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Abstract

The CAR (constitutive androstane receptor; NR1I3) is a critical xenobiotic sensor that regulates

xenobiotic metabolism, drug clearance, energy and lipid homoeostasis, cell proliferation and

development. Although constitutively active, in hepatocytes CAR is normally held quiescent

through a tethering mechanism in the cytosol, anchored to a protein complex that includes several

components, including heat-shock protein 90. Release and subsequent nuclear translocation of

CAR is triggered through either direct binding to ligand activators such as CITCO {6-(4-

chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime} or

through indirect chemical activation, such as with PB (phenobarbital). In the present study, we

demonstrate that proteasomal inhibition markedly disrupts CAR function, repressing CAR nuclear

trafficking, disrupting CAR’s interaction with nuclear co-activators and inhibiting induction of

CAR target gene responses in human primary hepatocytes following treatment with either PB or

CITCO. Paradoxically, these effects occur following accumulation of ubiquitinated hCAR (human

CAR). Furthermore, a non-proteolytic function was indicated by its interaction with a SUG1

(suppressor for Gal1), a subunit of the 26S proteasome. Taken together, these data demonstrate

that the proteasome complex functions at multiple levels to regulate the functional biology of

hCAR activity.
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INTRODUCTION

Functioning as a xenobiotic sensor, the CAR (constitutive androstane receptor; NR1I3) is

predominantly expressed in the liver, and following xenobiotic activation it modulates the
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expression of numerous hepatic genes that encode enzymes catalysing phase I oxidation,

phase II conjugation and phase III drug transporters [1–3]. Furthermore, CAR also regulates

pathways impinging on the metabolism and secretion of endogenous molecules such as

cholesterol and bilirubin, energy homoeostasis, cell proliferation/apoptosis and promotion of

rodent hepatocarcinogenesis [4–6].

In hepatocytes in vivo or in primary cultures, hCAR [human CAR; also known as hCAR1

(wild-type)] is tethered in a cytoplasmic complex and, following exposure to specific

chemical activators, CAR is transported to the nucleus, where it heterodimerizes with the

RXRα (retinoid X receptor α), interacts with DNA-targeting motifs and recruits co-

regulators to modulate the transcription of associated genes [7,8]. Xenobiotic CAR

activators are classified either as direct-acting, bound within the ligand-binding pocket of the

receptor, or indirect-acting compounds such as PB (phenobarbital), that activate CAR

through mechanisms that include receptor dephosphorylation [8,9]. However, in transformed

cell lines, CAR exhibits spontaneous nuclear accumulation and therefore constitutive

activation, independent of xenobiotic stimuli. Therefore these latter models present

challenges for deciphering mechanisms underlying CAR regulation [10,11]. In humans, two

prominent splice variants of CAR have been characterized, hCAR2 and hCAR3, which

possess four or five amino acid insertions respectively, within the LBD (ligand-binding/

heterodimerization domain) of hCAR1, the reference form of the receptor. Interestingly, and

unlike hCAR1, the splice variants require ligands for their activation and may display

altered ligand-binding preferences [12].

Currently, the mechanisms that control CAR activation and nuclear translocation are poorly

understood. With regard to its cytoplasmic sequestration, CAR forms a complex with

HSP90 (heat-shock protein 90), CCRP (cytoplasmic CAR retention protein), PPP1R16A

(membrane-associated subunit of protein phosphatase 1; also known as protein phosphatase

1, regulatory subunit 16A) and likely other unknown proteins [13,14]. Exposure to direct or

indirect CAR activators results in dephosphorylation of CAR, triggering its dissociation

from the cytoplasmic complex and enabling the receptor’s nuclear translocation [11,15].

Furthermore, previous studies indicate that the activation and nuclear translocation of CAR

is directly or indirectly regulated by multiple cellular signalling molecules. For example,

PKC (protein kinase C) and ERK1/2 (extracellular-signal-regulated kinases 1/2) may

directly regulate hCAR phosphorylation status at Thr38 or mCAR (mouse CAR) at Thr48, to

repress CAR activation and translocation [9,15]. Furthermore, although PP2A (protein

phosphatase 2A) modulates mCAR Ser202 dephosphorylation and nuclear translocation; it

appears to have no effect on hCAR [16–18]. Several reports have identified hCAR

signalling through calcium/calmodulin-dependent kinase or AMP-activating protein kinase

in PB-mediated CYP2B (cytochrome P450, family 2, subfamily B) induction. However,

inhibition of these two kinases does not affect PB-mediated CAR nuclear translocation,

suggesting that they do not directly modulate CAR [19–21]. These results point to the

involvement of yet other distinct cellular signalling pathways in the regulation of CAR

activation. In these respects, the involvement of the epidermal growth factor receptor has

been advanced recently as a PB signalling regulator [22].
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Accumulating evidence suggests that the UPS (ubiquitin-proteasome system) functions in

part to regulate NR (nuclear receptor)-mediated transcription. The UPS exists as both a

cytosolic and nuclear multi-protein complex and is responsible for 80–90 % of the total

cellular protein degradation. Many reports have demonstrated that the UPS is capable of

targeting a large number of key transcriptional factors, including p53 and c-Jun, as well as

nuclear receptors and their co-regulators. In addition to regulating their turnover, the UPS

also influences other aspects of NR function. For example, proteasomal activity appears

necessary for the exchange of NR co-regulatory proteins, allowing NR-mediated

transcription to proceed efficiently [23,24]. Inhibition of proteasome activity is also reported

to modulate the cellular localization of select NRs [25,26]. On the basis of these

observations, we hypothesized that the proteasome may similarly modulate CAR activation

and nuclear translocation. In the present study, we demonstrate that proteasomal inhibition

directly affects CAR-mediated regulation at several biological levels, and identify a novel

role for the proteasomal complex as a critical mediator of CAR activation.

EXPERIMENTAL

Chemicals and biological reagents

DMSO, PK-11195 [1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-

isoquinolinecarboxamide], Rif (rifampicin), Lac (lactacystin), Andro (5α-androstan-3α-ol)

and DEHP (di-2-ethylhexyl phthalate) were purchased from Sigma-Aldrich. CITCO {6-(4-

chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)oxime}

and MG-132 were obtained from Biomol Research Laboratories. PB was obtained from the

Division of Drug Services at the University of Washington Medical Center (Seattle, WA,

U.S.A.). TCPOBOP {1,4-bis[2-(3,5-dichloropyridyloxy)]benzene} was obtained from the

Environmental Chemistry Laboratory at the University of Washington (Seattle, WA,

U.S.A.). COS-1 and HepG2 cell lines were purchased from A.T.C.C. (Manassas, VA,

U.S.A.). DNA primers were purchased from Integrated DNA Technologies.

