
Phenobarbital indirectly activates the constitutive active 
androstane receptor (CAR) by inhibition of epidermal growth 
factor receptor signaling

Shingo Mutoh1, Mack Sobhany1, Rick Moore1, Lalith Perera2, Lee Pedersen2, Tatsuya 
Sueyoshi1, and Masahiko Negishi1,*

1Pharmacogenetics Section, Laboratory of Reproductive and Developmental Toxicology, National 
Institute of Environmental Health Sciences, National Institutes of Health, Research Triangle Park, 
North Carolina 27709, USA

2Laboratory of Structural Biology, National Institute of Environmental Health Sciences, National 
Institutes of Health, Research Triangle Park, North Carolina 27709, USA

Abstract

Phenobarbital is a central nervous system depressant that also indirectly activates nuclear receptor 

constitutive active androstane receptor (CAR), which promotes drug and energy metabolism, as 

well as cell growth (and death), in the liver. We found that phenobarbital activated CAR by 

inhibiting epidermal growth factor receptor (EGFR) signaling. Phenobarbital bound to EGFR and 

potently inhibited the binding of EGF, which prevented the activation of EGFR. This abrogation of 

EGFR signaling induced the dephosphorylation of receptor for activated C kinase 1 (RACK1) at 

Tyr52, which then promoted the dephosphorylation of CAR at Thr38 by the catalytic core subunit 

of protein phosphatase 2A. The findings demonstrated that the phenobarbital-induced mechanism 

of CAR dephosphorylation and activation is mediated through its direct interaction with and 

inhibition of EGFR.

Introduction

The nuclear receptor CAR [constitutive active androstane receptor; also known as nuclear 

receptor subfamily 1, group I, member 3 (NR1I3)], a member of the nuclear steroid and 

thyroid hormone receptor superfamily, is a transcription factor that is indirectly activated by 

various xenobiotics, such as phenytoin and triclocarban (1, 2), and steroids to promote drug 

metabolism in the liver. Its localization and therefore its function are regulated by 

phosphorylation. When it is phosphorylated at Thr38, for example by signaling induced by 
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epidermal growth factor (EGF), CAR is sequestered in the cytoplasm (3–5). Conversely, 

dephosphorylation of this single residue induces the nuclear translocation of CAR and 

stimulates its DNA binding capabilities, thereby enabling its transcriptional activity.

Although not a direct ligand of CAR, phenobarbital, a barbiturate widely used to treat 

epilepsy, induces dephosphorylation of CAR at Thr38 and stimulates its transcriptional 

activity, promoting drug metabolism in the liver (3, 6–8). Since the first report on the 

metabolic action of phenobarbital nearly 50 years ago (9), this phenomenon has been a 

fascinating subject of biology and of interest to clinical pharmacology and toxicology. 

However, the molecular mechanism mediating its physiological action through CAR has 

remained elusive. CAR mediates not only drug metabolism but also hepatic energy 

metabolism, cell growth, and cell death (10–13). It is no surprise then that by disrupting 

metabolic homeostasis, both CAR and phenobarbital are associated with liver injury and 

liver tumor development and affect drug metabolism in diabetes (10, 11, 14–16). It is thus 

important to identify the phenobarbital-responsive receptor that mediates the stimulation of 

CAR to construct and understand the mechanism underlying the biological consequences of 

its activity.

In this study, we investigated the molecular mechanism of phenobarbital -induced CAR 

activity relevant to the EGF receptor. We identified the scaffold protein RACK1 (receptor for 

activated C kinase 1) (17) as a CAR-binding protein. In response to phenobarbital, RACK1 

is dephosphorylated and directly activated the protein phosphatase 2A (PP2A) core enzyme 

(consisting of a catalytic subunit and a scaffolding subunit, herein called PP2Ac), which 

dephosphorylated CAR at Thr38. In contrast, EGF stimulated phosphorylation of Tyr52 

RACK1 through epidermal growth factor receptor (EGFR)–mediated activation of the kinase 

Src. The findings suggest that there is competitive binding and signal transduction between 

phenobarbital and EGF at the EGF receptor, and thus identify EGFR as a phenobarbital-

responsive receptor.

