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ABSTRACT

The xenobiotic receptors pregnane X receptor (PXR) and
constitutive androstane receptor (CAR) are activated by struc-
turally diverse chemicals to regulate the expression of target
genes, and they have overlapping regulation in terms of ligands
and target genes. Receptor-selective agonists are, therefore,
critical for studying the overlapping function of PXR and CAR. An
early effort identified 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thia-
zole-5-carbaldehyde-0-(3,4-dichlorobenzyl)oxime (CITCO) as
a selective human CAR (hCAR) agonist, and this has since been
widely used to distinguish the function of hCAR from that of
human PXR (hPXR). The selectivity was demonstrated in a green
monkey kidney cell line, CV-1, in which CITCO displayed >100-
fold selectivity for hCAR over hPXR. However, whether the
selectivity observed in CV-1 cells also represented CITCO
activity in liver cell models was not hitherto investigated. In this
study, we showed that CITCO: 1) binds directly to hPXR; 2)
activates hPXR in HepG2 cells, with activation being blocked by
an hPXR-specific antagonist, SPA70; 3) does not activate mouse
PXR; 4) depends on tryptophan-299 to activate hPXR; 5) recruits
steroid receptor coactivator 1 to hPXR; 6) activates hPXR in

HepaRG cell lines even when hCAR is knocked out; and 7)
activates hPXR in primary human hepatocytes. Together, these
data indicate that CITCO binds directly to the hPXR ligand-
binding domain to activate hPXR. As CITCO has been widely
used, its confirmation as a dual agonist for hCAR and hPXR is
important for appropriately interpreting existing data and de-
signing future experiments to understand the regulation of hPXR
and hCAR.

SIGNIFICANCE STATEMENT

The results of this study demonstrate that 6-(4-chlorophenyl)
imidazo[2,1-b][1,3]thiazole-5-carbaldehyde-0-(3,4-dichlorobenzyl)
oxime (CITCO) is a dual agonist for human constitutive
androstane receptor (hnCAR) and human pregnane X receptor
(hPXR). As CITCO has been widely used to activate hCAR,
and hPXR and hCAR have distinct and overlapping biologi-
cal functions, these results highlight the value of receptor-
selective agonists and the importance of appropriately
interpreting data in the context of receptor selectivity of such
agonists.

Introduction

Xenobiotic receptors pregnane X receptor (PXR) and consti-
tutive androstane receptor (CAR) transcriptionally regulate the
expression of genes encoding drug-metabolizing enzymes (e.g.,
cytochrome P450 3A4 [CYP3A4] and CYP2B6) and transporters
(Bertilsson et al., 1998; Kliewer et al., 1998; Lehmann et al.,
1998; Wang et al., 2012). They heterodimerize with retinoid X
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receptor to bind to target gene promoters, and their transcrip-
tional activity is induced by agonists and enhanced by coactiva-
tors, such as steroid receptor coactivator 1 (SRC-1) (Oladimeji
et al., 2016). Some of the target genes can be upregulated by
either receptor. For example, although CYP3A4 and CYP2B6 are
the prototypical targets of human PXR (hPXR) and human CAR
(hCAR), respectively, both receptors regulate these genes (Xie
et al., 2000; Faucette et al., 2007; Roth et al., 2008). hPXR
and hCAR induce the expression of target genes by binding to
DNA response elements in the proximal promoter and distal
enhancer regions of the genes (Faucette et al., 2006; Wang
et al., 2012). Some chemicals activate both PXR and CAR,
whereas others are specific for one receptor. Potent and
selective hPXR agonists such as rifampicin (RIF) have greatly
facilitated the identification of hPXR target genes (Maglich
et al., 2002) Similarly, 6-(4-chlorophenyl)imidazo[2,1-56][1,3]
thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO)

ABBREVIATIONS: AD, activation domain; CAR, constitutive androstane receptor; CITCO, 6-(4-chlorophenyl)imidazo [2,1-b][1,3]thiazole-5-
carbaldehyde-0O-(3,4-dichlorobenzyl)oxime; CYP2B6, cytochrome P450 2B6; CYP3A4, cytochrome P450 3A4; DMEM, Dulbecco’s modified Eagle’s
medium; EMEM, Eagle’s minimum essential medium; GST, glutathione S-transferase; hCAR, human CAR; hPXR, human PXR; KO, knockout; LBD,
ligand-binding domain; mPXR, mouse PXR; PCN, pregnenolone-16«-carbonitrile; PHH, primary human hepatocyte; PXR, pregnane X receptor;
gRT-PCR, quantitative real-time polymerase chain reaction; RIF, rifampicin; SRC-1, steroid receptor coactivator 1; Tb, Terbium; TR-FRET, time-
resolved fluorescence resonance energy transfer; VP16, herpes simplex virus protein 16; W299A, tryptophan-299 mutated to alanine.
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was identified (Maglich et al., 2003) and widely used as
a selective hCAR activator that preferentially induces
CYP2B6 (Auerbach et al., 2005; Faucette et al., 2006; Li
et al., 2019). Together with selective hPXR agonists such as
rifampicin, CITCO has been used to investigate the distinct
and overlapping biologic functions of hPXR and hCAR.

In the work that identified CITCO as a selective agonist of
hCAR (Maglich et al., 2003), the selectivity for hCAR versus
hPXR was evaluated in a green monkey kidney cell line, CV-1,
that was transiently transfected with an hCAR- and hPXR-
responsive luciferase reporter gene construct (i.e., XREM-
CYP3A4-LUC), together with hPXR or hCAR. CITCO
displayed >100-fold selectivity for hCAR over hPXR (ECsq
values for hCAR and hPXR are 25 nM and ~3 pM, respec-
tively). Although CITCO is highly selective for hCAR in the
CV-1 assay system, it is significant that CITCO weakly
activated hPXR, because CITCO has been widely used as
a selective hCAR agonist to distinguish the function of h(CAR
from that of hPXR. However, how CITCO activates hPXR and
whether CITCO activity in CV-1 cells matches that in more
physiologically relevant cellular models (e.g., human liver
cells) have not been investigated.

hPXR is highly expressed in the human liver to regulate
drug metabolism. Physiologically relevant cellular models
commonly used to study hPXR function include HepG2 cells
(a human hepatocellular carcinoma cell line) and primary
human hepatocytes (PHHs). Recently, HepaRG cells, which
are terminally differentiated hepatic cells derived from a hu-
man hepatic progenitor cell line that retains many character-
istics of PHHSs, have been used as an alternative to PHHs for
studying drug metabolism (Grime et al., 2010; Li et al., 2019),
as PHHs are not readily available and often display consider-
able donor-to-donor variation. In addition, the availability of
hCAR-knockout (KO) and hPXR-KO HepaRG cell lines ena-
bles investigations of hPXR- and hCAR-dependent and
-independent regulation at the genetic level (Li et al., 2019).
Recently, a potent and selective hPXR antagonist, SPA70 (Lin
et al., 2017a,b; Chai et al., 2019), has been used to investigate
hPXR-dependent biologic effects in vitro and in vivo (Li et al.,
2019; Xie et al., 2019). Thus, SPA70 is a valuable pharmaco-
logic tool for investigating the specific activation of hPXR.