Cell culture conditions

COS-1 and HepG2 cells were cultured in DMEM (Dulbecco’s modified Eagle’s medium),

pH 7.0–7.4, containing 10% FBS (HyClone), 2mM L-glutamine, 10 mM Hepes, 0.15 %

sodium bicarbonate, 50 units/ml penicillin G and 50 µg/ml streptomycin (Gibco/Invitrogen).

All cell transfections were performed in the same medium, but normal FBS was replaced

with 10% dextran/charcoal-treated FBS (HyClone).

Plasmid DNAs

The pTracer vectors, CMV2-hCAR1, CMV2-hCAR2, CMV2-hCAR3, CMV2-mCAR and

CMV2-hPXR (human pregnane X receptor), as well as p3 × FLAG-hCAR1, pcDNA3.1-

RXRα, CYP2B6-PBREM (phenobarbital-responsive enhancer module)/XREM (xenobiotic-

responsive enhancer module) or CYP3A4-XREM reporter and pRL-TK were used as

described previously [27,28]. The pcDNA3.1-RXRα LBD, VP16 vectors expressing

hCAR1-LBD, pM vector expressing GAL4-SRC1 (steroid receptor co-activator)-RID

(receptor-interaction domain) and GAL4-GRIP1 (glutamate-receptor-interacting protein 1)-

RID used in mammalian two-hybrid experiments were also reported previously [29]. The p3
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× FLAG-ubiquitin plasmid, which expresses the 76-amino-acid ubiquitin protein tagged

with three copies of the FLAG epitope (Sigma-Aldrich), was provided by Dr Adriano

Marchese (Department of Molecular Pharmacology and Therapeutics, Loyola University,

Stritch School of Medicine, Chicago, IL, U.S.A.) and Dr Jeffrey Benovic (Department of

Biochemistry & Molecular Biology, Thomas Jefferson University, Philadelphia, PA,

U.S.A.). The adenoviral-YFP-fused hCAR vector was provided by Dr Hongbing Wang

(Department of Pharmaceutical Sciences, School of Pharmacy, University of Maryland,

Baltimore, MD, U.S.A.). The pCMV6-SUG1 (suppressor for Gal1) was purchased from

Origene.

HPH (human primary hepatocyte) culture and treatments

HPHs seeded on collagen-coated plates were obtained through the Liver Tissue Procurement

and Distribution System, University of Pittsburgh, funded by the NIH (contract number

N01-DK-7-0004/HHSN267200700004C). Studies with HPHs were approved by the

Institutional Review Board of the Pennsylvania State University (IRB #31438). Once

received, the cells were recovered for 48 h in fresh William’s E medium, pH 7.0–7.4,

containing 1 % penicillin/streptomycin, 1 % Hepes, 20 µM glutamine, 25 nM

dexamethasone, 10 nM insulin, 1 % linoleic acid/BSA, 5 ng/ml selenious acid and 5 µg/ml

transferrin, as described previously [30]. Primary hepatocytes (12-well plates) were

harvested in 600 µl of TRIzol® (Invitrogen) after 24 h treatment with 1 mM PB or 2 µM

CITCO in the presence and absence of 10 µM MG-132 (or with concentrations otherwise

indicated) and total RNA was isolated following the manufacturer’s protocol. RNA

concentration was determined using a Nanodrop 2000 spectrophotometer (Thermo

Scientific). In separate experiments, after 48 h of treatment, primary hepatocytes (six-well

plates) were harvested in Nonidet P40 lysis buffer (20 mM Tris/HCl, pH7.5, 100 mM NaCl,

0.5% Nonidet P40 and 1 × protease inhibitor; Calbiochem, catalogue number 539131)

followed by short-term sonication to permit isolation of total cellular protein fractions.

Protein concentrations were measured using the Pierce 660 assay configured for the

Nanodrop 2000 platform. Cell viability was assessed using the Cell Titer-Glo® luminescent

cell viability assay (Promega) according to the manufacturer’s instructions (Supplementary

Figure S1 at http://www.biochemj.org/bj/458/bj4580095add.htm). For these assays, HPHs in

24-well plates were treated for 24 h with vehicle control (0.1% DMSO), 1 mM PB or 2 µM

CITCO in the presence and absence of 10 µM MG-132.

Real-time PCR analysis

cDNA was synthesized from 1 µg of total hepatocyte RNA using the High Capacity cDNA

Reverse Transcription kit (Applied Biosystems/Life Technologies) following the

manufacturers’ instructions. Real-time PCR assays were performed in 96-well optical plates

on an Applied Biosystems 7300 system with 2 × PerfeCTa® SYBR® Green SuperMix

(Quanta Bioscience) as described previously [28]. Primers for CYP2B6, CYP3A4 and

GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA are as follows [18]: CYP2B6,

5′-AGACGCCTTCAATCC-TGACC-3′ (forward) and 5′-CCTTCACCAAGACAAATCC-

GC-3′ (reverse); CYP3A4,5′-GTGGGGCTTTTATGATGGTCA-3′ (forward) and 5′-

GCCTCAGATTTCTCACCAACACA-3′ (reverse); and GAPDH, 5′-

CCCATCACCATCTTCCAGGAG-3′ (forward) and 5′-
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GTTGTCATGGATGACCTTGGC-3′ (reverse). Fluorescence data were collected at the

same CT (cycle threshold) level for each sample within the logarithmic phase of the

amplification and analysed using the ΔΔCT method as described previously [30]. The

mRNA expression of CYP2B6 and CYP3A4 was normalized against that of GAPDH. All

results were presented as fold-change over control samples and conducted in accordance

with MIQE recommendations.

Western blot analyses

All Western blotting gels, membranes and electrophoresis equipment were purchased from

Bio-Rad Laboratories. Total protein (20–30 µg) from treated HPHs were separated on SDS/

PAGE (10% gels) and electrophoretically transferred on to PVDF membranes.

Subsequently, membranes were blocked for 1 h at room temperature (24 °C) with 5 % non-

fat dried skimmed milk powder in 0.1% TBS-T (Tris-buffered saline containing 0.1%

Tween 20) before the incubation of primary antibody diluted in blocking buffer. Mouse

monoclonal antibodies against human CYP2B6 and CYP3A4 were provided by Dr Frank

Gonzalez (Laboratory of Metabolism, National Cancer Institute/National Institute of Health,

Bethesda, MD, U.S.A.) and were diluted to 1:1000 for overnight incubation at 4°C. Anti-β-

actin antibody (1:1000 dilution; Santa Cruz Biotechnology) was included as an internal

control. The membranes were then washed three times with 0.1% TBS-T buffer and

incubated with the appropriate secondary HRP (horseradish peroxidase)-conjugated

antibody diluted to 1:4000–5000 in 2% non-fat dried skimmed milk powder in 0.1 % TBS-T

for 2 h at room temperature. The membranes were developed using the Pierce ECL detection

kit (Thermo Scientific).