Results

Phenobarbital represses EGF activation of EGFR

The phosphorylation status of CAR and EGFR in response to phenobarbital and EGF was 

confirmed using whole-cell lysates from mouse primary hepatocytes. In unperturbed cells 

cultured in normal growth medium, CAR was phosphorylated at Thr38. Whereas treatment 

with the protein phosphatase inhibitor okadaic acid increased the phosphorylation of CAR at 

Thr38, treatment with phenobarbital decreased phosphorylation at this site below the 

detection limits of Western blot analysis (Fig. 1A). As expected, given its inhibition of 

phosphatase activity, cotreatment with okadaic acid repressed the dephosphorylation induced 

by phenobarbital. Treatment of cells with EGF increased the phosphorylation of Thr38 of 

CAR and likewise repressed the action of phenobarbital (4 and 5). We therefore 

hypothesized that phenobarbital may stimulate the dephosphorylation of CAR by 

antagonizing EGF-induced activation of EGFR. Treatment of mouse primary hepatocytes 

with EGF induced the phosphorylation of EGFR at Tyr845 and Tyr1173; however, subsequent 

treatment with phenobarbital decreased this EGF-induced phosphorylation at both sites (Fig. 

1B and fig. S1). Moreover, pretreatment with phenobarbital substantially suppressed the 
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ability of EGF to stimulate phosphorylation of EGFR, suggesting that phenobarbital can 

block the interaction of EGF and EGFR.

RACK1 stimulates CAR dephosphorylation by PP2Ac

The association of RACK1 with phosphorylation-mimicking or nonphosphorylatable 

mutants of CAR at Thr38 was investigated using yeast two -hybrid screens. RACK1 was a 

cloned protein that preferentially associated with the phosphorylation-mimicking mutant 

T38D than the nonphosphorylatable mutant T38A (fig. S2), indicating that RACK1 

recognizes the phosphorylation signal at Thr38 to interact with CAR. 

Coimmunoprecipitation assays with FLAG-tagged T38D and T38A CAR in Huh7 cells 

confirmed this finding because RACK1 bound only to the phosphorylation-mimicking 

mutant (Fig. 2A). In contrast, PP2Ac showed no binding preference (Fig. 2A). These results 

indicate that RACK1, phosphorylated CAR, and PP2Ac may bind in a complex. RACK1 and 

PP2A share a common binding region (from residues 140 to 152) within the ligand binding 

domain (LBD) of CAR (fig. S3, A and B). This binding region is located on the opposite 

side of a pocket formed with the DNA binding domain (DBD) of CAR that contains Thr38 

(fig. S3C).

An in vitro dephosphorylation assay was performed with recombinant CAR phosphorylated 

at Thr38 and PP2Ac in the presence or absence of recombinant RACK1. Dephosphorylation 

of CAR occurred only in the presence of RACK1 (Fig. 2B). Moreover, RACK1 did not 

stimulate the dephosphorylation of a mutant CAR in which the binding domain was deleted 

(Fig. 2C). Together, these data suggest that RACK1 and PP2Ac bind to residues 140 to 152 

within the LBD of CAR, where PP2Ac dephosphorylates Thr38 in the DBD of CAR.

RACK1 is required for CAR de-phosphorylation in hepatocytes

The transcriptional targets of CAR include various genes involved in drug metabolism in the 

liver. One such gene is Cyp2b10, which encodes the mouse homolog of cytochrome P450 

2B6, a protein that catalyzes oxidation reactions. Mouse primary hepatocytes were 

transfected with short hairpin RNA (shRNA) targeting RACK1and subsequently treated with 

either phosphate-buffered saline (PBS) or phenobarbital. Knockdown of RACK1 
significantly attenuated phenobarbital-induced increase in the amount of Cyp2b10 mRNA 

(Fig. 3A), indicating that RACK1 was essential in stimulating the transcriptional activity of 

CAR. Knockdown of RACK1also prevented the dephosphorylation of CAR at Thr38 (Fig. 

3B). Similarly, knockdown of PP2Acwith targeted shRNA also prevented the 

dephosphorylation of CAR at Thr38 (Fig. 3C). Together, these data confirm the roles of 

RACK1 and PP2Ac in the phenobarbital-responsive mechanism promoting the activity of 

CAR.