In this study, we first showed that CITCO binds directly to
the hPXR ligand-binding domain (LBD). As the role of CITCO
in inducing CYP2B6 through hCAR has been extensively
studied, we focused on the regulation of CYP3A4 by CITCO
through hPXR in our cell-based assays, using HepG2, HEK293,
HepaRG, and PHH cells. We showed that CITCO activates
wild-type hPXR, but not hPXR with tryptophan-299 mutated to
alanine (W299A) or mouse PXR (mPXR). The effect of CITCO
was inhibited by SPA70, but not by hCAR knockout. Together,
our data clearly indicate that CITCO binds to and activates
hPXR. Our demonstration that CITCO is a dual agonist of
hCAR and hPXR provides important information for inter-
preting previously reported data, as well as for designing
future experiments to investigate the overlapping function of
hCAR and hPXR.

Materials and Methods

Materials. HepG2 (ATCC CRL-10741) human hepatocellular car-
cinoma and HEK293 (ATCC CRL-1573) cell lines, Eagle’s minimum
essential medium (EMEM), and Dulbecco’s modified Eagle’s medium
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(DMEM) were purchased from the American Type Culture Collection
(ATCC, Manassas, VA). Cell lines were authenticated by short tandem
repeat DNA profiling. Penicillin-streptomycin and puromycin stock
solutions, Opti-MEM Reduced Serum Medium, phenol red—free
Dulbecco’s Modified Eagle Medium, Lipofectamine 3000 Reagent,
DMSO, terbium (Tb)-anti-glutathione S-transferase (GST), GST-
hPXR-LBD, Tris (pH 7.5, 1 M), and dithiothreitol (1 M) were
purchased from Thermo Fisher Scientific (Atlanta, GA). MgCl, (1 M)
was purchased from Boston BioProducts (Ashland, MA). Rifampicin,
pregnenolone-16a-carbonitrile (PCN), and bovine serum albumin
were purchased from Sigma (St. Louis, MO). CITCO was purchased
from Tocris Bioscience (Minneapolis, MN). T0901317 was purchased
from Cayman Chemical (Ann Arbor, MI). SPA70 was synthesized by
WuXi App Tec (Wuhan, China). FBS and charcoal/dextran-treated
FBS were purchased from HyClone (Logan, UT). Dual-Glo luciferase
assay reagent was purchased from Promega (Madison, WI). Steadylite
HTS reagent and 384-well white tissue culture-treated plates were
purchased from PerkinElmer Life and Analytical Sciences (Boston,
MA). All other tissue culture consumables (tissue culture flasks,
disposable pipettes, and 384-well black low-volume assay plates) were
purchased from Corning Incorporated (Tewksbury, MA). FAM-SRC1-
B peptide was prepared by the Macromolecular Synthesis Section at
St. Jude Children’s Research Hospital (Lin and Chen, 2018). BODIPY
FL vindoline was synthesized in house as previously reported (Lin
et al., 2014). Human hepatoma HepaRG-CAR functional knockout
(HepaRG CAR KO) cells (cat. no. MTOX1012-1VL), HepaRG 5F
parental cells (cat. no. MTOX1010-1VL), and William’s E medium
(cat. no. W1878-500ML) were purchased from Sigma-Aldrich. HepaRG
Thaw, Plate, & General Purpose Medium Supplement (HPRG770) and
serum-free induction medium (HPRG750) were purchased from GIBCO
Life Technologies (Frederick, MD). PHHs were obtained through
the Liver Tissue Cell Distribution System (PHH-Donor 1 = Case
19-005; PHH-Donor 2 = Case 19-007; PHH-Donor 3 = Case 19-008)
(Pittsburgh, PA). Primary Hepatocyte Maintenance Supplement
was purchased from GIBCO (cat. no. A15564, lot 2019822; GIBCO
Life Technologies).

Time-Resolved Fluorescence Resonance Energy Transfer
PXR Competitive Binding Assay. The time-resolved fluorescence
resonance energy transfer (TR-FRET) PXR competitive binding assay
was performed as previously described (Lin et al., 2014) with minor
modifications. The PXR TR-FRET assay buffer (50 mM Tris [pH 7.5],
20 mM MgCl2, 0.1 mg/ml bovine serum albumin, and 0.05 mM
dithiothreitol) was used for both the TR-FRET PXR coactivator
recruitment and TR-FRET PXR binding assays. Briefly, BODIPY FL
vindoline (15 pl/well, 133.3 nM) was first dispensed into 384-well low-
volume black assay plates. An Echo 555 Acoustic Liquid Handler
(Labcyte Inc., San Jose, CA) then dispensed 60 nl/well of the indicated
concentrations of tested chemicals, DMSO (as a negative control), or
3.33 mM T0901317 (as a positive control). Finally, 5 pl/well of 20 nM
Tb-anti-GST and 20 nM GST-hPXR-LBD was added. The final
concentrations for the assay components (in a 20-pl final assay volume
per well) were as follows: BODIPY FL vindoline: 100 nM; Th-anti-GST
antibody: 5 nM; GST-hPXR-LBD: 5 nM; DMSO: 0.3%; rifampicin: from
20 pM to 9.8 nM with 1-to-2 dilutions for 12 concentration levels;
CITCO: from 20 uM to 9.8 nM with 1-to-2 dilutions for 10 concentra-
tion levels; T0901317: from 10 uM to 0.17 nM with 1-to-3 dilutions
for 11 concentration levels). In addition, 0.3% DMSO alone
and T0901317 (10 pM, with 0.3% DMSO, diluted from 60 nl of
3.33 mM DMSO stock to a 20-pl assay volume) were also included in
each plate to serve as negative and positive controls, respectively.
With all assay components added, the assay plates were shaken
at 900 rpm (80g) on an IKA MTS two-fourth digital microtiter plate
shaker for 1 minute then briefly centrifuged at 1000 rpm (201g)
for 30 seconds in an Eppendorf 5810 centrifuge equipped with an
A-4-62 swing-bucket rotor (Eppendorf AG, Hamburg, Germany).
The plates were then protected from light exposure and incu-
bated for 60 minutes. After incubation, the TR-FRET signal from
each well was collected with a PHERAstar FS Microplate Reader
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(BMG Labtech, Durham, NC). The percent inhibition for each well
was calculated using eq. 1,

