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Abstract

Pregnane X receptor (PXR) is a major transcriptional regulator of xenobiotic metabolism and 

transport pathways in the liver and intestines, which are critical for protecting organisms against 

potentially harmful xenobiotic and endobiotic compounds. Inadvertent activation of drug 

metabolism pathways through PXR is known to contribute to drug resistance, adverse drug–drug 

interactions, and drug toxicity in humans. In both humans and rodents, PXR has been implicated 

in non-alcoholic fatty liver disease, diabetes, obesity, inflammatory bowel disease, and cancer. 

Because of PXR's important functions, it has been a therapeutic target of interest for a long time. 
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More recent mechanistic studies have shown that PXR is modulated by multiple PTMs. Herein we 

provide the first investigation of the role of acetylation in modulating PXR activity. Through LC–

MS/MS analysis, we identified lysine 109 (K109) in the hinge as PXR's major acetylation site. 

Using various biochemical and cell-based assays, we show that PXR's acetylation status and 

transcriptional activity are modulated by E1A binding protein (p300) and sirtuin 1 (SIRT1). Based 

on analysis of acetylation site mutants, we found that acetylation at K109 represses PXR 

transcriptional activity. The mechanism involves loss of RXRα dimerization and reduced binding 

to cognate DNA response elements. This mechanism may represent a promising therapeutic target 

using modulators of PXR acetylation levels.
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1. Introduction

Pregnane X receptor (PXR, NR1I2) is a member of the nuclear receptor (NR) superfamily of 

ligand-activated transcription factors. It is a major transcriptional regulator of xenobiotic 

metabolism and transport pathways in the liver and intestines, which are critical for 

protecting organisms against potentially harmful xenobiotic and endobiotic compounds [1–

3]. PXR directly binds xenobiotic compounds via its ligand binding domain (LBD) and 

coordinately regulates the transcription of drug metabolism enzymes (Phases I & II) and 

transporters (Phase III), which generally results in detoxification and elimination of drugs [4, 

5]. PXR's uniquely large, flexible and promiscuous ligand binding pocket, accommodates 

binding a vast array of chemically and structurally diverse compounds (e.g., medicinal 

drugs, environmental pollutants, bile acids). In humans, inadvertent activation of drug 

metabolism pathways through PXR is known to contribute to drug resistance, adverse drug–

drug interactions, and drug toxicity in humans [3, 6–11]. More recent data implicates PXR 

in hepatic steatosis, diabetes, obesity, inflammation and cancer [4, 12–18]. Surprising roles 

for PXR have emerged in metabolism and steatosis, underscoring contextual signaling of the 

receptor [14, 15, 19, 20].

More recently, our lab has shown that PXR regulates intestinal barrier function in vivo 

through sensing luminal endobiotics (e.g. bacterial metabolites) [21]. Understanding the 

diverse functions and molecular mechanisms governing PXR action may provide avenues 

towards pharmacological intervention of relevant diseases [22, 23]. Upon ligand binding, 

PXR dissociates from sequestering proteins—heat shock protein 90 (HSP90) and 

cytoplasmic constitutive androstane receptor retention protein (CCRP)—thus allowing 

translocation to the nucleus [24]. In the nucleus, ligand-bound PXR forms an obligate 

heterodimer with the retinoid X receptor-α (RXRα), which results in binding cognate 

xenobiotic response elements (e.g. DR3, ER6) located within the promoters of PXR target 

genes [25, 26]. In addition to ligand activation, PXR's transcriptional output is modulated by 

transcriptional coregulator proteins, which include steroid receptor coactivator-1 (SRC-1), 

peroxisome proliferator-activated receptor-γ coactivator-1 α (PGC-1α), hepatocyte nuclear 
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factor 4α (HNF4α), and E1A binding protein (p300), and corepressors nuclear receptor 

corepressor (NCoR), silencing mediator for retinoid and thyroid hormone receptor (SMRT), 

and receptor-interacting protein 140 (RIP140) [5, 27, 28]. PXR target genes include a battery 

of phase I enzymes (e.g. several cytochrome P450s (CYPs)), phase II enzymes (e.g. 

glutathione-S-transferase, sulfotransferases), and phase III transporters (e.g. multidrug 

resistance protein 1 (MDR1)). However, post-transcriptional (e.g., miRNA) [29] and post-

translational changes (post- translational modifications or PTMs— phosphorylation, 

ubiquitination, SUMOylation, methylation, and acetylation) of PXR have recently been 

characterized [30–34]. PTMs act as signals that collectively fine-tune PXR protein activity 

producing a context-dependent adaptive cellular response. These PTMs expand PXR 

function and thus may underlie PXR's pleiotropic roles in normal physiology and 

pathophysiology [30, 31, 35–37].

Of the myriad of PTMs affecting NRs, dynamic acetylation/deacetylation has been shown to 

regulate many adopted orphan NRs, (e.g., the farnesoid X receptor or FXR) [38–40]. 

Overall, acetylation may positively or negatively regulate various NR functions in a site-and 

context- specific manner, which must be empirically determined. For example, DNA binding 

and transcriptional activity of the progesterone receptor (PR) is enhanced by p300-mediated 

acetylation, whereas the opposite effect is true in the case of the FXR [40, 41].

In a previous study, we demonstrated that PXR is acetylated in cells [42]. Treatment with 

human PXR ligand rifampicin (RIF) reduced relative acetylation levels. This implied that 

PXR is acetylated in its basal state and deacetylated upon ligand activation. We also showed 

that deacetylation is at least partially mediated by sirtuin 1 (SIRT1). SIRT1-mediated 

deacetylation can activate PXR's lipogenic function in vivo independent of a ligand. In the 

present study, we show that recombinant human PXR protein (hPXR) is acetylated in vitro 

by p300, but not PCAF. Using LC-MS/MS analysis, we identified lysine 109 (K109) as 

PXR's major acetylation site and confirmed the acetylation of this site in HepG2 cells. Using 

various biochemical and cell-based assays, we show that acetylation of PXR at K109 by 

p300 down-regulates PXR transcriptional activity. The mechanism involves loss of RXRα 

dimerization and reduced binding to cognate DNA response elements. Implications of our 

findings are discussed in the context of known roles for PXR in transcription, health, and 

disease.

2. Experimental procedures

2.1. Cell culture and plasmids

HEK293T (293T), HepG2, and HeLa cell lines were purchased from American Type Culture 

Collection (ATCC, Manassas, VA) and maintained according to ATCC's recommendations 

in a humidified atmosphere of 5% CO2 at 37 °C. 293T and HeLa cells were maintained in 

DMEM (10% FBS), while HepG2 cells were maintained in EMEM (10% FBS), with pen-

strep. The pSG5-human PXR mammalian expression plasmid (pSG5-PXR) was provided by 

Dr. S. Kliewer (University of Texas, Dallas, TX), and pSG5-RXRα encoding human RXRα 

was a generous gift from Dr. C. Carlberg (University of Kuopio, Finland). The chimeric 

CYP3A4-Luc reporter construct containing the basal promoter (−362/+53) with proximal 

PXR response element (ER6) and the distal xenobiotic-responsive enhancer module 
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(−7836/−7208) of the CYP3A4 gene 5′-flanking region inserted to pGL3-Basic reporter 

vector (Promega, Madison, WI) was described previously [43]. The MDR1-Luc reporter 

construct containing ~8.3 kb of the natural MDR1 promoter (−8055/+261) was a kind gift 

from Dr. Oliver Burk and described previously [44]. pCDNA3.1-p300 (Addgene #23252) 

and pCDNA3.1-p300ΔHAT (Addgene #23254) were gifts from Warner Greene [45]. pECE-

FLAG- SIRT1 (Addgene #1791) and pECE-FLAG-SIRT1 H363Y (Addgene #1792) 

plasmids were gifts from Michael Greenberg [46].