Phosphorylation of Tyr52 regulates RACK1 activity

We next investigated whether EGF treatment affected the phosphorylation status of RACK1. 

Immunodetection of endogenous RACK1 in Huh7 cells showed that EGF induced the 

phosphorylation of RACK1 at Tyr52 (Fig. 4A). In Huh7 cells expressing FLAG-tagged wild-

type RACK1 or three different tyrosine mutants (Y52F, Y194F, and Y302F), EGF treatment 

stimulated the phosphorylation of RACK1 only at Tyr52 (fig. S4). Furthermore, EGF-
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induced phosphorylation of RACK1 abrogated the binding of RACK1 to CAR T38D (Fig. 

4B). To further examine the functional effects of phosphorylating this residue, we 

substituted Tyr52 of FLAG -tagged RACK1 with glutamic acid (Y52E) or phenylalanine 

(Y52F) to create phosphorylation-mimicking and nonphosphorylatable RACK1 mutants, 

respectively. Only the nonphosphorylatable RACK1 mutant bound to yellow fluorescent 

protein (YFP)–tagged CAR T38D in transfected Huh7 cells (Fig. 4C). Moreover, the 

phosphorylation mimic RACK1-Y52E did not stimulate PP2Ac to dephosphorylate Thr38 of 

CAR (Fig. 4D).

Together, these data suggest that RACK1 binds to phosphorylated CAR only when its Tyr52 

residue is not phosphorylated, and that EGF, by phosphorylating RACK1, directly abolishes 

this interaction.

The tyrosine kinase Src mediates EGF-induced activation of downstream signal transducers, 

such as extracellular signal–related kinase (ERK) (18). Src phosphorylates RACK1 at Tyr228 

and Tyr246 (19). In this study, Src appeared to be the enzyme that phosphorylates RACK1 at 

Tyr52. Src phosphorylated Tyr52 of recombinant wild -type RACK1 but not the RACK1 

Y52F mutant in an in vitro kinase assay (Fig. 5A). Western blot analysis of liver extracts 

from mice showed that phenobarbital induced the dephosphorylation of RACK1 at Tyr52 in a 

time -dependent manner (Fig. 5B). Moreover, phenobarbital decreased the phosphorylation 

of EGFR at Tyr845 (Fig. 5C), a site that is phosphorylated by Src in response to EGF (20), 

suggesting that Src activity may be repressed by phenobarbital. Thus, EGF may stimulate 

Src kinase to phosphorylate Tyr52 of RACK1, thereby blocking the interaction between 

RACK1, CAR, and PP2Ac; however, phenobarbital represses this mechanism by blocking 

the EGF-induced activation of EGFR. Tyr52 of RACK1 was dephosphorylated by protein 

tyrosine phosphatase 1B (PTP1B) in an in vitro assay (fig. S5). However, it remains to be 

examined whether PTP1B is involved in phenobarbital-induced dephosphorylation of 

RACK1 in hepatocytes in vivo.

Phenobarbital binds to EGFR

Because phenobarbital antagonized EGF activation of EGFR (Fig. 1B) and repressed Src 

kinase–mediated phosphorylation of RACK1 (Fig. 5B), we next investigated whether 

phenobarbital directly bound to EGFR. To do this, we incubated a GST-tagged extracellular 

region of EGFR with biotin-conjugated EGF in the presence of phenobarbital and performed 

affinity chromatography for purification of EGF-EGFR complex. Phenobarbital reduced the 

amount of EGF bound to EGFR by more than 60% (Fig. 6A). Performing the assay with 

immobilized EGFR in reactions containing increasing concentrations of phenobarbital 

showed that the apparent effective dose of phenobarbital at which it decreased the EGF-

EGFR interaction by 50% (the ED50) was about 10 μM (Fig. 6B). Phenobarbital at 10 μM 

repressed the phosphorylation of EGFR by 17 nM EGF (fig. S6). Furthermore, using 

isothermal titration calorimetry (ITC), we examined the direct binding of phenobarbital to 

EGFR and found that phenobarbital bound to EGFR in an endothermic reaction with a 

dissociation constant (Kd) of about 12 μM (Fig. 6C). These apparent phenobarbital binding 

affinities appear to be about 1000 times lower than EGF binding to EGFR. ITC analysis 
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detected five binding sites for phenobarbital in EGFR, although only one Kd value for 

binding was identified.