%Inhibition = 100% — 100%
(TR — FRET Signalc;wmiml —TR — FRET Signalposmve)

1
*(TR — FRET Signalyoga. — TR — FRET Signalpome)

where TR-FRET Signalchemicar 18 the TR-FRET signal from the
respective chemical-treated well, TR-FRET Signalp,sisive is the
TR-FRET signal from the positive control well, and TR-FRET
Signalnegative is the TR-FRET signal from the negative control well
as indicated.

TR-FRET PXR Coactivator Recruitment Assay. The TR-
FRET PXR coactivator recruitment assay was performed as pre-
viously described (Lin and Chen, 2018) with minor modifications.
Briefly, FAM-SRC1-B peptide solution (15 pl/well, 133.3 nM) was first
dispensed in 384-well black low-volume assay plates. Various concen-
trations of tested chemicals (as stock solutions in DMSO), T0901317
(3.33 mM), or DMSO were then dispensed at 60 nl/well with the Echo
555 Acoustic Liquid Handler. Finally, 5 pl/well of 20 nM Tb-anti-GST
antibody and 20 nM GST-hPXR-LBD protein were added. The final
assay volume per well was 20 pl, and the final concentrations for the
assay components were as follows: FAM-SRC1-B peptide: 100 nM; Th-
anti-GST antibody: 5 nM; GST-hPXR-LBD protein: 5 nM; DMSO:
0.3% in all assay wells; rifampicin and CITCO: from 20 pM to 9.8 nM
with 1-to-2 dilutions for 12 concentration levels; and T0901317: 10 pM
to 0.17 nM with 1-to-3 dilutions for 11 concentration levels. In
addition, 0.3% DMSO alone and 10 pM T0901317 with 0.3% DMSO
(diluted from 60 nl of 3.33 mM DMSO stock to 20 pl assay volume)
were also included in each plate to serve as the vehicle background and
reference controls, respectively. The assay plates with all assay
components added were shaken at 900 rpm (80g) for 1 minute with
an IKA MTS two-fourth digital microtiter plate shaker (IKA Works,
Wilmington, NC), then briefly centrifuged at 1000 rpm (201g) for
30 seconds in an Eppendorf 5810 centrifuge equipped with an A-4-
62 swing-bucket rotor (Eppendorf AG). The plates were then in-
cubated for 60 minutes while protected from light exposure, and the
TR-FRET signals from individual wells were collected with a PHER-
Astar FS Microplate Reader (BMG Labtech) after incubation. The
fold-to-DMSO TR-FRET signals of each chemical at its respective
concentrations were then calculated.

Cell Culture, Plasmids, and Transfection. All cells were
maintained at 37°C in a humidified atmosphere containing 5% CO,.
HEK293 cells were maintained in DMEM supplemented with
10% FBS, 100 units/ml penicillin, and 100 pg/ml streptomycin. HepG2
cells were maintained in EMEM supplemented with 10% FBS,
100 U/ml penicillin, and 100 p.g/ml streptomycin. Cells were routinely
verified to be mycoplasma free by using a MycoProbe Mycoplasma
Detection Kit (R&D Systems, Minneapolis, MN). FLAG-hPXR and
CYP3A4-luciferase in pGL3 vector have been previously described
(Lin et al., 2008). The CYP3A4 promoter in pGL3-CYP3A4-luciferase
(Lin et al., 2008) was subcloned into pGL4.20 (Promega) to generate
the pGL4.20-CYP3A4-luciferase, which was cotransfected with
FLAG-hPXR into HepG2 cells. Stable cells were selected in
medium containing 1 mg/ml G418 and 5 pg/ml Puromycin for
4 weeks. The HepG2 cells stably expressing FLAG-hPXR and
CYP3A4-luciferase were maintained in EMEM supplemented with
10% FBS, 2 pg/ml Puromycin, and 400 pg/ml G418. Cells were
grown to 70%—80% confluence before being harvested for subcultures,
transfections, or assays. Human hepatoma HepaRG-CAR functional
knockout (HepaRG CAR KO) cells (cat. no. MTOX1012-1VL) and
HepaRG 5F cells (HepaRG parental cells) (cat. no. MTOX1010-1VL)
were grown in culture in Williams’ Medium E supplemented with
HepaRG Thaw, Plate, and General Purpose Medium Supplement,
100 U/ml penicillin, and 100 pg/ml streptomycin for 14 days, then
maintained for a further 14 days in medium containing 1.5% DMSO to
differentiate the cells. Primary human hepatocytes were obtained
through the Liver Tissue Cell Distribution System and were maintained

in Williams® Medium E supplemented with Primary Hepatocyte
Maintenance Supplement.

Transient transfections of HEK293 cells were performed using
Lipofectamine 3000 Reagent. Briefly, transfection mixture containing
625 pl of Opti-MEM Reduced Serum Medium with 5.0 pg of CYP3A4-
luciferase plasmid DNA (Lin et al., 2008; Wang et al., 2013) and
0.25 pg of pRL-TK plasmid DNA (encoding Renilla luciferase as
a control reporter) (Promega), with or without 0.25 pg of FLAG-hPXR
wild type (WT), 0.25 g of FLAG-hPXR-W299A (Banerjee et al., 2016),
or 0.25 pg of CMV6-mPXR Kana-R (OriGene Technologies, Rockville,
MD), along with 12.5 ul of P3000 reagent and 12.5 pl of Lipofectamine
3000 reagent, was mixed with 4 million HEK293 cells in 5 ml of Opti-
MEM Reduced Serum Medium supplemented with 10% FBS. The
transfection mixture was prepared in accordance with the manufac-
turer’s instructions. The HEK293 cell solutions mixed with the
individual transfection mixtures were then transferred to T25 tissue
culture flasks, and the HEK293 cells were transfected overnight
before being harvested for compound treatments.