2.2. Bacterial expression and purification of PXR protein

Expression and purification of full-length His-MBP-tagged human PXR protein were 

performed as described [47] with slight modifications. Escherichia coli BL21 (DE3) AI cells 

were transformed with MBP-LIC pMCSG vector containing a codon-optimized PXR ORF 

(kind gift from Redinbo Lab, UNC) [47]. Terrific broth was inoculated with a saturated 

culture of the transformed cells and allowed to shake at 37°C until an OD600 of ~1.5 was 

reached. To induce protein expression, L-arabinose was added to the culture at a final 

concentration of 1% and IPTG to a final concentration of 1 mM and allowed to shake 

overnight at 15 °C. Cells were centrifuged at 4500 ×g for 20 min, and pellets were lysed 

with Lysis Buffer A (50 mM HEPES pH 7.5, 50 mM imidazole, 500 mM NaCl, 10% 

glycerol) supplemented with protease inhibitor tablet (Roche) and lysozyme (~1 mg/mL of 

lysis buffer). Lysates were sonicated to minimize viscosity due to genomic DNA and 

clarified by high-speed centrifugation at 14,500 ×g for 50 min. Cleared lysates were 

incubated with Ni Sepharose High Performance affinity beads (GE Healthcare) overnight at 

4 °C with agitation. The beads were washed three times with Buffer A (50 mM HEPES pH 

7.5, 50 mM imidazole, 500 mM NaCl, 10% glycerol) and eluted three times with Elution 

Buffer (50 mM HEPES pH 7.5, 500 mM imidazole, 500 mM NaCl, 10% glycerol). Eluate 

fractions were pooled and further purified using a pre-equilibrated HiLoad™ 16/60 

Superdex™ 200 gel filtration column connected to an AKTA FLPC system. Fractions were 

eluted in elution buffer (20 mM Tris–HCl pH 7.5, 250 mM NaCl, 1 mM TCEP, and 5% 

glycerol). Pure fractions containing His-MBP-PXR (as assessed by SDS-PAGE/Coomassie 

staining) were pooled and the His-MBP tag was cleaved using His-tagged ProTEV protease 

(Promega). The cleaved His-MBP tag and His-tagged proTEV were removed by subtractive 

purification using Ni Sepharose beads.

2.3. In vitro acetylation assays

In a 40 µL reaction, 200 ng recombinant p300 acetyltransferase (Active Motif, Carlsbad, 

CA) was incubated with either bacterially purified recombinant PXR or in vitro translated 

PXR with 6 µg acetyl-CoA in 1× HAT buffer (50 mM Tris, 1 mM DTT, 0.1 mM EDTA, pH 

8.0) and incubated for 1–3 h at 30 °C. Relative acetylation levels were assessed by Western 

blot using an anti-acetyllysine antibody (Cell Signaling #9441S).

2.4. In cell acetylation assays

Cells were seeded 24 h beforehand and transfected using Lipofectamine LTX (Life 

Technologies) according to the manufacturer's protocol. 5 µg each of pCDNA3.1-FLAG-

PXR and HA-p300 was transfected separately or together in 293T cells. Empty pCDNA3.1 

vector was used to make total transfected plasmid amounts equal across cell samples. 48 h 
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after transfection, whole cell lysates were harvested and subjected to FLAG-IP. Acetylated 

PXR was detected by Western blot using the anti-acetyllysine antibody.

2.5. Cell lysis

Adherent cells were washed with cold PBS and resuspended in ice-cold lysis buffer (30 mM 

Tris–HCl, pH 7.4, 150 mM NaCl, 1% NP-40, supplemented with 1× protease inhibitor 

cocktail (Roche)). Cells were incubated on ice for 20 min then centrifuged for 10 min at 

10,000 ×g at 4 °C to pellet insoluble material. The supernatant was then used for 

immunoprecipitation or directly subjected to Western blotting.

2.6. FLAG immunoprecipitation (FLAG-IP)

Cell lysates were harvested as described above. Lysate from one 10-cm dish of confluent 

cells was used per co-IP reaction. 30 µL of pre-washed anti-FLAG M2 Affinity Gel (Sigma, 

#A2220) was added to each co-IP and incubated with agitation at 4 °C for 2 h. Immune 

complexes were washed three times with 500 µL ice-cold TBS wash buffer (30 mM Tris–

HCl, pH 7.4, 150 mM NaCl) and eluted by boiling at 95 °C in Laemmli buffer for 10 min. 

Eluates were then analyzed by SDS-PAGE/Western blot.

2.7. Western blotting

Western blotting was performed according to standard methods [42]. Briefly, protein 

samples to be analyzed were boiled at 95 °C for 5 min with 1×Laemmli buffer then allowed 

to cool. Samples were then loaded into the wells of an 8% SDS-PAGE gel and run at 100 V 

for 1–3 h. Proteins were then transferred to a nitrocellulose membrane using a wet transfer 

system run at 350 mA for 2 h. Membranes were blocked in 5% nonfat dry milk for 1 h and 

then incubated at 4 °C overnight in primary antibody at 1:500 dilutions in 5% BSA. PXR 

Antibody (H-11) (sc-48340) and pan-acetyllysine antibody (Cell Signaling #9441S) were 

used throughout the study. The following day the membranes were washed with TBS-T, 

incubated in appropriate HRP-conjugated secondary antibody (Santa Cruz Biotechnology) at 

a 1:5000 dilution in 5% BSA, washed again, and visualized using HRP chemiluminescent 

substrate.

2.8. Luciferase reporter assays

293T cells were seeded at 10,000 cells per well in 96-well plates and transfected 24 h later 

using Lipofectamine LTX (Life Technologies) with 25 ng pSG5-PXR or K109 mutants, 

along with 75 ng luciferase reporter plasmid (p3A4-Luc or MDR1-Luc) and 10 ng pCMV-β-

galactosidase (β-gal) as a transfection normalization. 24 h after transfection, cells were 

treated with either DMSO, RIF, or SR12813, at the concentrations indicated. 24 h later, cells 

were lysed using 60 µL/well 1× Passive Lysis Buffer, and 1/2 lysate was used to assay 

luciferase activity (Luciferase Assay System, Promega), while the remaining 1/2 was used to 

measure β-gal activity. To control for differences in transfection efficiencies, luciferase 

values were normalized to β-gal values, both measured using a SpectraMax M5 instrument 

(Molecular Devices). Graphing and statistical analysis were performed using GraphPad 

Prism 6 software.
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2.9. Trypsin digestion

Purified recombinant full-length PXR protein (~50 µg) was denatured in 6 M guanidine 

hydrochloride in 50 mM ammonium bicarbonate solution for 3 h. DTT reducing agent was 

then added to a final concentration of ~10 mM and incubated for 1 h at 57 °C. 

Iodoacetamide alkylating agent was then added to a final concentration of ~30 mM and 

incubated in the dark for 1 h at room temperature. The sample was diluted in 1.5 mL 25 mM 

ammonium bicarbonate, 5 µg of trypsin was added to digest the protein, and incubated 

overnight at 37 °C with shaking. Detergent was removed from the digested sample using 

Pierce Detergent Removal Spin Columns (Thermo Scientific) following the manufacturer's 

protocol, subjected to SpeedVac, and then diluted to 40 µL with 2% acetonitrile/0.2% 

trifluoroacetic acid in water.

