated liver cell lines and which have been 
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shown to have an  intact TNFα signaling pathway (Saez-Rodriguez et al., 2011), which 

minimizes this possibility. 

In summary, these data indicate inflammatory signaling induces JNK modulated RXRα 

SUMOylation.  Additionally, RXRα ligands induce SUMOylation of RXRα, providing a novel  

layer of regulation of RXRα-dependent gene expression.  Furthermore, inhibition of 

SUMOylation markedly upregulates RXRα-dependent gene expression by at least 3 different 

RXRα heterodimer partners—FXR, CAR and PXR.  Together, these are the first studies 

identifying inflammation-induced SUMOylation of RXRα.  Given the multiply-partnered roles 

for RXRα, and the SUMOylation-induced suppression of RXRα-regulated hepatic gene 

expression, SUMOylation could be a feasible new target to ameliorate the clinical changes in 

liver in response to inflammation.  
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Figure Legends 

 

Figure 1. Inflammatory mediators increase SUMOylation of RXRα. (A)HuH-7 cells were 

transfected with F-RXRα, UBC9 and c-myc (empty vector, Vect.),SUMO1 or SUMO2. Cells 

were treated for 4 hours with vehicle or LPS, 1 mg/ml;or IL-1β, 10 ng/ml; or for 30 minutes with 

TNFα, 10 ng/ml; harvested and immunoblotted with anti-Flag. (B) Densitometric analysis of 

blots treated as per (A), and including a minimum of 3 separate experiments, where the SUMO-

F-RXRα band intensity is plotted relative to the F-RXRα band.  Vehicle-treated samples are 

normalized to 1.0, data are presented as mean + S.E. and * p < .05, relative to the vehicle-treated 

control. Empty vector samples are not graphed since there is no detectable SUMO-F-RXRα 

band.  (C) HuH-7 cells were transfected with F-RXRα and SUMO1 and pre-treated with vehicle 

or SUMO inhibitors 100 μM anacardic acid  (AA) or 25 μM ginkgolic acid (GA) for 4 hours 

prior to treatment with vehicle or TNFα as in (A). (D) HuH-7 cells transfected and treated with 

His-tagged RXRα and myc-tagged SUMO1 as in (A) then His-purified and immunoblotted with 

anti-c-myc antibody. Blot shows 3 different samples for both vehicle- and TNFα-treated cells.  

Note: all images are representative blots from a minimum of 3 experiments. Arrow denotes F-

RXRα and arrowhead, Su-F-RXRα. 

 

Figure 2. Ligand treatment increases SUMO(1)ylation of RXRα. (A) HuH-7 cells were 

transfected with F-RXRα and SUMO1 and treated with vehicle (DMSO), 1 μM 9-cis-retinoic 

acid (9cRA), or 1μM LG268 (LG) for 30 minutes; harvested; and immunoblotted as described in 

Fig. 1. (B) Graph of the averaged densitometry showing an increase in SUMOylation with either 
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ligand.  Data are presented as mean + S.E. and * p < .05, relative to the vehicle-treated control. 

Arrow denotes F-RXRα and arrowhead, Su-F-RXRα. 

 

Figure 3. TNFα- and 9cRA-induced SUMOylation is dependent upon K108 residue.  HuH-7 

cells were transfected with SUMO1 and either F-RXRα or F-RXRαK108R and treated with 

vehicle or 10 ng/ml TNFα (A, as in Fig. 1) or 9cRA (B. as in Fig.2).  Note absence of a SUMO 

band in K108R-transfected lane with either treatment. Representative blots from a minimum of 3 

experiments are shown. 

 

Figure 4. TNFα- and 9cRA -induced SUMO(1)ylation of RXRα involves activation of JNK. 