Cellular localization assay in HPHs

The adenoviral-YFP-tagged hCAR1 vector was provided by Dr Hongbing Wang (School of

Pharmacy, University of Maryland). All adenoviral particles were generated and purified by

SignaGen Laboratories. The titre was measured at 5.5 × 1011 PFU (plaque-forming

units)/ml. HPHs plated on to 12-well collagen-coated dishes were infected with 1–2 µl of

adenoviral-eYFP-hCAR1 for 12 h before treatment with either vehicle control (0.1 %

DMSO) or test chemicals. After 24 h of treatment, cells were fixed for 30 min in 4 %

buffered paraformaldehyde, and then cellular nuclei were stained with 300 nM DAPI for 30

min. Using fluorescence microscopy (Nikon TE-2000s), the subcellular localization of

hCAR was visualized and quantitatively characterized as nuclear, cytosolic or mixed

(nuclear plus cytosolic) by counting a minimum of 100 positive infected primary

hepatocytes per treatment group.

In other experiments, HPHs cultured in six-well plates were infected with 3–4 µl of

adenoviral-YFP-hCAR1 for 12 h, subsequent to 24 h treatments with test reagents.

Cytoplasmic and nuclear protein fractions of cells were then extracted from two wells each

of the culture plates using the NE-PER kit (Thermo Scientific) according to the

manufacturer’s instructions. Western blotting was performed on the different protein

fractions as detailed above. Rabbit ChIP-grade anti-GFP antibody (1:1000 dilution, Abcam)

was used to determine the subcellular localization of YFP-hCAR1. Rabbit anti-TBP (TATA-
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binding protein) antibody and mouse anti-β-actin antibody (Santa Cruz Biotechnology) were

used to determine the relative distribution of respective nuclear and cytoplasmic proteins.

Transactivation and mammalian two-hybrid assays

For transactivation assays, HepG2 or COS-1 cells in 48-well plates were transfected with

100 ng of CYP2B6-PBREM/XREM or CYP3A4 reporter vector, 25 ng of pcDNA3.1-

RXRα and 5 ng of pRL-TK in the presence of 25 ng of pTracer CMV2-hCAR1, -hCAR2, -

hCAR3, CMV2-mCAR or CMV2-hPXR expression constructs using the FuGENE® 6

reagent (Promega) according to the manufacturer’s instructions. Then, 18 h after

transfection, cells were treated for 24 h with a vehicle control (0.1 % DMSO), a positive

control (PK-11195, Rif, Andro, DEHP, TCOBOP or CITCO), and corresponding

proteasome inhibitors (MG-132 or Lac) with indicated concentrations. For DEHP treatment,

the medium was replaced with DMEM containing 10% dextran/charcoal-treated FBS. Cells

were harvested in 1 × passive lysis buffer (Promega) and assayed for firefly activities

normalized against the activities of co-transfected Renilla using the Dual-Glo Reporter

Assay System (Promega) and a Veritas Microplate Luminometer (Promega). In a separate

transactivation assay, COS-1 cells were co-transfected with hCAR1 and various amounts of

pCMV6-SUG1 plasmid DNA, and then treated for 24 h with vehicle control (0.1 % DMSO),

or 10 µM Andro in the presence and absence of 2 µM CITCO. Luciferase activity was

determined as described above.

For mammalian two-hybrid assays, COS-1 cells in 48-well plates were transfected with 100

ng of pFR-luciferase reporter vector, 20 ng of VP16-hCAR1-LBD, 20 ng of pM-SRC1-RID

or pM-GRIP1-RID, 10 ng of pcDNA3.1-RXRα-LBD plasmid and 10 ng of pRL-TK using

FuGENE® 6. At 18 h post-transfection, cells were treated with vehicle control (0.1%

DMSO); 2 µM CITCO as an activator control; 0.1, 1 and 10 µM PK-11195 as an inhibitor

control; and 0.1, 1 and 10 µM tested MG-132 for 24 h. Luciferase activity was detected as

described above. All data are represented as means ± S.D. for three individual transfections.

Co-immunoprecipitation with cytoplasmic HSP90

COS-1 cells in 60-mm dishes were transfected with 2 µg of 3 × FLAG-hCAR1 plasmid

using the FuGENE® 6 reagent. Then 36 h later, the cells were treated for 5 h with vehicle

control (0.1% DMSO) or 1 mM PB in the presence and absence of 10 µM MG-132. Cells

were then washed, scraped with ice-cold PBS, and then collected by centrifugation (1000g,

5 min, 4°C). The cytoplasmic fraction was extracted using the NE-PER kit (Thermo

Scientific) according to the manufacturer’s instructions. The concentration of cytoplasmic

protein was determined as detailed above. Anti-(HSP90 IgM) antibody (5 µl; Thermo

Scientific) or 5 µl of control IgM (Santa Cruz Biotechnology) was added to 300 µg of the

cytoplasmic fraction and incubated overnight at 4 °C. After incubation, 20 µl of pre-washed

Protein L-Agarose (Santa Cruz Biotechnology) was added, and the mixture was then

incubated with rocking for additional 2 h at 4°C. The resin was recovered by centrifugation

(7500 g, 1 min, 4 °C) and rinsed five times with ice-cold immunoprecipitation-washing

buffer (50 mM Tris/HCl, pH7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.4% Triton

X-100, 0.2% Nonidet P40 and protease inhibitor cocktail; Calbiochem, catalogue number

539131). Finally, the protein complexes were extracted from the resin with 5 × SDS loading
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buffer and then subjected to Western blotting as described above. Primary HRP-conjugated

anti-FLAG antibody (1:1000 dilution) was used for detection with the Pierce ECL detection

kit. The endogenous HSP90 as an input was detected with anti-HSP90α/β antibody (1:1000

dilution, Santa Cruz Biotechnology).

In vitro ubiquitination assay

COS-1 cells in 60-mm dishes were transfected with CMV2-hCAR1 plus 3 × FLAG-

ubiquitin or 3 × FLAG-empty vectors with the FuGENE® 6 reagent. At 36 h post-

transfection, the cells were treated for 5h with vehicle control (0.1 % DMSO) or 1 mM PB

in the presence and absence of 10 µM MG-132. Cell pellets were resuspended in 500 µl of

ice-cold lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 % Triton

X-100, 0.5 % Nonidet P40 and protease inhibitor cocktail; Calbiochem, catalogue number

539131) for 15 min and sonicated (ten pulses) using a Branson Sonifier 250 (VWR

Scientific). The lysates were centrifuged at 14000 g for 20 min at 4 °C and supernatants

were retained. A total of 300 µg of protein was incubated with 20 µl of pre-washed anti-

FLAG M2 antibody resin in a volume of 500 µl lysis buffer on a rotator overnight at 4 °C.

The tubes were centrifuged at 7500 g to collect the resin and the supernatant was removed.