2.10. Liquid chromatography coupled to mass spectrometry (LC/MS–MS)

Nanospray LC-MS/MS was performed on a LTQ linear ion trap mass spectrometer 

interfaced with a Rapid Separation LC3000 system (Thermo, San Jose, CA). Nanospray 

LC–MS/MS was performed on a LTQ linear ion trap mass spectrometer interfaced with a 

Rapid Separation LC3000 system (Thermo, San Jose, CA). 35 µL of the sample was loaded 

on an Acclaim PepMap C18 Nanotrap column (5 µm, 100 Å,/100 µm i.d. ×2 cm) from the 

autosampler with a 50 µL sample loop with the loading buffer (2% Acetonitrile/water 

+ 0.1% trifluoroacetic acid) at a flow rate of 8 µL/min. After 15 min, the trap column was 

switched in line with the Acclaim PepMap RSLC C18 column (2 µm, 100 Å, 75 µm i.d. × 25 

cm) (Dionex Corp). The peptides were eluted with gradient separation using mobile phase A 

(2% acetonitrile/water + 0.1% formic acid) and mobile phase B (80% acetonitrile/water 

+ 0.1% formic acid). Solvent B was increased from 2 to 35% over 40 min, increased to 90% 

over a 5-min period and held at 90% for 10 min at a flow rate of 300 nL/min. The 10 most 

intense ions with charge state from +2 to +4 determined from an initial survey scan from 300 

to 1800 m/z, were selected for fragmentation (MS/MS). MS/MS was performed using an 

isolation width of 2 m/z; normalized collision energy of 35%; activation time of 30 ms and a 

minimum signal intensity of 5000 counts. The dynamic exclusion option is enabled. Once a 

certain ion is selected once for MS/MS in 7 s, this ion is excluded from being selected again 

for a period of 15 s. Mgf files were created from the raw LTQ mass spectrometer LC–

MS/MS data using Proteome Discoverer 1.2 (Thermo Scientific). The created mgf files were 

used to search the NCBI database using the in-house Mascot Protein Search engine (Matrix 

Science) with the following parameters: trypsin 2 missed cleavages; fixed modification of 

carbamidomethylation; variable modifications of deamidation (Asn and Gln), pyroglu (Glu 

and Gln) and oxidation; monoisotopic masses; peptide mass tolerance of 2 Da; product ion 

mass tolerance of 0.6 Da.

2.11. Homology modeling

The crystal structure of full-length hPXR is currently not available and hence was modeled 

to understand the role of K109, which resides in the hinge region between the LBD and 

DBD. The full-length model of hPXR in complex with RXR and DNA was modeled using 

the crystal structure of PPARγ-RXR-DNA (pdb code: 3DZU) [48] as a template to the 

homology modeling program Modeler (ver 10) [49]. The full length model consists of the 
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DNA binding domain (DBD) and the ligand binding domain (LBD) connected by a hinge 

region consisting of 13 amino acid residues. The residue K109 was modeled into an 

acetylated form using the builder module of MOE. The modeled complexes of PXR-RXR-

DNA in its wild type form and with K109 in acetylated form was further refined using 

energy minimization and 2 ns long molecular dynamics (MD) simulations. Amber force 

field [50] with 5000 steps of minimization followed by 500 ps of equilibration and 2 ns of 

production run was performed on the complex which also included an explicit solvent model 

in an octahedron shell with TIP3P definition [51] and sodium ions were added for 

neutralizing the system. Electrostatics was calculated using the particle-mesh Ewald 

algorithm [52] with a cutoff of 10 Ẵ applied to Lennard–Jones interactions.

2.12. Phylogenetic analysis

PXR is in the NR 1I subfamily that also includes the vitamin D receptor (VDR; NR1I1) and 

the constitutive androstane receptor (CAR; NR1I3). To understand the phylogenetic 

variation of the position corresponding to human PXR K109, a wide range of vertebrate and 

invertebrate receptors in the NR1I subfamily were analyzed including amino acid sequences 

from a total of 50 VDRs, 48 PXRs, and 41 CARs. Sequences were aligned using ClustalW2 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The Supplemental Data includes accession 

numbers from either Genbank (http://www.ncbi.nlm.nih.gov/genbank/) or Ensembl (http://

www.ensembl.org/index.html), along with the amino acid residue in each receptor that is 

orthologous to human PXR K109.

2.13. Site-directed mutagenesis

pSG5-PXR plasmid was used as a template to construct K109R and K109Q point mutants 

using QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies) according to 

the manufacturer's protocol. Primer sequences:

K109R forward primer:

5′-GAGCGGCATGAAGAGGGAGATGATCATG-3′.

K109R reverse primer:

5′-CATGATCATCTCCCTCTTCATGCCGCTC-3′.

K109Q forward primer:

5′-GAGCGGCATGAAGCAGGAGATGATCATG-3′.

K109Q reverse primer:

5′-CATGATCATCTCCTGCTTCATGCCGCTC-3′.

2.14. Quantitative polymerase chain reaction (qPCR)

Procedure was performed as previously described [32]. HepG2 cells (106/well) were 

transiently transfected employing FuGENE HD reagent (Roche) with 1 µg/well of 

expression plasmid encoding WT PXR or its mutated forms. Cells were seeded in medium 

supplemented with 10% charcoal/dextran-stripped FBS on 6-well plates and incubated for 

16 h prior to the treatments. Cells were treated for 24 h with 10 µM RIF and/or DMSO. 
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After the treatments, total RNA was isolated using TRI Reagent® (Molecular Research 

Center). cDNA was synthesized from 1000 ng of total RNA using M-MuLV Reverse 

Transcriptase (F-572, Finnzymes) at 42 °C for 60 min in the presence of random hexamers 

(3801, Takara). qRT-PCR was carried out on Light Cycler 480 apparatus (Roche Diagnostic 

Corporation, Prague, Czech Republic). The levels of all mRNAs were determined using 

primers and Universal Probes Library (UPL; Roche Diagnostic Corporation, Prague, Czech 

Republic) probes. The following program was used for monitoring the expression of all 

genes: an activation step at 95 °C for 10 min was followed by 45 cycles of PCR 

(denaturation at 95 °C for 10 s; annealing with elongation at 60 °C for 30 s). The 

measurements were performed in triplicates. Gene expression was normalized per 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a housekeeping gene. Data were 

processed by delta–delta method. Differences in the level of gene expression values were 

considered statistically significant if p < 0.05.

2.15. Non-radioactive electrophoretic mobility shift assays (EMSA)

EMSA binding assays were performed using the LightShift® Chemiluminescent EMSA Kit 

(Thermo Scientific, Waltham, MA, USA) as described previously [53]. Briefly, nuclear 

extracts were harvested from HeLa cells transfected with WT or mutant (K109R or K109Q) 

PXR or RXRα as described elsewhere [54]. In 10-ul reactions, nuclear extracts and probes 

were mixed in binding buffer (final: 10 mM Tris, 50 mM KCl, 1 mM DTT, pH 7.5) along 

with final concentrations of 2.5% glycerol, 0.05% NP-40, ddH2O, and nonspecific 

competitor poly (dl.dC). PXR-RXR-DNA complexes were allowed to form at room 

temperature for 30 min before loading in the non-denaturing 4% polyacrylamide gel for 

electrophoretic separation. The following double-stranded 5′-biotinylated oligonucleotides 

containing the specific DNA-binding sequence for PXR (DR3 motif from the XREM 

sequence of CYP3A4 gene promoter) were used as probes: CYP3A4-DR3 wild-type sense 

5′-GAATGAACTTGCTGACCCTCT-3′; CYP3A4-DR3 antisense 5′-AGAGGG 

TCAGCAAGTTCATTC-3′ and their biotinylated forms. The oligonucleotides were 

synthesized by Generi-Biotech (Hradec Kralove, Czech Republic). For supershift reactions, 

1 µg of the anti-RXRα rabbit polyclonal IgG antibody (sc-553X, Santa Cruz Biotechnology, 

Inc.) was added to the reaction mixture.