(A) HuH-7 cells were transfected with F-RXRα and SUMO1, pre-treated with either vehicle or 

30 μM SP600125 for 30 minutes prior to vehicle or 10 ng/ml TNFα for 30 minutes; harvested, 

and immunoblotted with either antibodies specific for Flag, p-cjun, or β-actin.  (B) Huh-7 cells 

were transfected as in (A) and treated with vehicle or 1 μM 9cRA for 30 minutes prior to harvest 

and immunoblotting.  (C) HuH-7 cells were transfected with F-RXRα and SUMO1, pre-treated 

with either vehicle or 20 μM PD90059 for 30 minutes prior to vehicle or 10 ng/ml TNFα for 30 

minutes; harvested, and immunoblotted with either Flag, p-ERK, or β-actin. Note: all images are 

representative blots from a minimum of 3 experiments. Arrow denotes F-RXRα and arrowhead, 

Su-F-RXRα. (D)  Densitometric analysis of blots in (A-C) where the SUMO-F-RXRα band 

intensity is plotted relative to the F-RXRα band.  Vehicle-treated samples (i.e. absence of TNFα 

or 9cRA) are normalized to 1.0, data are presented as mean + S.E. and * p < .05, relative to the 

vehicle-treated control. 
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Figure 5.  Inhibition of SUMOylation enhances RXRα target gene expression.  Each graph 

shows a representative experiment, performed in triplicate, of a minimum of 3 experiments.  (A) 

HuH-7 cells were pre-treated with vehicle, 10 μM ginkgolic acid (GA), or 50 μM Anacardic 

Acid (AA) for 4 hours prior to CDCA (if applicable) for an additional 20 h.  cDNA was made 

from RNA extractions and real-time PCR was performed with primers for each listed gene.  All 

expression, except GAPDH, is relative to 18s and normalized to vehicle-treated cells. (B) HuH-7 

cells were transfected with empty vector, RXRα or RXRαK108R (SUMOylation deficient) 

plasmids and treated with vehicle or 9cRA 24 h prior to harvest and measuring of luminescence.  

Data is normalized to empty vector, vehicle treated cells.  (C) HuH-7 cells were pre-treated with 

vehicle and 10 μM ginkgolic acid (GA) for 4 hours prior to 9cRA (if applicable) for an 

additional 20 h.  cDNA was made from RNA extractions and real-time PCR was performed with 

primers for each listed gene.  All expression, except GAPDH, is relative to 18s and normalized 

to vehicle-treated cells. Data are presented as mean + S.E. and * p < .05, **p < .01 and *** 

p<.001.  
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Table 1s: Quantitative Real-Time PCR Primers.   

Gene Forward Primer Reverse Primer 

18s 5'-CGGCTACCACATCCAAGGA 5'-CCAATTACAGGGCCTCGAAA 

BSEP 5'-GGGCCATTGTACGAGATCCTAA 5'-TGCACCGTCTTTTCACTTTCTG 

SHP 5'-AACTGCCAGACAGACCCCAG 5'-AAGGACTCCAGACAGCATTGAAG 

GAPDH 5’-CGGAGTCAACGGATTTGGTCGTAT 5’- AGCCTTCTCCATGGTGGTGAAGAC 

MDR1 5'-GCCAAAGCCAAAATATCAGC 5'-TTCCAATGTGTTCGGCATTA 

CYP2B6 5’-TTCCTACTGCTTCCGTCTATCAAA 5’-GTGCAGAATCCCACAGGTCA 

F-RXRα 5’-GGGGTTCTCATCATCATCATC 5’-CTTGTCATCGTCGTCCTTGTAGTC 

hOSTβ 5’-GGTGGTCATTATAAGCATGGTCCT 5’-CTGGTGGCTGCATCGTTTCT 

NTCP 5’-GGGACATGAACCTCAGCATT 5’-CGTTTGGATTTGAGGACGAT 

CYP3A 5’-CCAAGCTATGCTCTTCACCG 5’-TCAGGCTCCACTTACGGTGC 

MRP3 5’-TCATCCTGGCGATCTACTTCCT 5’-CCGTTGAGTGGAATCAGCAA 
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