We next predicted interaction sites at or near the EGF-binding surface of active or inactive 

EGFR using docking algorithms. After adopting an optimization scheme that accounts for 

solvation and dynamics, we performed scoring using the binding energies of phenobarbital 

to EGFR. The docking model predicted that phenobarbital binds to sites in and near the EGF 

binding region of EGFR, regardless of its activation state. Eight of the predicted binding 

positions are shown (tables S1 and S2 and Fig. 6D), the strongest of which are located in site 

1 for the active form of EGFR and in site 5 for the inactive form. Sites 1 and 7 exactly 

overlap, whereas sites 3 and 6 partially overlap. Although outside the direct EGF binding 

region, site 5 is located in a critical hinge region that controls the motion necessary for 

switching from the inactive to the active form.

Discussion

Our findings define EGFR as the initial binding site for phenobarbital-induced activation of 

CAR in the liver. We also characterized RACK1 as the key switch that mediates this 

activation signal (Fig. 7). RACK1 was phosphorylated at Tyr52 by Src kinase in an EGF -

dependent manner. Phenobarbital binding to EGFR repressed this Src kinase activity, 

inducing the dephosphorylation of RACK1 at Tyr52. Phosphorylated residue Tyr52 could be 

dephosphorylated by PTP1B; however, whether this phosphatase, which associates with 

EGFR (21), dephosphorylates RACK1 in response to phenobarbital treatment requires 

further investigation. Subsequently, nonphosphorylated RACK1 bound to phosphorylated 

CAR and PP2Ac, stimulating PP2A to dephosphorylate CAR at Thr38, thereby enabling its 

activity.

Both the ED50 of phenobarbital -mediated repression of EGF binding to EGFR and the Kd 

value for phenobarbital’s binding to EGFR were about 12 μM. Moreover, 10 μM 

phenobarbital inhibited the activation of EGFR by EGF in mouse primary hepatocytes 

(which is within the generally observed range for drug–nuclear receptor interactions). 

Therefore, EGFR appears to be a direct target of phenobarbital, although phenobarbital 

binding to EGFR at multiple sites appears to differ from those drug-activated nuclear 

receptors for which one molecule of a given ligand binds to one receptor molecule. The idea 

that phenobarbital represses EGFR signaling in rat primary hepatocytes has been suggested 

previously (22). However, in that study, phenobarbital did not inhibit the binding of 125I-

labeled EGF to rat primary hepatocytes at 4°C, whereas unlabeled EGF did so effectively, 

suggesting that phenobarbital may repress EGFR signaling without reducing EGF binding. 

Although this proposed mechanism remains a possibility, our results support the hypothesis 

that phenobarbital directly competes with EGF for EGFR. Dynamic simulation of the 

docking of phenobarbital to a solution model of EGFR based on x-ray crystal structures 

revealed phenobarbital binding sites that overlap with EGF binding sites. It also predicted 

that phenobarbital may bind to sites residing in the hinge region that confers a critical 

conformational change to switch EGFR from an inactive to an active form (23, 24). 

Therefore, it may be that these multiple bindings collectively compete with EGF binding to 

repress EGFR activation.
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In addition to EGF, other cell signal entities, such as insulin and insulin-like growth factor 

(IGF), repress phenobarbital’s induction of drug metabolism (25, 26). IGF stimulates the 

phosphorylation of RACK1 at Try52 through c-Abl kinase (27). Also, insulin is known to 

associate EGFR with Src kinase, which results in phosphorylation of Tyr845 of EGFR (28). 

Thus, RACK1 may provide a common regulatory target whereupon signaling induced by 

various physiological stimuli converge and repress phenobarbital activation of CAR and 

associated drug metabolism in the liver. Moreover, these membrane receptors provide targets 

through which drugs and endogenous cell signaling stimuli can cross-talk to regulate CAR 

activation. In other cell types, RACK1 is involved in the PP2A-mediated dephosphorylation 

of several other proteins by PP2A, for example, the dephosphorylation of glucose-stimulated 

inositol-requiring enzyme 1α in pancreatic β cells. RACK1 regulates β1 integrin –associated 

PP2A to promote cell migration (29). In addition to the Src kinase pathway, phenobarbital 

treatment also represses the ERK pathway (5). Because phenobarbital binding to EGFR 

could simultaneously activate diverse signaling pathways that can affect various cellular 

functions far beyond CAR activation, it raises the question of how CAR deals with ERK 

signaling. An intramolecular peptide called XRS (xenobiotic response signal) near the C 

terminus of CAR interacts with activated ERK and represses the dephosphorylation of Thr38 

in CAR (5, 30). Thus, XRS appears to constitute a part of the cell signaling mechanism that 

regulates CAR in response to EGF; whether or not RACK1 is involved in the molecular 

interaction between ERK and XRS remains to be established.