2.16. Statistical analysis

Data were expressed as the mean ± standard error of the mean (SEM) and analyzed with 

Prism 6 software (GraphPad, La Jolla, CA). Group comparisons were performed using the 

Student t-test or ANOVA as indicated. A value of p < 0.05 was considered statistically 

significant.

3. Results

3.1. PXR is acetylated by p300 acetyltransferase

In our previous paper, we detected acetylated PXR in cultured cells but the acetylating 

enzyme was not identified [42]. Here we tested whether PXR is a substrate for two major 

acetyltransferases known to target NRs, p300 and p300/CBP-associated factor (PCAF). In 

Fig. 1A, we show that pure recombinant PXR is efficiently acetylated in vitro by p300 but 
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not PCAF, demonstrating specificity. We also tested the effect of RIF on the rate of p300-

mediated acetylation of PXR and show that RIF markedly increased the acetylation rate 

compared to DMSO (Fig. 1B). This suggests that ligand binding induces a conformational 

change in PXR that exposes the acetylation site, making it more accessible for p300 and thus 

enhancing the efficiency of the reaction. We confirmed p300-catalyzed PXR acetylation in a 

reticulocyte lysate system as well using in vitro translated PXR protein (Fig. 1C). Lysine 

deacetylase (KDAC) inhibitors Trichostatin A and nicotinamide (NAM, a SIRT1-specific 

inhibitor) enhance PXR acetylation further (Fig. 1B), suggesting that PXR is dynamically 

acetylated and deacetylated. We then validated in vivo that FLAG-PXR is acetylated by HA-

p300, by ectopically overexpressing both proteins in 293T cells by co-transfection. FLAG-

PXR was immunoprecipitated 48 h after transfection and PXR acetylation was visualized by 

Western blot using a pan-acetyl antibody (Fig. 1D). 24 h treatment with RIF did not affect 

acetylation levels under the conditions of this assay. These data confirm that p300 acetylates 

PXR in vitro and in vivo.

3.2. p300 enhances PXR transcriptional activity

Given that p300 acetylates PXR, we tested the functional effect of p300 on PXR 

transcriptional activity in cell-based gene reporter assays performed in 293T cells. Co-

transfection of pSG5-PXR and CYP3A4 promoter-driven luciferase reporter construct 

(p3A4-Luc) leads to promoter transactivation upon treatment with RIF. RIF-induced 

transactivation of the CYP3A4 promoter is enhanced by p300, but not by the catalytically 

inactive histone acetyltransferase mutant (p300ΔHAT), which lacks acetyltransferase activity 

(Fig. 2A). The same results were found when the same experiment was performed using a 

natural MDR1 promoter-driven luciferase reporter construct (MDR1-Luc) activated by a 

synthetic PXR agonist SR12813 (Fig. 2B). Moreover, p300 significantly enhanced ligand-

independent (basal) activity of the MDR1 promoter as well. A similar result was seen using 

the CYP3A4 promoter but was not statistically significant. Together, these results suggest 

that p300 co-activates PXR and that p300 acetyl-transferase activity is required.

3.3. SIRT1 enhances PXR transcriptional activity

SIRT1 is established as an important modulator of NR signaling in the liver through its 

deacetylase function that targets histones and transcription factors and coregulators, such as 

AR, FXR, LXR, and PGC1α [40, 54–60]. We previously reported that SIRT1 deacetylates 

PXR and positively regulates PXR's lipogenic function in vivo [42]. Here we test the 

functional effect of SIRT1 on PXR transcriptional activity similarly as we did with p300. 

Using either the p3A4-Luc or MDR1-Luc reporter, co-transfection of FLAG-SIRT1 

enhanced PXR transactivation upon ligand treatment, while the catalytically inactive mutant 

FLAG-SIRT1- H363Y had no effect (Figs. 2C, D). Moreover, SIRT1 significantly enhanced 

ligand-independent (basal) activity of the MDR1 promoter. This was seen using the 

CYP3A4 promoter but was not statistically significant (Figs. 2C, D). Further, RIF-induced 

activation of the p3A4-Luc reporter was inhibited when cells were co-treated with TSA and 

NAM in a dose-dependent manner (Figs. 2E, F). Our previous data confirm that these two 

inhibitors enhance PXR acetylation levels [42]. These data suggest that SIRT1-catalyzed 

deacetylation of PXR enhances its transcriptional activity. In corollary, inhibiting 
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deacetylases reduces PXR transcriptional activity. SIRT1 acts as a positive regulator of PXR 

function, at least partially via deacetylation.

3.4. PXR is acetylated at a highly conserved lysine residue (K109) in the hinge

We next determined the specific p300-catalyzed acetylation site of PXR. Recombinant His-

MBP-tagged human PXR protein was expressed and purified from E. coli. The pure protein 

was acetylated, or mock acetylated in vitro with or without recombinant p300, respectively 

(Fig 3B), and digested by trypsin under denaturing conditions. The tryptic peptides were 

then subjected to LC–MS/MS analysis (Fig. 3A). A doubly charged precursor ion (m/z = 

805.7, retention time = 33.3 min) detected in the acetylated, but not the mock acetylated 

sample, was found to harbor an acetyl modification based on the presence of a + 42.01 Da 

mass shift compared to the corresponding unmodified peptide with the same sequence 

(109KEMIMSDEAVEER121). The MS/MS spectra and fragment ion assignments of the 

acetylated peptide are shown in Fig. 3C. The b- and y-ions were assigned using Mascot and 

confirmed by manual analysis (Mascot Peptide View in Fig 3C). The experiment outlined in 

Fig. 3A was performed three independent times, each time resulting in the identification of 

the same acetylated peptide indicating acetylated K109.

To validate that K109 is PXR's major acetylation site in vivo, we measured PXR acetylation 

in HepG2 cell lines that were stably transfected with either the WT or K109R mutant form 

of FLAG-tagged PXR (Fig. 3D). Mutation of lysine to arginine blocks acetylation at that 

residue. After 2 h of treatment with deacetylase inhibitors NAM (10 mM) and TSA (0.5 

µM), the cells were lysed and the WT or K109R form of FLAG-PXR was 

immunoprecipitated using M2 agarose. Eluted protein was probed by Western blot using the 

acetyllysine antibody to measure relative acetylation levels between the WT and K109R 

protein. The blot was stripped and re-probed with PXR antibody to confirm equal levels of 

total PXR protein. As indicated by the results, the K109R mutant protein displays reduced 

acetylation levels compared to the WT, confirming that K109 is the major site acetylated in 

living cells (HepG2). This corroborates our MS/MS results in Fig. 3C.

K109 is a critical residue within the hinge domain, immediately adjacent to what is defined 

as the C-terminal extension (CTE) of the DBD (Fig. 4A) [61]. While there are several crystal 

structures of PXR in complex with various xenobiotics [62–66] and most recently the 

heterodimeric complex of the LBDs of PXR and RXR [47] there is no crystal structure of 

the full length hPXR with the DBD, hinge and LBD. However, the full-length hPXR shares 

42% homology with the crystal structure of PPAR-γ and hence was suitable for homology 

modeling. In the crystal structure complex of PPAR-γ with RXR and DNA, the K154/K155 

is positioned in the hinge region and is known to be acetylated, and contributing the binding 

of SIRT1 [67]. However, sequence alignment of PPAR-γ with hPXR (supplementary Fig 1) 

suggests that K109 of PXR does not align with the K155 but is present proximal and in the 

same hinge region that connects the DBD and LBD. In addition, the LBD domain of PXR of 

the model superimposes with a rmsd of 0.8 Ẵ onto the crystal structure of the LBD of PXR 

in the PXR-RXR LBD heterodimers (supplementary Fig 2) suggesting that the full length 

model can be utilized for understanding the role of K109. Results from the MD simulations 

suggest that this hinge region is flexible and K109 in its non-acetylated form can interact 
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with p300 and other additional cofactor proteins that aid in transcription. However, when 

K109 is in its acetylated form, the loop region containing K109 and the rest of the DBD 

undergo a conformational change leading to steric interactions with the DNA bases (Fig 4C). 