The resin was then washed five times with ice-cold wash buffer (lysis buffer with 0.4%

Triton X-100 and 0.2% Nonidet P40). Protein samples were eluted with 20 µl of 2 × sample

loading buffer (125 mM Tris/HCl, pH 6.8, with 4 % SDS, 20% glycerol and 0.004%

Bromophenol Blue), and heated at 95 °C for 5 min. The resulting samples were analysed by

Western blotting using Bio-Rad Laboratories reagents and equipment. The blots were

incubated with anti-hCAR antibody (1:1000 dilution, R&D Systems) followed by HRP-

conjugated anti-mouse antibody (1:4000 dilution) and detection was performed with the

Pierce ECL detection kit. The input of 3 × FLAG-ubiquitin was detected with HRP-

conjugated anti-FLAG antibody (Sigma-Aldrich).

Statistical analysis

Experimental data are presented as a means ± S.D. for triplicate determinations unless

otherwise noted. Statistical comparisons for hepatocyte induction, transactivation and

mammalian two-hybrid studies were made using one- or two-way ANOVA, followed by

either Bonferroni tests for comparison of all groups or Dunnett’s tests for comparison of

experimental groups to controls. For hCAR localization studies, separate χ2 tests were used

to compare each treatment group to the DMSO group, and to compare the PB with PB plus

MG-132 groups. The statistical significance was set at P values of <0.05 or <0.01.

RESULTS

Proteosome inhibition decreases CAR-mediated induction of CYP2B6 and CYP3A4 in
HPHs

To examine the potential of the reversible proteasome inhibitor MG-132 to modulate the

induction of hCAR target genes, HPHs from four different human liver donors were treated

with direct or indirect hCAR activators in the presence or absence of MG-132. No obvious

changes in cell morphology were observed after any of the treatments (work not shown).

Supporting this observation, results from an in vitro cytotoxicity luminescence assay
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demonstrated that following combined inhibitor/inducer chemical treatments the cells

maintained >75 % viability compared with vehicle controls (see Supplementary Figure S1).

Assessing mRNA levels, 1 mM PB, a prototypical hCAR indirect activator, exhibited higher

induction of CYP2B6 compared with CYP3A4in all four donors (Figure 1A). In HPH1816

and HPH1900, CYP2B6 and CYP3A4 induction by PB was significantly abrogated by

MG-132 at 1 and 10 µM, whereas MG-132 alone (10 µM) had no effect on either of the

CYPs. Furthermore, treatment of HPH1796 and HPH1849 with a human-specific direct

CAR agonist, 2 µM CITCO, markedly induced both CYP2B6 and CYP3A4 RNA

expression, however, these responses were similarly inhibited with 10 µM MG-132 co-

treatment. MG-132 additions resulted in ~ 85 % reduction in the PB-induced CYP2B6 and

CYP3A4 levels in all four of the HPH donor samples.

The HPH cultures were similarly assessed for levels of CYP2B6 and CYP3A4 protein

expression. A representative immunoblot from one donor is presented in Figure 1(B). The

positive control agents, 2 µM CITCO or 1 mM PB, substantially increased the protein

expression levels of these CAR targets relative to vehicle control. However, consistent with

the RNA results, co-treatment with MG-132 markedly reduced both PB- and CITCO-

induced CYP2B6 and CYP3A4 protein levels in a dose-dependent manner.

Proteasome inhibition attenuates PB-mediated nuclear translocation of hCAR in HPHs

Whereas transfected hCAR1 spontaneously migrates to the nucleus in transformed cell lines

independently of chemical activation, CARs in liver tissues or primary hepatocytes typically

translocate from the cytosol to the nuclear compartment following chemical activation. To

determine the effect of MG-132 on PB-mediated nuclear translocation of hCAR1, we used

an established in vitro translocation assay in HPHs that relies on the transduction of a

recombinant adenoviral YFP-tagged hCAR1 vector [18]. Following DMSO treatment, the

majority of HPHs (~75%) displayed cytosolic YFP-hCAR1 compartmentalization, whereas

~ 10 % exhibited nuclear localization (Figure 2A, top row). The remaining cells exhibited

mixed receptor distribution. Localization of YFP-hCAR1 in HPHs treated only with

MG-132 was similar to the control DMSO-treated HPHs (Figure 2A, third row). Following

treatment with PB, ~85% of HPH displayed nuclear YFP-hCAR1, whereas ~5% exhibited

cytosolic localization (Figure 2A, second row). However, PB-mediated nuclear translocation

of YFP-hCAR1 was markedly inhibited in cells co-treated with MG-132, with only ~ 10 %

of HPHs now exhibiting complete nuclear localization, ~28% displaying cytosolic

localization, and the remaining ~62% showing a mixed distribution (Figure 2A, fourth row).

MG-132 treatments similarly inhibited CITCO-mediated hCAR translocation in HPHs

(results not shown). The calculated percentages of YFP-hCAR subcellular distribution

following the various treatments is presented in Figure 2(B). Furthermore, cytoplasmic and

nuclear protein fractions were extracted for immunoblotting analysis (Figure 2C). In

agreement with the microscopic observations, PB treatment stimulated nuclear accumulation

of YFP-hCAR protein relative to the vehicle control. In the presence of MG-132, the effect

of PB on nuclear accumulation of YFP-hCAR was clearly diminished. Of note, in cells

treated with MG-132 alone, detectable levels of YFP-hCAR protein in the cytoplasm were

increased, whereas nuclear levels decreased.
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Highly similar results to those with MG-132 were obtained using Lac, an agent that inhibits

proteasomal activity though a distinct irreversible mechanism [31]. As shown in Figure

3(A), co-treatment with Lac resulted in dose-dependent inhibition of PB (1 mM) or CITCO

(2 µM) mediated CYP2B6 and CYP3A4 target gene induction, confirming the previous

observations with MG-132. Treatment of adenoviral-YFP-tagged hCAR infected HPH with

PB in the presence of Lac (10 µM) inhibited translocation of hCAR to the nucleus,

compared with cells treated with PB alone (Figure 3B). Taken together, these results

indicate that inhibiting proteasomal activity decreased both CAR translocation and CAR-

mediated transcription responses in human hepatocytes following treatment with receptor

activators.

Effect of proteosome inhibitors on hCAR1 transactivation

To further these investigations, the effects of MG-132 and Lac on CAR-mediated reporter

activity were evaluated in COS-1 cells transfected with hCAR1. The typical high level of

hCAR1 constitutive activity was detected in DMSO-treated cells and this activity level was

not notably affected with CITCO, an hCAR ligand. However, treatment with either of the

proteasomal inhibitors MG-132 or Lac resulted in significant dose-dependent inhibition of

hCAR1’s high constitutive activity (Figure 4). Together with the results presented in Figure

1, these effects imply a role for proteasomal regulation of CAR-mediated transcriptional

activation.