Luciferase Reporter Assays. For the luciferase assays using
transfected HEK293 cells, the transfected cells were harvested and
resuspended in phenol red—free DMEM supplemented with 5% char-
coal/dextran-treated FBS at 0.2 million cells/ml. The resuspended
transfected HEK293 cells (25 pl/well, corresponding to 5000 cells)
were dispensed into 384-well white tissue culture—treated plates. For
single compound treatment, the Echo 555 Acoustic Liquid Handler
was used to dispense 75 nl/well of stock dilutions of chemicals in
DMSO or DMSO only (as a negative control) into the corresponding
wells. The final concentrations of rifampicin, CITCO, and PCN ranged
from 10 wM to 0.5 nM, with 1-to-3 dilutions for 10 concentration levels.
The final DMSO concentration was 0.3% in all HEK293-based assays
with single compound treatment. In cotreatments with dilutions of
rifampicin and fixed concentration of CITCO, the Echo 555 Acoustic
Liquid Handler dispensed 25 nl/well of stock dilutions of rifampicin in
DMSO, in addition to 25 nl/well of DMSO, 1 mM CITCO, 2.5 mM
CITCO, 5 mM CITCO, or 10 mM CITCO. The final concentrations of
rifampicin ranged from 4.88 nM to 10 pM in a 1-to-2 dilution pattern
combined with 0, 1, 2.5, 5, or 10 pM of CITCO. In cotreatments with
dilutions of CITCO and fixed concentration of rifampicin, the Echo 555
Acoustic Liquid Handler dispensed 25 nl/well of stock dilutions of
CITCO in DMSO, in addition to 25 nl/well of DMSO, 0.1 mM
rifampicin, 0.25 mM rifampicin, 0.5 mM rifampicin, 1 mM rifampicin,
or 5 mM rifampicin. The final concentrations of CITCO ranged from
4.88 nM to 10 pM in a 1-to-2 dilution pattern combined with 0, 0.1,
0.25, 0.5, 1, or 5 uM of rifampicin. The final DMSO concentration was
0.2% in the rifampicin and CITCO combination study. The chemical-
treated cell plates were then incubated overnight at 37°C in a humid-
ified atmosphere containing 5% CO,, after which a Dual-Glo luciferase
assay (Promega) was performed. The luminescence signals from each
plate were collected with an Envision HTS Multilabel Plate Reader
(Model 2102; PerkinElmer Life and Analytical Sciences). The firefly
luciferase signals were normalized to the respective Renilla lucifer-
ase signals to derive normalized luciferase signals. The relative
luciferase signals for each chemical at its respective concentrations
were calculated by dividing the normalized luciferase signals for
the chemical by the normalized luciferase signals for the DMSO
(the negative control).

For the luciferase assays with the HepG2 hPXR-CYP3A4-luciferase
stable cells, a protocol was adopted that was similar to that for the
HEK?293 cells, except that a slightly different drug-treatment regimen
was used. In the single-compound test, the Echo 555 Acoustic Liquid
Handler dispensed 75 nl/well of stock dilutions of chemicals in DMSO
or DMSO only into 384-well white tissue culture—treated plates, along
with an additional 25 nl/well DMSO (to serve as a vehicle control when
compared with treatments with two compounds). The final concen-
trations of rifampicin, CITCO, and SPA70 ranged from 20 pM to
0.61 nM with 1-to-2 dilutions for 16 concentration levels. In the two-
compound combination test (using dilutions of rifampicin or CITCO,
along with various fixed concentrations of SPA70), the Echo 555



Acoustic Liquid Handler dispensed 75 nl/well of stock dilutions of
rifampicin or CITCO in DMSO or DMSO only into 384-well white
tissue culture—treated plates, along with an additional 25 nl/well of
SPA70 DMSO stock (10, 2, 1 mM, 500, or 100 M) or DMSO alone. The
final rifampicin and CITCO concentrations ranged from 20 pM to
9.8 nM with 1-to-2 dilutions for 12 concentration levels (in the
presence of 10, 2, 1 pM, 500, 100, or 0 nM SPA70 as indicated). The
final DMSO concentration was 0.4% (negative control) in all HepG2
hPXR-CYP3A4-luciferase stable cell-based assays. The chemical-
treated cell plates were then incubated overnight at 37°C in a humid-
ified atmosphere containing 5% COs, after which the luciferase was
assayed using the Steadylite HTS reagent. The luminescence signals
for each plate were collected using the Envision HT'S Multilabel Plate
Reader. The relative luciferase signals for each chemical at its
respective concentrations were calculated by dividing the firefly
luciferase signals from the compound by that from the DMSO control
and expressed as relative luciferase unit.

Cytotoxicity Assays. Inthe HEK293 and HepG2 hPXR-CYP3A4-
luciferase stable cell-based cytotoxicity assays, assay plates were
prepared identically to those for the luciferase reporter assays. In
addition, designated wells without cells but with other assay compo-
nents present were included in each assay plate. After an overnight
incubation, the chemical-treated plates were subjected to cytotoxicity
assays using the CellTiter-Glo Luminescent Cell Viability Assay
reagent (Promega). The luminescence signals for each plate were
collected using the Envision HT'S Multilabel Plate Reader. The DMSO
wells with cells served as negative controls, and the DMSO wells
without cells served as positive controls. The percent relative cytotox-
icity for each well was calculated using eq. 2,

(LumiNegative - Lumichemical)
(LumiNegative - LumiPositive) '

%Relative Cytotoxicity = 100% x (2)

where Luminegqive is the luminescence signal from the negative
control group, Lumichemicas 18 the luminescence signal from the
respective chemical-treated well, and Lumip,g;sve is the luminescence
signal from the positive control group.

Dose-Response Data Analysis. In the luciferase reporter, cyto-
toxicity, TR-FRET PXR competitive binding, and TR-FRET PXR
coactivator recruitment assays, chemicals were tested in quadru-
plicate at least three times. For the dose-response data analysis,
the relative luciferase signals in the luciferase assays, the relative
cytotoxicity in the cytotoxic assays, the percent inhibition in the
PXR TR-FRET competitive binding assays, and the fold-to-DMSO
TR-FRET signal in the PXR TR-FRET coactivator recruitment
assays of each chemical at the corresponding concentrations were
plotted using GraphPad PRISM software (version 8.1.1; GraphPad
Software, San Diego, CA) to derive the dose-response curve and
corresponding IC5o or EC5q values, if applicable, via the built-in
sigmoidal dose-response fitting equation.