In conclusion, we identified the molecular mechanism by which phenobarbital indirectly 

dephosphorylates CAR to induce its transcriptional activity. Although CAR is often referred 

to as a xenobiotic-sensing nuclear receptor, CAR, in principle, is arguably a cell signaling–

regulated nuclear receptor. Drugs such as phenobarbital (and xenobiotics) interact with cell 

membrane receptors to indirectly activate CAR. These findings provide an initial glimpse 

into the underlying mechanism, which we can broadly apply to investigate various drug 

actions through nuclear receptors other than CAR.

Materials and Methods

Cloning RACK1

A human liver complementary DNA (cDNA) library was screened using the DBD of human 

wild-type CAR, CAR T38A, and CAR T38D as baits and Matchmaker yeast two-hybrid 

system (Clontech). Through rescreening, RACK1 was cloned and characterized as a protein 

that preferentially interacted with the CAR T38D mutant.

Materials

Phenobarbital, antibodies against FLAG M2 agarose, and horseradish peroxidase (HRP)–

conjugated FLAG M2 were purchased from Sigma. EGF, okadaic acid, purified active Src 

kinase, and purified PP2Ac were purchased from Calbiochem. Protease inhibitor cocktail 

tablets were from Roche. The QuikChange site-directed mutagenesis kit was from 

Stratagene. Protein A and protein L resins were purchased from Pierce. Antibodies against 

PP2Ac and RACK1 and mouse normal immunoglobulin M (IgM) were obtained from BD 

Biosciences. Antibody against actin and HRP-conjugated antibodies against rabbit or mouse 
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IgG (raised in goat) and normal mouse IgG were purchased from Santa Cruz Biotechnology. 

Enhanced chemiluminescence reagents and polyvinylidene difluoride (PVDF) membranes 

were from GE Healthcare. Antibody against CAR was from Perseus Proteomics; antibodies 

against green fluorescent protein (HRP-conjugated) and purified, active Src kinase were 

purchased from Abcam. Antibodies against EGFR and phosphorylated EGFR (Tyr845 and 

Tyr1173) were from Cell Signaling Technology. An antibody against the phosphorylated 

Tyr52 of RACK1 was produced in rabbits for this study, using the peptide 

DETNpYGPQRALRGH (corresponding to residues 48 to 61 of RACK1). The specificity of 

the antibody was evaluated by enzyme-linked immunosorbent assay with phosphorylated 

and nonphosphorylated peptides. Antibody against the phosphorylated Thr38 of CAR 

peptide was produced in our previous work (3).

Plasmids and lentiviruses

Human CAR (hCAR) cDNA was previously cloned into pGEX4T-3 (GE Healthcare) to 

produce GST-CAR fusion proteins, pEYFP-c1 (Clontech) and pCR3 (Invitrogen) (3, 30). A 

DNA fragment of FLAG tag was placed at the 5′ end of hCAR in pCR3. The full-length 

RACK1 cDNA was amplified and cloned into pGEX4T-3 and pFLAG-6a (Sigma). Using a 

QuikChange site-directed mutagenesis kit and appropriately mutated primers, we 

constructed and confirmed all of the mutants used by nucleotide sequencing. Plasmids were 

transfected into Huh7 cells with Fugene6 (Roche) according to the manufacturer’s 

instructions. For production of lentiviruses, plasmids that contain shRNAs for PP2A 

catalytic subunit α and RACK1 (Sigma) were selected for the highest efficiency of 

knockdown in mouse hematoma-derived Hepa1 cells. These selected plasmids were 

cotransfected with a lentiviral packaging mix (Sigma) into human embryonic kidney 293T 

cells [American Type Culture Collection (ATCC)] for 48 hours. The culture medium was 

collected and centrifuged to remove cell debris and to harvest lentivirus.