Effect of MG-132 on CAR variants and hPXR in hepatoma cell lines

Given hCAR’s very high constitutive activity, the effects of MG-132 together with an

inverse CAR agonist, PK-11195, were evaluated. PK-11195 is a known potent antagonist of

hCAR and is commonly used in competition assays to assess potential direct agonists of

hCAR1 [32]. These studies were conducted in HepG2 cells transiently transfected with

hCAR1 using CYP2B6 and CYP3A4 reporter constructs. Treatment with PK-11195 resulted

in dose-dependent inhibition of the high constitutive activities reflected in both CYP2B6 and

CYP3A4 reporter assays (Figures 5A and 5B). MG-132 additions similarly suppressed the

hCAR1 reporter activities in a dose-dependent manner, consistent with the results obtained

in COS-1 cells (Figure 4). Analogous results were also obtained in experiments performed

with mCAR (Supplementary Figure S2A at http://www.biochemj.org/bj/458/

bj4580095add.htm).

Next, the effects of MG-132 on the ligand-activated naturally occurring hCAR splice

variants hCAR2 and hCAR3 were investigated. In these studies, HepG2 cells were

transfected with the CYP2B6 reporter together with hCAR2 or hCAR3 expression vectors,

and treated with CAR-selective ligands, either in the absence and presence of MG-132.

Consistent with our previous reports [29], CAR2 expressed in HepG2 cells exhibited low

basal activity in the absence of ligand, but was markedly activated in the presence of the

hCAR2-selective ligand, DEHP 33]. Treatment with MG-132 repressed DEHP-induced

hCAR2 activity and exhibited dose dependency (Figure 5C). Similarly, the hCAR direct

ligand, CITCO, activated hCAR3 expressed in HepG2 cells, and MG-132 inhibited this

activation, also with dose dependency (Figure 5D). Analogous results were obtained with
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hPXR (Supplementary Figure S2B), a ligand-activated NR that is closely related to hCAR

[34].

MG-132 is not a direct antagonist of hCAR

To assess mechanistically whether MG-132 inhibits CAR activity through action as a direct

inverse agonist, competition assays were conducted in HepG2 cells using the hCARI

reporter system (Figure 6A). As expected, PK-11195 antagonized hCAR1 constitutive

activity. Using a fixed concentration of PK-11195 (10 µM), the titration of CITCO resulted

in a dose-dependent restoration of hCAR constitutive activity (Figure 6A). MG-132

treatment resulted in a dose-dependent deactivation of hCAR1; however, titration of CITCO

with MG-132 at either 5 µM or 10 µM concentrations failed to restore hCAR1 activity

(Figure 6B). These results indicate that MG-132 is not a direct inverse agonist of hCAR1.

Similar results were obtained in reporter competition assays performed with hCAR in

COS-1 cells (results not shown).

MG-132 enhances the formation of the hCAR/HSP90 protein complex

Given that MG-132 appears to repress chemically mediated hCAR nuclear trafficking in

HPHs, the effect of MG-132 on the formation of the hCAR/HSP90 cytoplasmic complex

was examined. For these studies, a co-immunoprecipitation assay was used in COS-1 cells

to examine the interaction between endogenous HSP90 and transfected 3 × FLAG-hCAR1

following treatment with 10 µM MG-132 or 1 mM PB, or following co-treatments with PB

and MG-132. Results of the Western blot analysis conducted following precipitation of the

cytosolic fraction with anti-(HSP90 IgM) antibody and detection with anti-3 × FLAG

antibody demonstrated marked differences in the interaction between hCAR1 and HSP90

that were modulated by MG-132 treatment. Transfected hCAR spontaneously accumulates

into the nucleus of COS-1 cells independently of chemical activation, therefore only a

moderate interaction between 3 × FLAG-hCAR and endogenous HSP90 was detected in

cells treated with either DMSO or PB (Figure 7, lanes 2 and 3). However, the interaction of

hCAR and HSP90 was markedly enhanced by exposure to MG-132 alone or by co-treatment

with PB and MG-132 (Figure 7, lanes 4 and 5). These results indicate that proteasomal

activity is required for the dissociation of CAR from HSP90.

MG-132 increases the ubiquitination of hCAR

Ubiquitination is required for proteasomal regulation of cellular proteins. To determine the

effect of MG-132 on levels of ubiquitinated hCAR, an in vitro ubiquitination assay was

developed. Cellular extracts from COS-1 cells transfected with hCAR1 and 3 × FLAG-

ubiquitin or 3 × FLAG-empty vector were precipitated with anti-(FLAG M2) antibody resin.

An hCAR antibody was used to detect ubiquitinated hCAR in an immunoblot of the total

precipitated ubiquitinated protein. Using this approach, hCAR protein was not detected in

lysates from the 3 × FLAG-empty vector transfection (Figure 8, lane 1); however,

ubiquitinated hCAR was clearly detected in lysates from cells transfected with the 3 ×

FLAG-ubiquitin (Figure 8, lanes 2–5). Treatment with PB did not appear to alter the

ubiquitination status of hCAR relative to the DMSO control samples (Figure 8, lane 4).

Treatment with the proteasome inhibitor MG-132 alone resulted in increased ubiquitinated
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hCAR levels (Figure 8, lane 3). It is noteworthy that levels of ubiquitinated hCAR were

dramatically increased after co-treatment with both MG-132 and PB relative to PB alone

(Figure 8, lane 5).

The proteasome subunit SUG1 suppresses the constitutive and ligand-mediated activity of
hCAR1

We tested the effect of SUG1, a subunit of 26S proteasome complex, on hCAR1 activity in a

transactivation assay. As shown in Figure 9, 10 µM Andro, a CAR inverse agonist, repressed

the high basal activity of hCAR1, an inhibition that was competitively restored by exposure

to the direct CAR agonist CITCO. SUG1 dramatically decreased the high constitutive

activity of hCAR independently of treatments, even at transfection levels as low as 10 ng,

indicating mechanistic involvement of this specific component of the 26S proteosome in the

regulatory scheme.

MG-132 inhibits the recruitment of hCAR with co-activators

Since the proteasomal complex modulates both cytosolic and nuclear events, a mammalian

two-hybrid assay was used to investigate whether MG-132 may also affect the interaction

between hCAR and known nuclear co-regulators of CAR, in particular SRC1 and GRIP1.

As shown in Figure 10(A), the interaction of hCAR with SRC1 was increased by a single

dose of the direct hCAR agonist CITCO (2 µM), when compared with vehicle control (0.1 %

DMSO), whereas the specific hCAR antagonist, PK-11195, produced a significant dose-

dependent inhibition of the interaction. Treatment with the proteasome inhibitor MG-132

also exhibited dose-dependent inhibition of the interaction of hCAR with SRC1.