Computational Docking Studies. In silico docking of CITCO to
hPXR was performed using the GLIDE module (Halgren et al., 2004)
from Schrodinger version 11.6. The structure of CITCO was prepared
using the Ligprep module, where the structure was converted from
two-dimensional to three-dimensional format, hydrogen atoms were
added, and possible ionization states at pH 7 were generated (Sastry
et al., 2013). The crystal structure of hPXR LBD (Lin et al., 2017b) was
obtained from the Research Collaboratory for Structural Bioinfor-
matics Protein Data Bank (code 5X0R). Chain B was processed using
the Protein Preparation Wizard in the Maestro suite from Schrodinger
to remove water molecules and include correct hetero atom bond order
and protonation state (Kumar et al., 2018). Molecular docking experi-
ments were executed using the Ligand Docking protocol (SP-mode) in
the Maestro suit from Schrodinger with the grid set to encompass the
ligand binding site of hPXR LBD, and the poses were ranked based on
scores provided by GLIDE (Tahlan et al., 2019).

RNA Isolation and Quantitative Real-Time Polymerase
Chain Reaction Analysis. Primary human hepatocytes were seeded
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in collagen I-coated six-well plates. Upon receipt from provider,
Williams’ Medium E supplemented with Primary Hepatocyte Main-
tenance Supplement was used to replace the shipping medium, and
the PHHs were grown for 24 hours, after which they were induced with
the respective compounds dissolved in DMSO for an additional
72 hours in fresh Williams’ Medium E supplemented with Primary
Hepatocyte Maintenance Supplement. Differentiated HepaRG cells
were seeded in 24-well plates at 0.4 x 10° cells/well and maintained in
Williams’ Medium E supplemented with HepaRG Thaw, Plate, and
General Purpose Medium Supplement (HPRG770; Invitrogen) for
3 days. The cells were then treated with the respective chemicals for
24 hours in Williams’ Medium E supplemented with serum-free
induction medium (HPRG750; Invitrogen). Final DMSO concentra-
tion was 0.1% (for both PHHs and HepaRG cells). Total RNA was
isolated from the cells by using Maxwell 16 LEV SimplyRNA Tissue
Kits (Promega). In each case, cDNA was generated from 2 pg of RNA
by using a SuperScript VILO ¢cDNA Synthesis Kit (Invitrogen). Five
microliters of diluted ¢cDNA (1:10) was used to perform quantitative
real-time polymerase chain reaction (qQRT-PCR) in an ABI 7900HT
system (Applied Biosystems), using TagMan gene expression assays
specific for CYP3A4 (Hs00604506_m1), with RNA18S (Hs03928990_g1)
being used as reference genes (Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA). Fold induction values were calculated
according to the following equation: fold change = 222t where ACt
represents the differences in cycle threshold numbers between the
target gene and reference gene and AACt represents the relative change
in these differences between the control and treatment groups.

Mammalian Two-Hybrid Assay. For these assays, the Check-
Mate Mammalian Two-Hybrid System (Promega) was used. The pG5-
luc, pACT-hPXR, and pBIND-SRC-1 plasmids have been described
previously (Wang et al., 2013). pACT contains the herpes simplex
virus protein 16 activation domain (VP16-AD). pBIND contains the
Gal4 DNA binding domain therefore pPBIND-SRC-1 is also referred to
as Gal4-SRC-1. For this study, pACT-hPXR LBD (also referred to as
VP16-hPXR) containing residues 139-434 of hPXR LBD was gener-
ated with the Q5 Site-Directed Mutagenesis Kit (New England
Biolabs) using primers 5'-GGAGTGCAGGGGCTGACAGAGGAGCA
GCGGATGATGATC-3' and 5'-GTGTCGACGGATCCCTGGCGA
TCC-3' and the previously described pACT-hPXR as template. For
each assay, 1 pg of the pG5-luc and 0.5 pg each of the pACT-hPXR
LBD and pBIND-SRC-1 vector constructs (a 2:1:1 ratio) was trans-
fected into HepG2 cells in six-well plates. The respective empty vector
constructs were used as controls. The pG5-luc construct contains five
Gal4 binding motifs and expresses firefly luciferase, whereas the
pBIND-SRC-1 vector expresses Renilla luciferase as an internal
transfection control. Twenty-four hours after transfection, the cells
were transferred into 96-well plates and treated with 0.1% DMSO,
5 uM rifampicin, or CITCO (1 or 10 pM) for an additional 24 hours. A
Dual-Glo Luciferase Assay Kit (Promega) was used to measure both
the firefly luciferase activity and the Renilla luciferase activity. The
relative luciferase activity was obtained by normalizing the firefly
luciferase activity to the Renilla luciferase activity.

Western Blot Analysis. HepaRG cells and PHHs were treated
with the respective chemical compounds for 72 hours in six-well
plates, with the compound or medium being replaced each day. Cells
were rinsed with cold PBS and harvested using a cell scraper in
radioimmunoprecipitation assay lysis buffer (25 mM Tris-HCI, pH 7.6,
150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and
0.1% SDS) with 1x protease inhibitors. Then, for each sample, 40 pg
of protein (lysate) was loaded onto NuPAGE 4%-12% Bis-Tris Protein
Gels (Invitrogen) and electrophoretically separated using 1x
NuPAGE MES running buffer. The proteins were then transferred
to a nitrocellulose membrane by using an iBlot Gel Transfer Device
(Invitrogen). The membranes were blocked with 5% skim milk for
1 hour, then probed with mouse monoclonal antibodies against
CYP3A4 (K03) (Schuetz et al., 1996) or B-actin (A5441; Sigma).
This step was followed by incubation with a secondary goat anti-
mouse antibody (IR-dye 800CW; LI-COR Biosciences), and protein
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bands were visualized with an Odyssey infrared imager (LI-COR
Biosciences).

Statistical Analysis. Results are expressed as the means + S.D.
of at least three independent experiments. Significance was estab-
lished when P < 0.05. Student’s ¢ test was used for comparisons of the
means of two groups as specified. All qRT-PCR graphs were generated
using Graphpad PRISM version 8. For qRT-PCR, analysis and
experimental significance was established using one-way ANOVA
followed by Dunnett’s multiple comparison test for all samples
compared with the DMSO control. For the mammalian two-hybrid
assay, samples were analyzed using two-way ANOVA followed by
Sidak’s multiple comparisons test.