Cells

Huh7 cells were maintained in minimum essential medium (Gibco BRL) supplemented with 

10% fetal bovine serum (FBS) (Atlanta Biologicals), 2 mM l-glutamine, penicillin (100 U/

ml), and streptomycin (100 μg/ml). Mouse primary hepatocytes were isolated from 6-to 8 -

week-old C3H/HeNCrIBr male mice (Charles River) using a two-step collagenase perfusion 

and seeded on 10-cm dishes or six-well plates as described previously (3). One hour after 

seeding, the culture medium was changed to prewarmed Williams’ E medium containing 

10% FBS, 1 mM sodium pyruvate, penicillin (100 U/ml), and streptomycin (100 μg/ml).

In vitro dephosphorylation assays

GST-hCAR was phosphorylated in vitro by PKC (Promega) in the presence of adenosine 5′-

triphosphate and was purified as previously described (3). Phosphorylated GST-CAR at 1 

μM [in 50 mM tris-HCl buffer (pH 8.0) containing 150 mM NaCl] was incubated with 0, 

0.5, and 5 μM GST-RACK1 and 0.1 U of PP2Ac for 10 or 30 min at 30°C. The reaction was 

terminated with SDS–polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and 

lysates were assessed for phosphorylated Thr38 by Western blotting.
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shRNA transfection

Mouse primary hepatocytes were infected with a 20 MOI (multiplicity of infection) of 

lentivirus bearing shRNA against RACK1 or lentivirus bearing shRNA against PP2Ac for 24 

hours. After being treated with vehicle (PBS) or phenobarbital (2.5 mM) for an additional 2 

hours, the primary hepatocytes were extracted in TRIzol for mRNAs or in 50 mM tris-HCl 

buffer saline (pH 7.6) containing 8 M urea and 1% SDS for proteins.

Immunoprecipitation and Western blot

Huh7 cells were lysed by sonication in a FLAG lysis buffer [tris-HCl (pH 7.6) containing 

protease inhibitor cocktail, 0.5 mM EDTA, 100 mM NaCl, 1% Triton X-100, 10% glycerol] 

and centrifuged at 15,000 rpm for 5 min. The resulting supernatant was incubated with the 

indicated antibody and applied on protein A or protein L resin, which was washed three 

times with FLAG lysis buffer containing 500 mM NaCl and then added to SDS-PAGE 

sample buffer. Mouse primary hepatocytes were homogenized in 50 mM tris-HCl buffer 

saline (pH 7.6) containing 8 M urea and 1% SDS and centrifuged. Proteins were separated 

by SDS-PAGE and transferred onto a PVDF membrane for Western blot analysis to 

determine the phosphorylation of Thr38 as previously described (3).

Binding assays

Superose 6 gel chromatography assay—The GST-fused extracellular domain of 

EGFR (containing amino acid residues from 1 to 615) (constructed from a full-length cDNA 

clone obtained from ATCC) was expressed and purified from Escherichia coliBL21(DE3) 

(Stratagene) with GSH (reduced glutathione)–Sepharose (GE Healthcare). GST-EGFR (3 

μg) and biotin-conjugated EGF (10 μg, Invitrogen) were incubated in 100 μl of PBS buffer at 

room temperature for 10 min, before adding phenobarbital to a final concentration of 100 

μM for an additional 10-min incubation. Subsequently, reaction mixtures were 

chromatographed through a Superose 6 column (10 × 30 cm). Fractions from the first peak 

were pooled, incubated with GSH-Sepharose for 10 min, and then washed with PBS four 

times. Biotin-conjugated EGF bound to GST-EGFR on GSH-Sepharose was quantified by 

HRP-conjugated streptavidin, with 3,3′,5,5″-tetramethybenzidine (TMB) as substrate.