Furthermore, both PK-11195 and MG-132 similarly inhibited the interaction between

hCAR1 and GRIP1 (Figure 10B).

DISCUSSION

The studies described in the present paper demonstrate a critical role for the 26S proteasome

as a modulator of CAR functional activity. The 26S proteasome system is an integral

cytosolic and nuclear protease complex responsible for ATP-dependent degradation of most

ubiquitinated cellular proteins [35]. The proteasome complex is highly conserved in

eukaryotic evolution and consists of two multicatalytic subunit complexes. One is the barrel-

like 20S catalytic core that contains multiple peptidase activities for protein hydrolysis.

MG-132 and other proteasome inhibitors such as Lac and bortezomid are active site

inhibitors that bind within the catalytic core [31]. The second component of the complex is

the 19S regulatory particle, composed of a lid- and base-like structure that serves to

recognize ubiquitinated proteins, unfold and direct them into the 20S core complex. A wide

variety of substrates have been identified for the 26S proteasome, including the

transcriptional regulators c-Jun, p53 and NF-κB (nuclear factor κB), and cell cycle regulator

proteins such as the cyclins. In addition to the proteolytic roles of the proteasome, important

non-proteolytic roles have also emerged.

For example, accumulating evidence indicates that the 26S proteasome participates in the

degradation of NR proteins and also functions in NR-mediated gene transcription [24].

Chen et al. Page 11

Biochem J. Author manuscript; available in PMC 2014 May 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Indeed, the results of the present study demonstrate that CAR is a target for ubiquitination

and that proteasomal inhibition leads to intracellular accumulation of ubiquitinated CAR.

However, despite CAR’s accumulation following proteasomal inhibition, the receptor’s

transcriptional activity is markedly down-regulated under these conditions. Another report

similarly demonstrated an increase in ubiquitinated PXR (pregnane X receptor) after

MG-132 inhibition of the 26S proteasome, resulting in the inhibition of PXR activity [36].

Mechanistically, the interface between CAR and the proteosome occurs at several levels.

Exposure of HPHs to MG-132 attenuated CYP2B6 and CYP3A4, target genes for CAR, up-

regulation subsequent to treatments with either indirect or direct CAR activators (PB or

CITCO respectively). These attenuation responses were noted at both the mRNA and protein

levels. Additional mechanistic studies demonstrated that inhibition of the 26S proteasome in

HPHs decreased the nuclear translocation of hCAR. During CAR activation, nuclear

trafficking is an initial and important step in vivo and in HPH cultures. CAR is tethered in a

cytosolic complex that includes HSP90 and other proteins [8]. Following chemical

activation, CAR is released from the complex and translocates to the nucleus. The

mechanisms underlying the receptor’s release and nuclear transport are unclear, although

recruitment of PP2A to the CAR complex followed by dephosphorylation of Thr38 of hCAR

is implicated [15].

The results shown in the present study using HPHs and co-immunoprecipitation assays

demonstrate that proteasomal inhibition enhances the interaction between hCAR and

HSP90, supporting the concept that proteasomal activity is also required for these initial

CAR activation steps. Interestingly, others have demonstrated a role for the proteasome in

modulating NR cellular trafficking. For example, in mammalian cells and mouse embryo

primary fibroblasts, proteasome inhibition results in enhanced nuclear translocation of the

aryl hydrocarbon receptor, in the absence of receptor ligand [37,38]. In contrast,

proteasomal inhibition by MG-132 decreases the mobility of the GR (glucocorticoid

receptor) in the nucleus [26] and inhibits androgen-induced nuclear translocation of the AR

(androgen receptor) [25]. The latter results are similar to our findings with hCAR. Although

a non-proteolytic role for the proteasome in AR nuclear translocation has been proposed

[25], proteolytic activity is required for nuclear translocation of other transcription factors.

For example, similar to CAR, NF-κB is sequestered in the cytoplasm and forms a complex

with the inhibitory protein IκB (inhibitory κB). Following stimulation, IκB is ubiquitinated

and degraded by the proteasome, releasing NFκB to translocate to the nucleus and activate

target genes [39]. Further investigations will be required to extract the exact mechanisms of

proteasomal regulation of intracellular CAR trafficking.

To further examine the effects of proteasome inhibition on CAR activation, transactivation

assays were conducted in the COS-1 and HepG2 cell lines. Following its transfection in cell

lines, hCAR1 escapes cytosolic tethering and therefore exhibits high-constitutive

transcriptional activation of reporter plasmids in COS-1 cells independently of chemical

stimulus. In the cell-based CYP2B6 and CYP3A4 reporter assays conducted in the present

study, MG-132 robustly inhibited the high basal activity of hCAR1 in a dose-dependent

manner. Although the inhibitory effect of the hCAR1 inverse agonist PK-11195 could be

competed with the hCAR agonist CITCO, the inhibitory effect of MG-132 was not affected
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by agonist exposure, suggesting that MG-132’s effects are not mediated by direct interaction

with the ligand-binding pocket of hCAR1. Furthermore, MG-132 does not induce nuclear

translocation, whereas the direct inverse agonist PK-11195 does [32], providing further

evidence that MG-132 does not interact as a ligand with CAR.

As stated above, since transiently transfected hCAR1 spontaneously accumulates in the

nucleus of cell lines [11], it is unlikely that MG-132’s inhibition of transcriptional activity is

due to inhibition of translocation, as seen in HPHs. Instead, it appears that proteasome

inhibition also directly affects CAR-mediated transcriptional processes. Interestingly, two

naturally occurring hCAR splice variants, termed hCAR2 and hCAR3, which together

appear to account for up to one-third of the total hCAR transcript pool in human livers, are

not constitutively active like hCAR1; rather, they are ligand-activated receptors and exhibit

certain distinctive ligand selectivities [12]. Results presented from HepG2-based reporter

assays demonstrated that MG-132 dose-dependently down-regulated ligand-induced hCAR2

activation by DEHP, and hCAR3 activation by CITCO, suggesting that proteasome

modulation is an important regulatory feature affecting each of these hCARs. In these

respects, MG-132 also inhibited TCPOBOP-induced mCAR activity and Rif-induced

activity of PXR, a CAR-related NR with overlapping substrate specificity and target gene

activation. These results demonstrate that inhibition of proteosome activity suppresses CAR-

mediated transcription regardless of ligand activation requirements, and that the effects are

not species-specific or limited to CAR.