Results

CITCO Binds Directly to hPXR. To determine whether
CITCO bound directly to the hPXR LBD, we used an in vitro
TR-FRET competition ligand-binding assay that employed an
hPXR-binding probe, BODIPY FL vindoline (Lin et al., 2014).
T0901317, a potent hPXR agonist, was used as a positive
control. T0901317 inhibited the binding of BODIPY FL vindo-
line to hPXR in a dose-responsive manner, with an IC5, value
of 36.4 nM (Fig. 1). At a concentration of 10 pM, T0901317
completely inhibits the binding of BODIPY FL vindoline to
hPXR (100% inhibition) (Lin et al., 2014). DMSO was used as
a vehicle negative control (0% inhibition). As shown in Fig. 1,
CITCO binds to the hPXR LBD and inhibits the binding of
BODIPY FL vindoline to hPXR in a dose-dependent manner
with an ICsq value of 1.55 pM. At a concentration of 5 M,
CITCO displayed a maximal inhibitory activity of 56.2%. The
inhibitory activity at the higher concentrations tested (10 and
20 M) decreased, possibly because of its poor solubility in the
assay system (represented by the dotted line of the CITCO
dose response curve in Fig. 1; the inhibitory activities of
CITCO at these two high concentrations were not included to
derive its IC5q value). The IC5q value for rifampicin is 0.94 wM.
These data indicate that, similar to rifampicin, CITCO binds
directly to the hPXR LBD.

CITCO Activates hPXR but Not mPXR. To determine
whether CITCO induced hPXR-mediated CYP3A4 promoter
activation, we used HepG2 cells stably expressing FLAG-
hPXR and an hPXR-regulated CYP3A4 promoter luciferase
reporter (CYP3A4-luciferase) (Lin et al., 2008; Wang et al.,
2013). As shown in Fig. 2A, CITCO activated the CYP3A4

120

- T0901317
10071 o RF
5§ 807 — CITCO
3 60
=
£ 40-
2
204
0
I 1 I ) I 1 1

1M1 10 9 8 7 -6 -5 -4
Log[Ligand] M

Fig. 1. CITCO binds directly to hPXR. Dose-response curves for
T0901317, RIF, and CITCO in the hPXR TR-FRET binding assay are
shown. Results are expressed as the means * S.D. of three independent
experiments performed in quadruplicate. “%Inhibition” is determined as
described in Materials and Methods and represents the binding activity of
the compound.

promoter with an ECsq 0of 0.82 uM and the maximal activation
represented a 6.94-fold increase over that of the DMSO control
at a concentration of 10 wM. As a reference, rifampicin had
an EC5q 0f 0.81 pM and the maximal activation represented
a 7.04-fold increase over that of the DMSO control (at a concen-
tration of 10 wM). The activity of CITCO was blocked by a specific
hPXR antagonist, SPA70 (Lin et al., 2017b), in a dose-responsive
manner (Fig. 2B), indicating that the effect of CITCO on the
CYP3A4 promoter is hPXR dependent. Consistent with a pre-
vious report (Lin et al., 2017b), SPA70 also inhibited rifampicin
in a dose-responsive manner (Fig. 2C). At a concentration of
10 uM, SPA70 completely inhibited all concentrations of both
rifampicin and CITCO. These three compounds exhibited very
low toxicity in corresponding cytotoxicity assays (Fig. 2, D-F),
confirming that the antagonistic effect of SPA70 on rifampicin
and CITCO is not due to its cytotoxicity.

HepG2 cells have low levels of endogenous hPXR and hCAR
(Yokobori et al., 2019), and both hPXR and hCAR regulate
CYP3A4 promoter activity. To further confirm the hPXR-
activating effect of CITCO, we used the human embryonic
kidney cell line HEK293, which does not express endogenous
hPXR or hCAR. In HEK293 cells transiently transfected with
CYP3A4-luciferase and pRL-TK (encoding Renilla luciferase
as a transfection control), with ectopic expression of hPXR-WT
(Fig. 3A), but not of a vector control (Fig. 3B), CITCO induced
hPXR-mediated CYP3A4 promoter activation, further con-
firming the agonistic effect of CITCO on hPXR. As expected, in
the hPXR assay, the mPXR-specific agonist PCN did not
activate hPXR (Fig. 3A) (PCN is, thus, a negative control for
hPXR). In HEK293 cells transiently transfected with hPXR,
CITCO activated hPXR to a lesser extent when compared with
rifampicin (Fig. 3A), which is consistent with the observation
noted in the original report that identified CITCO as a selec-
tive hCAR agonist that CITCO only weakly activated hPXR
when compared with rifampicin in green monkey kidney CV-1
cells. Therefore, CITCO is a weaker hPXR agonist than
rifampicin in HEK293 cells transiently transfected with
hPXR. However, in HepG2 cells stably expressing hPXR, the
EC5¢ of CITCO is comparable to that of rifampicin (Fig. 2A).
The differential potency of CITCO in HepG2 and HEK293
cells likely reflects the contribution of cellular context to
the action of ligands. Using the HEK293 cell model, we also
investigated the effect of cotreatment with CITCO and
rifampicin on hPXR activation (Supplemental Fig. 1). CITCO
showed an additive effect with low concentrations of rifampi-
cin but had no effect on high concentrations of rifampicin.
These results are consistent with the observations that while
both CITCO and rifampicin are agonists of hPXR, CITCO is
weaker than rifampicin in HEK293 cells.

As shown in Fig. 3C, CITCO did not activate mPXR,
indicating that the agonistic effect of CITCO is specific for
hPXR. As assay controls, hPXR-specific rifampicin (used as
a negative control) did not activate mPXR, but PCN (used as
a positive control) did so. PCN activates mPXR with an ECsq
value of 0.25 M, which is consistent with previously reported
results (Nallani et al., 2003). As shown in Fig. 3E, the
compounds tested have very low cytotoxicity in HEK293 cells.
Together, these data indicate that CITCO is an agonist for
hPXR but not for mPXR.

The Agonistic Effect of CITCO Depends on Tryptophan-
299 of hPXR. Recently, an indirect hCAR activator, pheno-
barbital, was shown to activate hPXR in a manner that depends
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Fig. 2. CITCO activates hPXR in HepG2 cells stably expressing FLAG-hPXR-WT and CYP3A4-luciferase. (A) Dose-response curves for CITCO, RIF, and
SPA70. (B) Dose-response curves for CITCO in the presence of 0, 100, 500 nM, 1, 2, or 10 .M SPA70. (C) Dose-response curves for rifampicin (RIF) in the
presence of 0, 100, 500 nM, 1, 2, or 10 pM SPA70. (D-F) Cytotoxicity assays corresponding to (A—C), respectively. The activity of the hPXR-regulated
CYP3A4-luciferase is used to measure the activation of hPXR and is expressed as “CYP3A4 Promoter Activity,” in relative luciferase unit (RLU) as
described in Materials and Methods. “%Relative Cytotoxicity” is calculated as described in Materials and Methods. Results are expressed as the means = S.D.

of three independent experiments performed in quadruplicate.

on a single aromatic amino acid, tryptophan-299 (Li et al.,
2019). Interestingly, mutating tryptophan-299 to alanine
(hPXR-W299A) abolished the agonistic effect of CITCO on
hPXR (Fig. 3D), indicating that CITCO also depends on
tryptophan-299 to activate hPXR. Consistent with previous
reports, the W299A mutant also decreased the response to
rifampicin (Banerjee et al., 2016; Li et al., 2019).