Structural superpositioning of the non-acetylated and acetylated models of PXR show 

significant deviations in the structure in DBD and hinge regions with an overall rmsd of 2.8 

Ẵ (Fig. 4C). These conformational changes suggest that the PTM of PXR at K109 and the 

resulting conformational changes may lead to the disruption of the PXR-DNA complex 

described in step-3 of the model of PXR regulation (Fig 7).

K109 is highly conserved across PXR orthologs (Fig. 4B) and across the two most closely 

related receptors within the NR1I subfamily (CAR and VDR) and their respective orthologs 

(Supplemental Data). Sequence alignment demonstrates that this position is generally 

conserved throughout the vertebrate NRI1I subfamily (VDRs, PXRs, CARs) as illustrated in 

the phylogeny in Fig. 4D (complete list of receptors, accession numbers, and amino acid 

residue orthologous to human PXR K109 are in Supplemental Data). This position is a 

lysine residue in all mammalian PXRs, amphibian PXRs, coelacanth PXR, mammalian 

CARs, amphibian CARs, chicken CAR, coelacanth CAR, and all vertebrate VDRs. The only 

exceptions are four teleost fish PXRs, which have a different amino acid residue at this 

position: glutamine, serine, and arginine. Because this residue is highly conserved and 

important for PXR function, modification by acetylation, which effectively neutralizes 

lysines, would be expected to alter receptor behavior.

3.5. Lysine 109 acetylation downregulates PXR's transcriptional activity

In order to interrogate the function of PXR acetylation specifically at K109, we generated 

acetylation mutants by site-directed mutagenesis. The lysine to arginine mutant (K109R) 

mimics the constitutively deacetylated state, while the lysine to glutamine (K109Q) mutant 

mimics the constitutively acetylated state [68]. These mutational mimics are based on the 

positive charge of lysine and the neutral charge of an acetyllysine residue as shown (Fig 5A). 

By Western blot, we show that expression levels of the ectopically expressed WT and mutant 

proteins are equal to confirm that any changes in activity observed are not due to differences 

in protein expression or stability (Fig 5B). In luciferase reporter assays using either MDR1-

Luc or p3A4-Luc reporter constructs, ligand-activated transcriptional activity of the K109Q 

acetylation mimic is repressed compared to WT and K109R (Fig 5C and D). Similarly, the 

K109Q acetylation mimic also has a decreased capacity to induce CYP3A4 mRNA and 

protein in response to RIF treatment compared to the WT and K109R (Fig 5E). K109R 

behaves similarly to WT levels in these assays.

3.6. Acetylation of PXR inhibits binding to DNA

Acetylation can modulate the transcriptional activity of NRs and other transcription factors 

through altering DNA binding, as was shown for FXR, ERα, PR, p53, and FOXO1 [40, 41, 

69, 70]. We tested whether this was the case for PXR since we found that PXR is acetylated 

in its DBD/hinge. Since acetylation effectively neutralizes positively charged lysine 

residues, it may disrupt electrostatic interactions that are important for maintaining 

secondary structure and mediating interactions with the negatively charged phosphate 

backbone of DNA. We used electrophoretic mobility shift assays (EMSA) to test whether 
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acetylation alters the formation of PXR/RXRα/DNA complexes. HeLa cells were 

transfected separately with expression vectors encoding either PXR WT or PXR K109Q, 

then nuclear protein extracts were harvested to use for EMSA binding reactions (Fig. 6A). 

We show that the K109Q acetylation mimic displays reduced DNA binding compared to the 

WT at different doses (Fig. 6B). K109Q protein also displays reduced binding to RXRα 

compared to WT and K109R in co-IP assays, which suggests that reduced RXRα binding 

due to K109 acetylation contributes to reduced DNA binding and transcriptional activity of 

PXR (Fig. 6C). Next, as outlined in the schematic (Fig 6D), we tested the effect of direct 

acetylation of PXR by p300 (Fig 6E). By comparing non-acetylated and acetylated PXR 

protein, we find that acetylation inhibits DNA binding, which is consistent with our study of 

the K109Q acetylation mimic (Fig. 6F).

4. Discussion

Post-translational modifications (PTMs) have emerged as a major means of NR regulation in 

normal physiology and disease. In this study, we conducted the first detailed examination of 

PXR regulation by acetylation. We found that PXR is directly acetylated by p300 at K109 by 

LC–MS/MS analysis in vitro and in vivo (Fig 3). Note that rifampicin-induced acetylation 

changes as seen in vitro (Fig 1B) is different that those observed in vivo (Fig 1D) likely 

because the time course of both experiments is vastly different and we know that acetylation 

is a time-dependent dynamic process. Furthermore, protein incubations are perfect in 

stoichiometry; however, transfections to induce proteins in cells are highly variable even 

across transfection wells. So conditions of the assay per se may have blurred differences in 

observed acetylation. The K109Q lysine acetyl mimic mutant displayed reduced 

transcriptional activity (Fig. 5C and D) and reduced ability to induce cyp3A4 target gene 

mRNA and protein compared to the WT and the K109R lysine acetyl-defective mutant (Fig. 

5E). The diminished activity of the K109Q mutant appears to be due to impaired 

heterodimerization with RXRα (Fig. 6C) and impaired binding of the PXR-RXRα 

heterodimer to DNA response elements (Fig. 6B and F). Altogether, the data suggests that 

acetylation at K109 represents an overall “loss of function” effect. As a caution, constitutive 

mutants likely over-estimate/bias the true dynamic nature of acetylation changes in vivo 

[71]. Future approaches to investigate dynamic acetylation would require reversible 

chemical methods for site-selective acetylation/deacetylation in mammalian cells to better 

appreciate the dynamic nature of this PTM. K109 is located in the C-terminal extension 

(CTE) of the DBD (within the hinge), which might indicate the structural basis of PXR 

downregulation by acetylation. The CTE is necessary for high affinity and high specificity 

DNA binding, as the two DBD zinc fingers alone are insufficient [61]. For the receptors that 

heterodimerize with RXR, helices in the CTE form significant sequence-specific DNA 

contacts and additional dimerization surfaces, and are responsible for spacing of the dimer 

partners, as was demonstrated by the crystal structure of the PPAR-γ-RXRα-DNA ternary 

complex [48, 61]. The CTE/hinge affords the structural flexibility necessary for 

simultaneous heterodimerization with RXRα and DNA binding. Hence, we would suspect 

that any residue modifications in the DBD CTE/hinge, especially those resulting in a change 

of charge state (i.e. neutralization of positively charged lysine by acetylation or mutation to 

glutamine), would alter receptor conformation and thus functionality with respect to DNA 
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binding and RXRα heterodimerization. This is what we see when PXR is acetylated at K109

—the residue modification induces a conformational change in the receptor, as corroborated 

by our modeling studies (Fig. 4C), which in turn impairs RXRα dimerization and DBD 

binding, ultimately repressing receptor function as a whole [72, 73].

Various combinations of recruited coactivator and corepressor proteins modulate NR 

activities as well, comprising a tightly controlled and complex regulatory program. Many of 

these coregulator complexes act through catalyzing histone modifications that in turn 

regulate chromatin structure [74, 75]. p300 is a bona fide transcriptional coactivator for 

several transcription factors, including NRs. p300 was originally identified based on its 

histone acetyltransferase activity through which it acetylates specific lysines in histone tails, 

particularly H3K9/18 and H3K27, promoting chromatin relaxing and active 

genetranscription [76]. Later it was found that p300 and other HATs (also called KATs or 

lysine acetyltransferases), target non-histone proteins as well, including the transcription 

factors and coregulators that they co-activate [77].