Indeed, others have reported that inhibition of the proteasome modulates NR-mediated

transcription, outlining new regulatory roles for the proteasome. For example, treatment of

mammalian cells with MG-132 inhibits ER (oestrogen receptor)-, AR- and PR (progesterone

receptor)-mediated gene activation, despite increases in their respective protein levels. In the

case of ERs, proteasome inhibition appeared to interfere with the exchange of co-regulatory

proteins and the dynamic cycling of the ER transcription complex with DNA-response

elements [40,41]. Similarly, proteasome activity is required for proper assembly of PR- and

AR-transcription complexes [42,43]. Further studies have shown that recruitment of the

proteasome is required for release and subsequent degradation of the NCoR (nuclear

receptor co-repressor 1) complex from liganded NR, allowing co-activator proteins to

associate [44]. Despite these observations, proteasome inhibition does not always inhibit

transcription. For example, MG-132 increases the protein level of GR and also facilitates

GR-mediated transactivation [26]. Thus the effects of proteasomal inhibition appear to

selectively differ depending on the NR target. For CAR and PXR, proteasomal inhibition

decreased transcriptional activity in reporter assays. Mechanistically, the data obtained from

mammalian two-hybrid experiments suggests that the inhibition of proteasome activity

affects the interaction of CAR with its co-regulatory protein partners.

In early reports, before it was recognized as a component of the 19S proteasome, SUG1 was

shown to repress ligand-stimulated activity of the vitamin D3 receptor, ER, thyroid hormone

receptor and RXRα in yeast [45]. The hCAR1 transactivation assay data reported in the

present paper also demonstrate that SUG1 represses both the constitutive and ligand-

activated transcriptional activity of hCAR1. Future studies are required to examine the

detailed mechanisms involved in these effects, although we speculate that SUG1 may
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function to disrupt the assembly of the hCAR1 transcription complex. Indeed, recent studies

in mammalian systems demonstrated that SUG1 may directly affect NR-mediated

transcription complexes. In these respects, ChIP assays have identified SUG1 complexed

with ER, RNA polymerase II and other transcription factors bound to an ER-responsive

promoter [41]. The investigators did not detect the 20S PSMA2/α2 subunit, suggesting

SUG1 acts independently in transcription initiation. SUG1 also interacts with SRC3 at RAR

(retinoic acid receptor) target genes and is thought to aid in the assembly of the transcription

complex [46]. The non-proteolytic role of the 19S particle is not limited to NR-mediated

transcription. It is also a reported regulator of HIV and MHC II transcription, as well as

other systems (reviewed in [47]). Thus, in addition to its role in delivering ubiquitinated

proteins to the 20S hydrolytic component, the 19S regulatory particle also appears to serve

as a co-regulator, facilitating or inhibiting transcription initiation. However, a recent study

suggests that it is unlikely that proteasomal subunits are independently recruited to

transcription sites. Instead, it was proposed that the entire 26S proteasome is present and that

the subunits function individually, depending on transcriptional status [48].

The results of the present study demonstrate the importance of proteasomal functional

interaction with CAR activity at a minimum of two levels. First, the key finding that the

proteasome inhibitor MG-132 attenuated PB-modulated nuclear translocation in HPHs

suggests that the proteasome system plays a critical role modulating the cellular trafficking

of CAR in vivo. Secondly, results of transactivation studies demonstrate that MG-132

inhibits both constitutive hCAR1-mediated, as well as ligand-dependent hCAR2-, hCAR3-

and PXR-mediated transcriptional activation, suggesting that proteasome activity is required

for gene target activation by these receptors. In these respects, the data presented from

mammalian two-hybrid experiments show that MG-132 inhibits the interaction between

CAR and the co-activators, SRC1 and GRIP1, further supporting a role for the proteasome

at CAR-targeted gene transcription sites. The ability of the proteasome to regulate CAR’s

activity at multiple levels may provide a means of fine tuning CAR-mediated activation of

target genes in response to different CAR ligands and indirect activators, such as PB. These

results and those of ongoing investigations may offer the proteasomal complex as a novel

target for the development of therapeutic and research tools for exploiting the functional

biology of hCAR.
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Abbreviations

Andro 5α-androstan-3α-ol

AR androgen receptor

CAR constitutive androstane receptor

CITCO 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-

dichlorobenzyl)oxime

CT cycle threshold

CYP cytochrome P450

DEHP di-2-ethylhexyl phthalate

DMEM Dulbecco’s modified Eagle’s medium

ER oestrogen receptor

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GR glucocorticoid receptor

GRIP1 glutamate-receptor-interacting protein 1

hCAR human CAR

HPH human primary hepatocyte

hPXP human pregnane X receptor

HRP horseradish peroxidase

HSP90 heat-shock protein 90

IκB inhibitory κB

Lac lactacystin

LBD ligand-binding/heterodimerization domain

mCAR mouse CAR

NF-κB nuclear factor κB

NR nuclear receptor

PB phenobarbital

PBREM phenobarbital-responsive enhancer module

PK-11195 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-

isoquinolinecarboxamide

PP2A protein phosphatase 2A

PXR pregnane X receptor

PR progesterone receptor

RID receptor-interaction domain
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Rif rifampicin

RXRα retinoid X receptor α

SRC1 steroid receptor co-activator

SUG1 suppressor for Gal1

0.1 % TBS-T Tris-buffered saline containing 0.1% Tween 20

TCPOBOP 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene

UPS ubiquitin-proteasome system

XREM xenobiotic-responsive enhancer module.
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Figure 1. Inhibition of PB or CITCO-mediated CYP2B6/CYP3A4 induction in HPHs by MG-132
(A) HPHs from four donors were treated with vehicle control (0.1 % DMSO), PB (1 mM) or

CITCO (2 µM) in the presence and absence of proteasome inhibitor [MG-132 (MG); 1 or 10

µM]. Total RNA, extracted after 24 h treatment, was subjected to real-time PCR analysis.

The results were normalized against GAPDH and are represented as the means ± S.D.

Significantly different from DMSO (*), PB (#) or CITCO (+ +), P < 0.05. (B) In a separate

experiment, homogenates were harvested from liver donor HPH1900 treated for 48 h with
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DMSO, PB (1 mM), CITCO (2 µM) in the presence and absence of MG-132 (0.1, 1 and 10

µM). CYP2B6/CYP3A4 protein levels were assessed with Western immunoblotting.
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Figure 2. Attenuation of PB-induced nuclear translocation of adenoviral-YFP-hCAR in HPH by
MG-132
HPHs were infected with adenoviral-YFP-hCAR vectors as described in the Experimental

section, and treated with vehicle control (0.1 % DMSO), 10 µM MG-132 (MG), and 1 mM

PB in the presence and absence of 10 µM MG-132. (A) After 24 h treatment, hepatocytes

were DAPI-stained and subjected to fluorescence microscopy analysis. (B) For each

treatment, approximately 100 hCAR-expressing cells were counted and classified on the

basis of cytosolic, nuclear or mixed (cytosolic plus nuclear) hCAR cellular localization. The

percentages of CAR localization on the basis of the microscopy analysis are indicated.