To understand the structural basis of CITCO-mediated
hPXR activation and its dependency on tryptophan-299, we
docked the structure of CITCO to the ligand binding pocket of
hPXR LBD (Fig. 4). The preferred computational docking
pose suggests that CITCO interacts with multiple residues of
hPXR with mostly hydrophobic character. Notably, the
3,4-dichlorobenzyl ring moiety of CITCO shows a strong -7
interaction with the W299 residue, which could explain the
reduction of agonistic activity of hPXR-W299A by CITCO.

CITCO Induces Recruitment of SRC-1 to hPXR. An
agonist of hPXR would be expected to bind to hPXR and recruit
coactivators such as SRC-1. To investigate whether CITCO
exhibited this property, we first employed an in vitro hPXR TR-
FRET coactivator recruitment assay in which a fluorescently
labeled SRC-1 peptide (FAM-SRC1-B) was used as previously
reported (Lin and Chen, 2018). As shown in Fig. 5A, CITCO and
two known hPXR agonists, T0901317 and rifampicin, recruited
SRC-1 peptide to hPXR in a dose-responsive manner. T0901317

is the most potent hPXR agonist and was used as a positive
control. Consistent with our previous report (Lin and Chen,
2018), the EC5q value of T0901317 was 110.9 nM, with the
maximal TR-FRET signal (shown as the fold increase over that
of the DMSO vehicle control) being 4.43-fold at 3.33 wM and
4.18-fold at 10 wM. The maximal TR-FRET signals for CITCO
and rifampicin were 2.20-fold at 20 pM and 1.35-fold at 20 .M,
respectively (Fig. 5A).

We further examined the CITCO-induced hPXR recruit-
ment of SRC-1 in cells by using the mammalian two-hybrid
assay, using rifampicin as a positive control. As shown in
Fig. 5B, in the absence of hPXR (Gal4-SRC-1 and VP16-AD
vector control), neither rifampicin nor CITCO enhanced the
basal (DMSO) luciferase reporter signal. In the presence of
hPXR LBD (Gal4-SRC-1 and VP16-hPXR), the basal lucifer-
ase reporter signal (DMSO) increased, reflecting the basal
interaction level between hPXR and SRC-1. As expected, the
interaction was increased by rifampicin (5 pM). CITCO also
enhanced the hPXR/SRC-1 interaction in a dose-responsive
manner (at 1 and 10 uM). Together with data shown in Figs.
1-4, these data indicate that CITCO binds to the hPXR LBD to
activate hPXR by recruiting the coactivator SRC-1.

CITCO Induces CYP3A4 Expression in HepaRG Cell
Models Independent of hCAR. To confirm our observa-
tions made in HepG2 and HEK293 cells that CITCO activates
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hPXR, we took advantage of HepaRG cell models (using
parental and hCAR knockout cells). HepaRG cells are hepatic
cells derived from a human hepatic progenitor cell line, and
they retain many features of PHHs, including the endogenous
expression of hPXR and hCAR as well as CYPs (e.g., CYP3A4
and CYP2B6). As expected, 5 pM rifampicin robustly induced
the expression of CYP3A4 at both the mRNA and protein
levels (Fig. 6, A and B). CITCO at all concentration tested
(0.2,1, and 10 pM) also increased both the mRNA and protein
levels of CYP3A4 (Fig. 6, A and B). SPA70 is an hPXR-specific
antagonist that does not inhibit hCAR (Lin et al., 2017b). The
inducing effect of both rifampicin and CITCO on CYP3A4 was
almost abolished by SPA70. This is consistent with the fact
that rifampicin is an hPXR-specific agonist and SPA70 an
hPXR-specific antagonist and indicates that, like rifampicin,
CITCO depends on hPXR to induce CYP3A4.

To further confirm that CITCO induces CYP3A4 primarily
through hPXR and not through hCAR, we used differentiated
HepaRG cells in which hCAR had been knocked out (HepaRG
CAR KO cells). In the absence of hCAR, CITCO, as well as
rifampicin, could still enhance CYP3A4 mRNA and protein
levels (Fig. 6, C and D). Furthermore, both rifampicin- and
CITCO-induced CYP3A4 expression were abolished by SPA70
(Fig. 6, D and E). The observations that SPA70, but not
knockout of hCAR in HepaRG cells, abolished the inducing

effect of CITCO on CYP3A4 induction clearly indicate that
CITCO is an agonist of hPXR and that it induces the
expression of CYP3A4 primarily through hPXR.

CITCO Induces CYP3A4 Expression in Primary
Human Hepatocytes in an hPXR-Dependent Manner.
We further evaluated the agonistic effect of CITCO on hPXR
by using PHHs (from three different donors). PHH is the gold-
standard model for evaluating xenobiotics and xenobiotic
receptor—mediated expression of drug-metabolizing enzymes.
Consistent with our observations in HepG2 and HepaRG cells,
CITCO induced CYP3A4 mRNA and protein levels to varying
extents that reflected the expected donor-to-donor variation
(Fig. 7); however, the inductive effect of CITCO on CYP3A4
was consistently inhibited by SPA70. Rifampicin was used as
a control; it induced CYP3A4 mRNA robustly, but its inducing
effect was attenuated by SPA70. Taken together, these data
suggest that CITCO induces CYP3A4 by activating hPXR.