Pull-down assay—GST-EGFR (3 μg) was immobilized on GSH-Sepharose and incubated 

with biotin-conjugated EGF (10 μg) at room temperature for 10 min in the presence of 

phenobarbital (0, 1, 10, or 100 μM). Resulting GSH-Sepharose was washed with PBS four 

times and then subjected to quantification with biotin-conjugated EGF, using HRP-

conjugated streptavidin and TMB. ITC measurements were carried out in PBS with an 

iTC200 MicroCalorimeter (GE Healthcare) at 25°C. Substrate solutions containing 

phenobarbital at 1 mM were injected into a reaction cell containing ~10 to 15 μM protein. 

Fifty injections of 0.7 μl at 120-s intervals were performed. Data acquisition and analysis 

were performed with the Origin Scientific Graphing and Analysis software package 

(OriginLab) and by generating a binding isotherm and best fit using standard Levenberg-

Marquardt methods (31).
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Docking simulation

Phenobarbital, initially geometrically optimized using Gaussian09-C01 (32) at the 

B3LYP/cc-pvtz level, was docked to active and inactive conformations of EGF-bound 

human EGF receptors from x-ray crystal structures(Protein Data Bank ID: 1IVO and 1NQL, 

respectively) using Autodock (33) and Fred and Hybrid programs (OpenEye Software Inc.). 

To provide uniform scoring, we also subjected these docked structures to optimization under 

a Generalized Born (GB) procedure in Amber-12 (34). The raw docked structures were first 

energy-optimized under the GB scheme [10 K for100 ps and then at 100 K for 1 ns with no 

constraints on any atom, using the Amber ff03 force field (35)]. The charges of 

phenobarbital were derived using the CHelpG scheme in Gaussian09 on the optimized 

structure. Other necessary force field parameters were introduced using the Antechamber 

module of Amber-12. The top four scoring candidates from the active and inactive sets were 

fully solvated and subjected to equilibration molecular dynamics runs of 1 ns with 20 

kcal/mol constraints on the non-water atoms. The constraints were reduced to 1 kcal/mol, 

and additional runs (0.5 to 1 ns) were then performed. The final structures were once again 

energy-minimized. The Coulomb and van der Waals interaction energies between the 

phenobarbital and EGFR or water were calculated using no cutoff. To establish a reference 

interaction energy for phenobarbital in water, we performed an all-atom Amber trajectory 

calculation for a system containing a phenobarbital dissolved in a box of 10,375 water 

molecules. After following a standard equilibration protocol, a 25-ns production run with a 

constant number of molecules and constant volume and temperature was carried out. 

Interaction energies and their components were then calculated from the 15 structures of the 

phenobarbital and water system obtained for the last 15 ns at 1-ns intervals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Phenobarbital antagonizes EGF-induced activation of EGFR
(A) Western blot analysis of mouse primary hepatocyte cell extracts treated with 10 nM 

okadaic acid (OA), 2.5 mM phenobarbital (PB), or both for 2 hours, detecting the 

phosphorylation of CAR at Thr38. Data shown are representative of three experiments. (B) 

Phenobarbital antagonizes EGF to repress phosphorylation of EGF. Western blot analysis 

detecting phosphorylated EGFR at Tyr845 or Tyr1173 in cell extracts from mouse primary 

hepatocytes treated with EGF (100 μg/ml) for the time indicated, alone (top) or 30 min 

before (middle) or after (bottom) phenobarbital (2.5 mM) treatment. Data shown are 

representative of three experiments.
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Fig. 2. Phosphorylated CAR interacts with RACK1
(A) Immunoprecipitation of RACK1 (left) or PP2Ac (right) and Western blot analysis in 

Huh7 cells transfected with FLAG-tagged mutant CAR (nonphosphorylatable T38A or 

phosphorylation mimic T38D). (Band C) Western blot analysis assessing the in vitro 

dephosphorylation of wild-type (WT) glutathione S-transferase (GST)–tagged CAR (B) or a 

GST-tagged Δ140/152 CAR mutant (C) at Thr38 [phosphorylated by protein kinase C 

(PKC)] in the presence of purified PP2Ac and recombinant GST -RACK1 (0, 0.5, and 5 μM; 

30°C for the indicated times). In (C), dephosphorylation of the WT CAR (right) at 30 min is 

shown for direct comparison. Data shown are representative of three experiments.
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Fig. 3. RACK1 is essential in phenobarbital-induced dephosphorylation of CAR
(A) Abundance of Cyp2b10 mRNA in mouse primary hepatocytes transfected with either 

control (shCont) or RACK1-specific (shRACK1) shRNA and treated with either PBS or 2.5 

mM phenobarbital (black bars). Data are presented as means ± SD of the fold change from 