Until recently, it was assumed that p300 co- activated PXR, but no one specifically tested it. 

Smith et al. was the first to confirm their interaction, showing that in primary human 

hepatocytes exposed to rifampin, p300 is co-recruited to PXR response elements genome-

wide [78]. Consistent with this study, we confirmed at the transcriptional level that p300 co-

activates basal and ligand-induced PXR (Fig. 2A and B). Initially this result seemed to 

contradict our hypothesis that p300-mediated acetylation downregulated PXR activity; 

however, as we see in other receptors such as FXR, recruitment of p300 can have dual 

functions: enhancing transcription through histone acetylation and repressing transcription 

through subsequent acetylation of the receptor itself [40]. These opposing effects serve as 

mechanisms to activate then quickly limit the duration and magnitude of the stimulated 

transcriptional response, which must be tightly controlled in both directions (Fig. 7).

Like other receptors (e.g. FXR and LXR), PXR is deacetylated and positively regulated by 

multiple KDACs as well. Pharmacological inhibition of KDACs with TSA (inhibits class I 

and II KDACs) and NAM (SIRT1-specific inhibitor) leads to increased PXR acetylation 

levels, suggesting that these various KDACs deacetylate PXR (Fig. 1C). At the transcription-

al level, we show that enhancing PXR acetylation levels with TSA and NAM inhibit 

transactivation in luciferase reporter assays, which suggests that KDACs normally maintain 

PXR in a deacetylated state allowing it to remain basally active (Fig. 2E and F). 

Concomitantly, overexpressing SIRT1 promotes PXR transactivation (Fig. 2C and D). These 

results are consistent with our previous report demonstrating that SIRT1 interacts with and, 

deacetylates PXR in response to ligand activation which correlates with PXR's lipogenic 

function in vivo [42].

A study by Sugatani et al. supports our contention that acetylation negatively regulates PXR 

(while deacetylation positively regulates PXR) and proposes a mechanism involving PTM 

crosstalk where one PTM affects the function of the other PTM. They propose that 

phosphorylation of PXR at serine 350 (S350) maintains PXR in an acetylated state by 

blocking interactions with KDACs. As a result, the dual PTMs synergistically repress PXR 

activity [36].
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Interestingly, Buler et al. reported that pyruvate-activated SIRT1 negatively regulates PXR 

by physically interfering with PXR's interaction with and co-activation by PGC-1α [79]. 

There are several reasons why this data might contradict our own. First, they only observe 

these negative effects of SIRT1 on PXR in a specific context–when cells are both 

overexpressing PGC-1α and treated with 1 mM pyruvate (simulating fasting conditions). In 

contrast, we performed our assays without manipulating the metabolic state of the cell. It is 

possible that SIRT1 may positively regulate PXR under metabolic homeostasis, but then 

negatively regulate it under fasting conditionsin order to adaptively curb PXR's known 

effects on lipid and glucose metabolism. And even if SIRT1 can interfere with PXR co-

activation when PGC-1α is overexpressed, there are several other important coactivators of 

PXR (i.e. SRC-1, HNF4α) that could normally compensate since they have redundant 

functions.

Notably, they also use the mouse isoforms of PXR and SIRT1 in this study, while we used 

the human isoforms. Furthermore, they used a GAL4-mPXR LBD fusion construct in the 

mammalian two-hybrid assay used to show that SIRT1 interferes with the PXR-PGC-1α 

interaction. The GAL4-mPXR LBD fusion protein lacks the DBD and N-terminal half of the 

hinge, which is the very region we propose to be positively regulated by SIRT1-mediated 

deacetylation. Therefore, their experiment does not account for this. They also reported that 

they could not detect acetylated PXR in COS-1 cells by Western blot. This may be because 

PXR is simply not acetylated efficiently in this cell line and/or the detection method is not 

sensitive enough. These apparent inconsistencies speak to the complexity and context-

dependence (i.e. different cell lines or assay conditions) of these regulatory mechanisms.

PTMs can also antagonize one another and modulate disparate functions independently [80, 

81]. In a recent study by Kim et al., they describe an acetyl/SUMO switch that regulates 

FXR's activation and trans-repression functions depending on nutrient status [82]. Nutrient-

excess conditions in the liver (i.e. HFD-induced obese mice) leads to aberrantly elevated 

acetylation levels of FXR at K217, which then inhibits SUMO2 modification at K277. This 

promotes pathological inflammation (which is known to occur in obesity) because normally, 

FXR must undergo SUMOylation in order to trans-repress the NF-κB pro-inflammatory 

pathway.

It is tempting to hypothesize that PXR may be regulated by an acetyl/SUMO switch like 

FXR because the mechanisms and functions of the related receptors overlap [83, 84]. First, 

like FXR, SUMOylation selectively directs PXR towards trans-repressing the NF-κB pro-

inflammatory pathway, while not affecting PXR activation of its direct target genes [37, 84]. 

In this case, SUMOylation acts in a promoter-specific manner. A recent follow-up study 

demonstrated that PXR is SUMOylated specifically at K108 [85]. It would be interesting to 

see how SUMOylation of PXR at K108 and adjacent acetylation at K109 influence one 

another and whether there is functional importance in this interaction. It is easy to imagine 

that SUMOylation at K108 would perhaps sterically inhibit subsequent acetylation at K109, 

or vice versa. Second, Kim et al. also showed for comparison, that along with FXR, PXR 

acetylation levels are also elevated in response to HFD-induced obesity in mouse liver, 

suggesting that obesity may represent the physiological relevance of PXR acetylation. In this 

context, HFD in rodents also increases PXR levels, perhaps highlighting the significance for 
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overall PXR acetylation effects in obesity [86]. In fact, it is becoming clear that nutrient 

excess conditions promote global hepatic acetylation of metabolic regulators in general, 

including NRs, for metabolic adaptation [87–93]. A counter argument is that this acetylation 

state/level could simply reflect an adaptation to increased expression of PXR in HFD- fed 

rodents [86, 94, 95].

Based on our data and emerging mechanisms of NR-mediated transcription, we present a 

model of PXR regulation by dynamic acetylation and deacetylation in the context of an 

active promoter (Fig. 7). In the absence of a stimulus, the PXR-RXRα-DNA complex 

maintains basal gene transcription levels as part of a larger complex of various coregulator 

proteins and general transcription machinery (Fig. 7.1). In this basal transcriptional state, it 

is likely that p300 and SIRT1 are present at some levels, whether directly interacting with 

PXR or not, since they are involved in maintaining local chromatin accessibility. Although 

SIRT1 and other HDACs are generally associated with corepressor complexes and repressive 

chromatin marks, they have also been found to bind genes primed for activation [96]. In 

ChIP-seq analysis of PXR's cistrome, p300 co-localized with PXR independent of ligand 

stimulation at a proportion of the binding sites, perhaps to help keep promoters primed for 

rapid ligand-induced activation [78]. Similarly, Navaratnarajah et al. showed in vitro that 

PXR can bind its coactivator SRC-1 with high affinity with or without a ligand [97]. This 

study also showed that ligand binding does not reduce PXR's affinity for its corepressor 