Significantly different from DMSO (*), PB (#), P < 0.05. (C) In a separate experiment,
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cytoplasmic and nuclear fractions were extracted from the treated HPHs for immunoblotting

analysis.
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Figure 3. Inhibition of CYP2B6/CYP3A4 induction and nuclear translocation of hCAR in HPHs
by Lac
(A) HPHs were treated with vehicle (0.1 % DMSO), PB (1 mM) or CITCO (2 µM) in the

presence and absence of the irreversible proteasome inhibitor Lac. Total RNA, extracted

after 24 h treatment, was subjected to real-time PCR analysis. Significantly different from

DMSO and Lac (*), PB (#) or CITCO (+ +), P < 0.05. (B and C) In separate experiments,

HPHs were infected with adenoviral-YFP-hCAR vectors, and then treated with vehicle

control (0.1 % DMSO), 5 µM Lac alone, 1 mM PB or co-treatment with 5 µM Lac.
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Following 24 h treatment, the localization of hCAR-expressed cells was visualized with

fluorescence microscopy.
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Figure 4. Proteasome inhibitors MG-132 and Lac suppress hCAR1 constitutive activity
COS-1 cells were transfected with hCAR1 expression vector along with the 3.1-RXRα
expression vector, pRL-CMV normalization vector and CYP2B6-PBREM/XREM reporter.

Transfected cells were treated with either vehicle (0.1% DMSO), CITCO (2 µM), MG-132

(MG) (0.1, 1 and 10 µM) or Lac (0.5, 1 and 5 µM). After 24 h treatments, luciferase

activities were determined and expressed relative to vehicle control. Data are the means ±

S.D. (n = 3). Significantly different from DMSO and CITCO (*), P < 0.05.
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Figure 5. Effect of MG-132 on hCAR1 constitutive activity and ligand-sensitive activation of
hCAR splicing variants in HepG2 cells
HepG2 cells were transfected with hCAR variant expression vector constructs along with

3.1-RXRα expression vector, pRL-CMV normalization vector and either the CYP2B6-

PBREM/XREM reporter (A, C and D) or the CYP3A4-XREM reporter (B). (A and B)

hCAR1 transfected cells were treated with either vehicle control (0.1 % DMSO), a selective

hCAR antagonist (PK-11195) or MG-132 (MG) at the concentrations indicated. (C) hCAR2

transfected cells were treated with vehicle control (0.1 % DMSO), a selective hCAR2

activator (DEHP), or triple doses of MG-132 with a fixed concentration of DEHP (1 µM).

(D) hCAR3 transfected cells were treated with vehicle control (0.1 % DMSO), a known

hCAR agonist (CITCO), and different doses of MG-132 with a fixed concentration of

CITCO (2 µM). Then 24 h after treatments, luciferase activities were determined and

expressed relative to vehicle control. Data are the means ± S.D. (n = 3). Significantly

different from DMSO (*), P < 0.05.
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Figure 6. MG-132 failed to antagonize CITCO-modulated hCAR1 reactivation
HepG2 cells were transfected with hCAR1 expression vector along with the CYP2B6-

PBREM/XREM reporter. (A) Transfected cells were treated with vehicle (0.1 % DMSO),

CITCO (0.1, 1 and 5 µM), PK-11195 (0.1, 1 and 10 µM) or increasing doses of CITCO with

a fixed PK-11195 dose (10 µM). (B) hCAR1-transfected cells were exposed to vehicle (0.1

% DMS0), MG-132 (0.1, 1 and 10 µM), or increasing doses of CITCO with a fixed MG-132

(MG) dose (either 5 µM or 10 µM). After 24 h treatments, luciferase activities were

determined and expressed relative to vehicle control. Data are the means ± S.D. (n = 3).

Significantly different from DMSO (*), MG-132 (0.1 and 1 µM, #), P < 0.05.
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Figure 7. MG-132 enhanced the interaction between hCAR1 and endogenous HSP90 in cytosolic
fractions
COS-1 cells were transfected with 3 × FLAG-hCAR1 as described in the Experimental

section. After 36 h, the cells were treated with vehicle (0.1 % DMSO), PB (1 mM), 10 µM

MG-132 (MG) alone, or co-treated with MG-132 plus PB. After 5 h treatment, cytosolic

fractions were extracted and immunoprecipitated with anti-(HSP90 IgM) antibody plus

Protein L-Agarose. The precipitated protein was subjected to Western blotting with anti-

FLAG antibody, followed by anti-HSP90 antibody for endogenous HSP90 detection. The

anti-HSP90 antibody precipitated equal amounts of HSP90 from the COS-1 cell cytosolic

fractions, whereas control IgM did not precipitate HSP90. IP, immunoprecipitation; WB,

Western blot.
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Figure 8. MG-132 increases the ubiquitination of hCAR
COS-1 cells transfected with hCAR1 expression vector and 3 × FLAG—ubiquitin or 3 ×

FLAG-empty vector were exposed to chemical treatments for 5 h. Cellular extracts were

precipitated with anti-FLAG M2 antibody resin. The resulting total precipitated

ubiquitinated protein was subjected to Western blot detection with an anti-hCAR antibody.

Lane 1, precipitates from cells transfected with hCAR1 and 3 × FLAG-empty vector; lanes

2–5, precipitates from cells transfected with hCAR1 and 3 × FLAG—ubiquitin after various

chemical treatments. The lower panel shows the level of 3 × FLAG—ubiquitin input. Ab,

antibody; IP, immunoprecipitation; WB, Western blot; Ub, ubiquitin.
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Figure 9. The proteasome subunit SUG1 suppresses the constitutive and ligand-mediated activity
of hCAR1
COS-1 cells were co-transfected with hCAR1 expression vector and various amounts of

pCMV6-SUG1 expression vector, along with the CYP2B6-PBREM/XREM reporter.

Transfected cells were treated for 24 h with vehicle control (0.1 % DMSO) or 10 µM Andro

in the presence and absence of 2 µM CITCO. After treatment, luciferase activity was

determined. Data are the means ± S.D. (n = 3). Significantly different from hCAR1 activity

in control cells (no SUG1) treated with DMSO or Andro plus CITCO (**), P < 0.05.

Chen et al. Page 30

Biochem J. Author manuscript; available in PMC 2014 May 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 10. Inhibition of hCAR1 and co-activator (SRC1 or GRIP1) interactions by MG-132
Mammalian two-hybrid assays were performed in COS-1 cells transfected with indicated

expression plasmids encoding VP16-AD/hCAR1 fusion proteins and GAL4-DBD/SRC1 (A)

or GRIP1 fusion protein (B), with the reporter plasmid pG5-luciferase. Cells were treated

with DMSO (0.1 %), CITCO (2 µM), PK-11195 and MG-132 at the indicated concentrations

for 24 h before determination of luciferase activities. Data are the means ± S.D. (n = 3).

Significantly different from DMSO (*), P < 0.05.

Chen et al. Page 31

Biochem J. Author manuscript; available in PMC 2014 May 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