PBS-treated control shRNA–transfected cells in X experiments. **P= 0.0057, Student’s t 
test. (Band C) Western blot analysis detecting the phosphorylation of CAR at Thr38 in 

response to phenobarbital (PB, 2.5 mM) in either (B) RACK1-depleted or (C) PP2Ac-

depleted mouse primary hepatocytes compared with control cells. Data shown are 

representative of three experiments.
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Fig. 4. RACK1 function is regulated by phosphorylation at Tyr52

(A) Huh7 cells were treated with EGF (10 ng/ml) or PBS for 30 min, and whole-cell extracts 

were analyzed by Western blot to assess the phosphorylation of RACK1 at Tyr52. Data 

shown are representative of three experiments. (B) Immunoprecipitation of RACK1 and 

Western blot analysis detecting RACK1 and CAR were performed in whole-cell extracts of 

Huh7 cells transfected with FLAG-tagged CAR T38D and treated with EGF (10 ng/ml) or 

PBS for 30 min. Data shown are representative of three experiments. (C) 

Immunoprecipitation of the FLAG tag and Western blot analysis assessing the abundance of 

YFP-tagged CAR T38D and FLAG-tagged mutant RACK1 (Y52F or Y52E) in transfected 

Huh7 cells. (D) The effect of WT or mutant RACK1 (Y52E) on the ability of the PP2A core 

catalytic enzyme to dephosphorylate CAR at Thr38 was assessed in vitro. Data shown are 

representative of three experiments.
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Fig. 5. Phenobarbital represses Src kinase–mediated phosphorylation of RACK1 at Tyr52

(A) The phosphorylation of RACK1 at Tyr52 was assessed by a kinase assay using purified 

Src and either WT or mutant RACK1 (Y52F). Data shown are representative of three 

experiments. (B) Phenobarbital (PB, 2.5 mM) was intraperitoneally administered to mice, 

and Western blot analysis was performed at the indicated times on whole mouse liver 

extracts. Data shown are representative of three experiments. (C) Western blot analysis of 

the same whole liver extracts used in (B) assessed the phosphorylation of EGFR at Tyr845. 

Data shown are representative of three experiments.
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Fig. 6. Phenobarbital competes with EGF to bind EGFR
(A) Binding between a GST-tagged extracellular domain of EGFR and biotin-conjugated 

EGF incubated with and without phenobarbital (PB, 100 μM) for 30 min was assessed by 

gel chromatography. Data are means ± SD from three independent experiments. **P< 0.01, 

Student’s t test. (B) GST-EGFR was immobilized onto beads and incubated with biotin-

conjugated EGF in the presence of phenobarbital for 10 min. The amount of bound EGF in 

the absence of phenobarbital was assumed as 100%. Data are means ± SD from three 

independent experiments. **P< 0.01, Student’s t test. (C) ITC assessed the biomolecular 

interactions between phenobarbital and EGFR [N(number of sites), Δ H (cal/mol), ΔS (cal 
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mol−1 deg−1), and K (binding constant in M −1), from which K (M −1) is then converted to 

Kd (μM)]. Data are representative of four independent experiments. (D) Eight sites most 

predicted by docking algorithms where phenobarbital might bind EGFR, either in active 

state (left) or inactive state (right). The binding location of EGF in each structure is shown 

using the ribbon representation (in red). The two forms are oriented such that domain I 

(residues 5 to 150) of EGFR is aligned.
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Fig. 7. Phenobarbital directly disrupts EGFR signaling to elicit activation of CAR
A schematic representation of the cell signaling that regulates the activation of CAR is 

shown. Phenobarbital-induced signaling is shown in red, whereas EGF-mediated signaling is 

in blue. EGF activates EGFR, which induces Src kinase to phosphorylate RACK1, thereby 

preventing its interaction with PP2A and CAR. Through competitive binding, phenobarbital 

blocks the EGF-EGFR interaction, thereby enabling an unphosphorylated RACK1 to 

interact with PP2A and CAR. Dephosphorylated CAR then translocates to the nucleus where 

it stimulates the transcription of target genes.
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