SMRT. These ligand-independent PXR-coregulator interactions challenge the paradigm that 

ligand binding activates NRs by inducing a conformation that increases affinity for 

coactivators and decreases affinity for (or displaces) bound corepressors. Instead, the authors 

suggest that ligand binding may increase transcription by increasing PXR's stability, not its 

affinity for coactivators [97]. This in turn prolongs the stability and occupancy of the active 

transcription complex as a whole at the promoter accounting for increased ligand-dependent 

transcription [98]. This study is corroborated by another report showing that mdr1 (PXR 

target) gene induction is likely due to increased PXR stability via phosphorylation of its 

chaperone, heat shock protein (Hsp) 90β [99]. Ligand-induced conformational change of 

PXR promotes rearrangement of the transcriptional complex into a maximally activated state 

involving additional p300 recruitment and histone acetylation, thereby accelerating 

transcription (Fig 7.2). Since the conformational change also exposes PXR's acetylation site, 

p300 is allowed to then directly acetylate PXR at K109, which decelerates transcription by 

reducing PXR's affinity for DNA and RXRα, quickly destabilizing the transcription complex 

(Fig 7.3). Eventually, PXR and histones are deacetylated by SIRT1 and other KDACs, 

allowing the complex to re-stabilize and return back to a basal state (Fig. 7.4). The complex 

can then be recycled for a second round of ligand-activated transcription. A likely alternative 

to complex recycling, which we did not test, is promoter clearance and PXR degradation. 

Deacetylation of FXR and LXR by SIRT1 was shown to target the receptors for ubiquitin-

mediated proteasomal degradation [40, 55]. Since PXR stability is regulated by ubiquitin-

mediated proteasomal degradation, this is a likely mechanism, although the role of 

acetylation and/or deacetylation in this context, thus far, has remained unclear [30, 31].

Throughout the transcription process, protein interactions are in constant flux, as factors 

continuously cycle on and off the promoter. Recent technological advances in the study of 

transcriptional processes have revealed that the combination and stoichiometry of factors 
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present at the promoter at any given time are considerably probabilistic and stochastic in 

nature, although influenced by various signals in the cellular environment [100]. This is in 

contrast to classical models that describe NR-mediated transcription as a sequence of static, 

deterministic molecular events that start with ligand binding followed by ordered 

recruitment of specific factors. Although this is accurate to some levels, it neglects the 

inherently stochastic interactions that occur in a nucleus packed with an assortment of 

molecules, including proteins, chromatin structures, and DNA sequences.

NR PTMs have been extensively studied revealing complex, tightly controlled, but highly 

varied regulatory mechanisms that are in constant flux depending on a combination of 

external and internal signals [101–103]. Compared to the steroid receptors, in-depth studies 

on PXR PTMs are relatively under developed, especially for the PTMs other than 

phosphorylation. In our study, we see that PXR acetylation/deacetylation at K109 is 

dynamically regulated by p300 and multiple KDACs, including SIRT1. Basal acetylation 

overall has a repressive effect on PXR but changes in levels of acetylation over time regulate 

the transcriptional activity of PXR. K109 seems to be a major acetylation site, but we do not 

rule out the possibility of alternative sites, targeted by other KATs, or present under other 

physiological situations. Acetylation may also affect PXR interaction with other 

coregulators (e.g. SRC-1 and SMRT), and may even affect subcellular localization or other 

PXR functions outside of the active transcription complex. We limited our study to a single 

promoter therefore it would be interesting to see how acetylation might affect PXR binding 

genome-wide. Our results are also limited in interpretation because we detected the K109 

acetylation modification in vitro. The existence of K109 acetylation in cells and tissues has 

not been demonstrated in this study. Future studies are aimed towards developing mouse 

models that express the human PXR transgene while altering K109 via mutations that mimic 

or loose the acetylation phenotype. This could be coupled to an inducible system (e.g., 

tamoxifen) to induce transient gene expression. These models could then be used to study 

effects of transient expression of the PXR acetylation/deacetylation phenotype on PXR 

target gene expression.

Sirtuin 1 (SirT1/SIRT1) has an important role in both the pathogenesis of hepatic steatosis, 

inflammation and chemical toxicity. Activation of hepatic SIRT1 is generally thought to 

inhibit hepatic steatosis [104], inflammation/cancer [105], and neurotoxicity [106]. In our 

investigations with the PXR wild-type and knockout mice, SIRT1 activation via resveratrol, 

yielded slightly increased steatosis (~25–30%) when compared with basal levels in wild-

type or drug-exposed knockout hepatocytes. Indeed, this contradicts what have been 

published using rodent models of obesity/diabetes/fat feeding [107]; however, our mice are 

essentially “normal” and not subject to high-risk features for metabolic syndrome or 

diabetes. Furthermore, some rodent and clinical studies have provided contradictory findings 

with respect to SIRT1 activation (resveratrol) in humans [108–111]. Thus, it is potentially 

possible that the presence of PXR could attenuate the inhibitory properties of resveratrol on 

hepatic steatosis. SIRT1 mediated deacetylation of PXR could be particularly relevant with 

environmental contaminants that could enhance fatty liver formation via PXR and other 

related nuclear receptors [112]. Likewise, dietary changes (e.g., fat feeding) could alter PXR 

levels as well as influence its acetylation [82, 113], so in these conditions the relative 

activation of SIRT1 becomes critical in determining the overall effects of PXR in metabolic 
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syndromes. We have shown that SIRT1 is partially responsible for the deacetylation of PXR. 

However, we have also shown that Trichostatin A (TSA), which inhibits class I (HDACs— 

1, 2, 3 and 8) and II (HDACs— 4, 5, 6, 7, 9, and 10) mammalian histone deacetylase 

enzymes but not class III (e.g., sirtuins) [114, 115] promotes acetylation of PXR in cell 

based assays. Thus, it is very plausible that other classes of HDAC enzymes could 

participate in the deacetylation of PXR. Since PXR is known to co-bind several co-

regulators like SMRT and NCoR, selective HDACs (e.g., HDAC3) that co-associate with 

these regulators might also affect PXR acetylation via its deacetylase activity [36, 116]. It is 

anticipated that several HDACs other than SIRT1 might be involved in the regulation of 

PXR acetylation. Although many new questions arise, this study provides a basic model of 

PXR transcriptional regulation by acetylation that may represent a therapeutic approach to 

modulating PXR function in disease.
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LC–MS/MS liquid chromatography coupled to mass spectrometry

PTM post-translational modification

DR direct repeats

ER everted repeats

NR nuclear receptor

IP immunoprecipitation

FLAG FLAG octapeptide

Ac-CoA acetyl coenzyme A

AcK acetyllysine

PCAF p300/CBP associated factor

HA hemagglutinin

TSA Trichostatin A

NAM nicotinamide
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Rif rifampicin
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Fig. 1. 
PXR is acetylated by p300 acetyltransferase. (A) Recombinant PXR was acetylated in vitro 

by incubating with either recombinant p300 or recombinant PCAF in acetylation buffer 

containing acetyl-CoA for 1 h at 30 °C. Acetylated PXR was detected by immunoblotting 

using an acetyl-lysine antibody and the blot was stripped and re-probed using a PXR 

antibody. (B) PXR was acetylated in vitro by p300 as described in (A), but this time in the 

presence of DMSO or 1 µM RIF and the reactions were quenched by boiling in Laemmli 

buffer at 0, 20, 40, or 60 min as indicated. (C) PXR protein was in vitro translated using the 

cell-free TnT coupled kit and subjected to in vitro acetylation assay using p300 as described 

in (A), with or without deacetylase inhibitors TSA and NAM. (D) 293T cells were co- 

transfected with FLAG-PXR and HA-p300 either separately or together. 24 h later, the cells 

were treated with DMSO or 25 µM RIF for an additional 24 h, nuclear extracts were 

harvested and subjected to FLAG-IP. To visualize FLAG-PXR acetylation by HA-p300 in 

vivo, immunoprecipitates were analyzed by immunoblotting using the acetyl-lysine and 

PXR antibodies. IP = immunoprecipitation, FLAG = FLAG octapeptide, Ac-CoA = acetyl 
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coenzyme A, AcK = acetyllysine, PCAF = p300/CBP associated factor, HA = 

hemagglutinin, TSA = Trichostatin A, NAM = nicotinamide, Rif = rifampicin.
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Fig. 2. 
p300 and SIRT1 modulate PXR's transcriptional activity. 293T cells were co-transfected 

with pSG5-PXR, CYP3A4-Luc (A, C, E, F) or MDR1-Luc reporter (B, D), and pCMV-β-

galactosidase control plasmids. 24 h after transfection, cells were treated with DMSO, Rif, 

or SR12813 as indicated for an additional 24 h. (A, B) Cells were co-transfected with 

pCDNA3.1. empty vector control, pCDNA3.1-p300, or pCDNA3.1-p300 ΔHAT mutant as 

well. (C, D) Cells were co-transfected with pCDNA3.1. empty vector control, pECE-SIRT1, 

or pECE-SIRT1 H363Y. (E) Transfected cells were treated with increasing concentrations of 
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TSA (E), or NAM (F) at the same time with DMSO or RIF as indicated. Cells were then 

lysed and luciferase and β-galactosidase activities were measured. Luciferase values were 

normalized to β-galactosidase activities. The data represents the mean and SEM of at least 3 

independent experiments performed in triplicate. ****p < 0.05, n.s., not significant 2-way 

ANOVA. Rif = rifampicin, TSA = Trichostatin A, NAM = nicotinamide.
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Fig. 3. 
PXR is acetylated at K109) in the hinge. (A) Schematic depicting experimental workflow 

used to map PXR's acetylation site. (B) Immunoblot confirming the acetylation state of the 

mock acetylated control and acetylated PXR protein samples that were subjected to LC–

MS/MS. (C) Fragment ion spectrum of the acetylated peptide detected in the in vitro 

acetylated protein sample. (D) Confirmation of K109 acetylation in vivo. HepG2 cells stably 

expressing the WT or K109R form of FLAG-tagged PXR were treated with or without 10 

mM nicotinamide (NAM) and 0.5 µM trichostatin A (TSA) for 2 h. Cells were lysed and 

lysates were then subjected to FLAG-IP. Eluates were probed for acetylated PXR by 

Western blot.
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Fig. 4. 
PXR K109 is a highly conserved amino acid in the hinge. (A) Schematic representation of 

PXR's modular protein structure with domains labeled. A closer view of the secondary 

structure of the DNA-binding domain (DBD) and hinge is included. (B) Alignment of PXR 

sequences from several species depicting the conserved lysine residue 109. (C) Structural 

superpositioning of PXR wt. (light pink) and K109 acetylated form (red) are represented in 

the cartoon model with the K109 in both acetylated and non-acetylated represented as 

licorice sticks and colored atom type (C-cyan, N-blue, O-red). Significant deviations are 

noted in the hinge and DBD between the two forms. The position of DNA (in cartoon 

model) in the wt. is shown for reference (see Supplementary Fig 3 for the structural 

superposition of the entire complex). (D) Phylogeny of PXRs, VDRs, and CARs [117, 118] 

overlaid with the variation of the amino acid residue orthologous to hPXR K109. Species 

and accession numbers for all sequences are found in Supplemental Data. Note that 

mummichog PXR is shown in the phylogeny (with lysine) but that the PXRs from Amazon 

molly, and platyfish, two other fish species from the order Cyprinodontiformes, also have 

lysine at this position. The assignment of the chicken CAR (originally indeterminately 

classified as the chicken X receptor [119]) follows from a recent phylogenetic analysis 

incorporating amphibian and lizard CARs [118].
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Fig. 5. 
Lysine 109 acetylation down-regulates PXR's transcriptional activity. (A) Structures of 

lysine, acetyl-lysine, and corresponding mimicking residues arginine and glutamine, 

respectively. Mutational mimics are based on charge of the amino acid R-group. (B) Western 

blot showing equal expression levels of PXR WT, K109R, and K109Q in transfected 293T 

cells. (C) 293T cells were co-transfected with the MDR1-Luc reporter, and pCMV-β-

galactosidase control plasmid along with pSG5- PXR WT, K109R, or K109Q. Cells were 

treated with DMSO or various concentrations of SR12813 24 h after transfection for an 
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additional 24 h and luciferase and β-galactosidase activities were measured. Luciferase 

values were normalized to β-galactosidase activities. The data represents the mean and SEM 

of at least 3 independent experiments performed in triplicate. (D) The experiment described 

in (C) was repeated using the p3A4-Luc reporter instead. Cells were treated with RIF or 

SR12813 as indicated. (E) HepG2 cells were transfected with the plasmids as indicated and 

treated with DMSO or 10 µM RIF for 24 h. CYP3A4 mRNA levels were measured by qRT-

PCR and corresponding protein levels measured by immunoblot. Data were processed by 

delta–delta method. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., not 

significant, Student's t-test. 2-way ANOVA was used for data analysis presented in (E).
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Fig. 6. 
Acetylation of PXR inhibits DNA binding and heterodimerization with RXRα. (A) Western 

blot showing PXR or K109Q ectopic protein expression levels in nuclear extracts harvested 

from transfected HeLa cells. (B) K109Q mutation reduces DNA binding compared to WT. 

Increasing amounts of nuclear extract (described in Fig. 5B) enriched with PXR protein (WT 

vs K109Q) were incubated with nuclear extract enriched with RXRα at a 1:1 ratio along 

with biotin-labeled oligonucleotide probe containing the DR3 response element. In order to 

demonstrate specificity, WT reactions were incubated with 2× or 200× unlabeled competing 
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probe or with RXRα antibody. The complexes formed were detected using non-radioactive 

EMSA. (C) In vitro translated RXRα and WT or mutant PXR were incubated 1:1 at 30 °C 

for 30 min and then incubated with RXRα antibody-coupled AminoLink Plus Coupling 

Resin for co-immunoprecipitation. Eluted protein complexes were resolved and analyzed by 

Western blot to detect amount of PXR that bound to RXRα. (D) Experimental workflow for 

EMSA using PXR acetylated in vitro. (E) Western blot confirming the acetylation state of 

the mock acetylated control (−) and acetylated (+) PXR protein samples. (F) In vitro 

acetylation of PXR reduces DNA binding. PXR-enriched nuclear extracts were mock 

acetylated or in vitro acetylated (as shown in D) then PXR/RXR/DR3 complex binding was 

analyzed as described in (B). UT = untransfected, EMSA = electromobility shift assay, IP = 

immunoprecipitation, WB = Western blot.
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Fig. 7. 
Proposed model of PXR regulation by acetylation/deacetylation. Acetylation/deacetylation 

fine-tunes PXR transcriptional activity depending on cellular signals. 1) At the promoter, 

unliganded PXR and histones are maintained in a hypoacetylated state by SIRT1 

maintaining basal levels of gene transcription. 2) Ligand binding induces a conformational 

change in PXR that promotes p300-mediated histone acetylation, which facilitates local 

chromatin relaxing and maximal transcriptional activation ramp-up (rate). 3) After some 

amount of time, complex rearrangement occurs allowing p300 to acetylate PXR. This 
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induces a conformational change in PXR that reduces its affinity for RXRα and DNA, 

resulting in destabilization of the transcriptional complex, a transcriptional breaking 

mechanism, thus reducing the transcription rate. 4) SIRT1 deacetylates histones and PXR, 

leading to complex re-stabilization, suppression of the stimulated transcriptional response, 

maintaining transcription until loss of ligand stimulation results in a return to basal 

transcriptional activity.
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