Discussion

PXR and CAR are the master xenobiotic receptors with
overlapping regulation in terms of the ligands that activate
them (such as rifampicin and CITCO) and the target genes
(such as CYP2B6 and CYP3A4) they regulate (Chai et al.,
2016, 2019). Some chemicals activate both PXR and CAR,



Fig. 4. Computational docking analysis indicates that CITCO interacts
with W299 of hPXR-WT through 7— interactions. CITCO (stick repre-
sentation with carbon atoms in blue) residing in the ligand binding pocket
of hPXR-WT (white) displaying m— interactions with W299 (raspberry
red). The ligand binding pocket of hPXR is partially displayed as white
surface for clarity. The color scheme for the ligand represented as sticks:
red, oxygen; yellow, sulfur; purple, nitrogen; green, chlorine.

whereas others are specific for one receptor. For example, the
antimalarial artemisinin and the antipsychotic chlorproma-
zine activate both hPXR and hCAR (Burk et al., 2005;
Faucette et al., 2007), whereas the antibiotic rifampicin
and the synthetic small molecule SR12813 selectively acti-
vate hPXR (Bertilsson et al., 1998; Blumberg et al., 1998;
Lehmann et al., 1998; Jones et al., 2000). Our understanding
of the specific regulation of PXR and CAR in cell models in
which both PXR and CAR are endogenously expressed has
been facilitated by experimental genetic downregulation
(as in knockdown or knockout studies) (Cheng et al., 2011)
and by the development of small modulators that specifi-
cally regulate each receptor (Chai et al., 2016). Alterna-
tively, non—physiologically relevant cell models lacking
endogenous expression of PXR or CAR (such as HEK293
and CV-1 cells) have been used to study each receptor
individually by expressing it ectopically (Maglich et al.,
2003). When using small molecule modulators to study
receptor-specific regulation in cell models endogenously
expressing both PXR and CAR, the selectivity of the small
molecule modulators is crucial for the study outcomes to be
meaningful.

Because CITCO was identified as a selective hCAR agonist
(Maglich et al., 2003), it has been widely used to investigate
the selective regulation of hPXR and hCAR (Li et al., 2019),
although it was known that CITCO activates hPXR in CV-1
cells with an EC5¢ of ~3 wM. However, whether and how
CITCO activates hPXR in more physiologically relevant
models, such as liver cell models, has hitherto been unknown.
In our study, we have provided the first evidence to show that
CITCO directly binds to hPXR. Enabled by the recent de-
velopment of the specific hPXR antagonist SPA70, we showed
that in three liver cell models (HepG2, HepaRG, and PHH
cells), CITCO induces CYP3A4 expression in an hPXR-
dependent manner. By using HepaRG cells with CAR KO, we
clearly showed that CITCO induces CYP3A4 independently of
hCAR. hPXR and mPXR have very different ligand profiles,
and as expected, CITCO does not activate mPXR. Recently,
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W299 of hPXR has been shown to control the agonistic efficacy
of many hPXR ligands (Banerjee et al., 2016; Li et al., 2019).
Consistent with the important role of W299 in regulating
ligand efficacy, we showed that the agonistic effect of CITCO
also requires W299. Even though the importance of W299
in PXR’s transcriptional activity could be correlated to its
significant intermolecular interactions with the aromatic
group of CITCO, more studies are needed to investigate
whether the W299A mutation reduces the binding of CITCO
to hPXR or decreases activation efficacy (e.g., reducing
activation function-2 [AF-2] helix stabilization in the ago-
nistic mode). These studies were hampered by the inability to
obtain purified hPXR-LBD-W299A due to protein instability.
We also showed that CITCO recruits the co-activator SRC-1
to hPXR in both in vitro and mammalian two-hybrid assays.
Thus, our study comprehensively establishes CITCO as an
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Fig. 5. CITCO enhances the recruitment of coactivator SRC-1 to hPXR.
(A) Dose-response curves for T0901317, RIF, and CITCO in the hPXR TR-
FRET coactivator recruitment assay. The TR-FRET signal (fold-to-
DMSO), as described in Materials and Methods, is used to represent
hPXR-SRC-1 interaction. Results are expressed as the means + S.D. of
three independent experiments performed in quadruplicate. (B) Mamma-
lian two-hybrid assay in HepG2 cells. “Normalized luciferase (percentage
of DMSO)” represents the interaction of hPXR with SRC-1 and is
calculated by normalizing firefly luciferase activity to Renilla lucifer-
ase activity. Data are shown as the means = S.D. (n = 3) (**P < 0.005;
##EP < 0.001). The asterisks indicate significant difference between ligand
treated (RIF and CITCO) compared with DMSO control samples (Gal4-
SRC-1 + VP16-hPXR). VP16-AD, pACT which contains the herpes simplex
virus protein 16 (VP16) activation domain (AD).
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agonist of hPXR that interacts directly with the hPXR LBD,
involves W299, and recruits SRC-1 to carry out its agonistic
function. Therefore, CITCO is a dual agonist of hCAR
and hPXR.

There are two commonly used hCAR agonists: CITCO and
phenobarbital. CITCO directly binds and activates hCAR,
whereas phenobarbital activates hCAR through an indirect
signaling mechanism that involves the inhibition of epidermal
growth factor receptor signaling (Mutoh et al., 2013). In-
terestingly, it was recently reported that phenobarbital is also
a dual activator of hCAR and hPXR (Li et al., 2019). It is also
interesting that most CAR inhibitors (inverse agonists), such
as PK11195, clotrimazole, meclizine, and androstanol, also
function as hPXR activators (Cherian et al., 2015). Although
we still lack clear structural and mechanistic insights in-
to why and how hPXR binds most, if not all modulators
(inhibitors and activators) of CAR and translates the binding
of these CAR modulators (regardless whether they activate or
inhibit CAR) into cellular activation of hPXR, it appears that
hPXR is more promiscuous than CAR in terms of ligand
binding, leading to cellular activation of the receptor and the
induction of downstream transcriptional targets. Of the two
master xenobiotic receptors, hPXR appears to be a more
promiscuous (and, thus, more important) xenobiotic receptor
than CAR.

It has also become necessary to carefully reevaluate
the relation between hCAR and hPXR (in terms of both

regulation and cellular function). How do they co-regulate
target genes? Are they redundant and do they compensate
each other? At what levels do they cross-talk (at the ligand
binding, target promoter binding, or cofactor-binding lev-
els)? We noticed that in HepaRG CAR knockout cells, the
CYP3A4-inducing activity of both rifampicin (most appar-
ently at the mRNA level) and CITCO (at both the mRNA and
protein levels) increased when compared with that in
parental HepaRG WT cells (Fig. 6). The possibility that
these observations indicate a previously unrecognized in-
hibitory effect of hCAR on hPXR, albeit one that is
mechanistically unclear, warrants further investigations
into the relation between PXR and CAR. To facilitate such
investigations, there is an urgent need to develop hCAR-
specific modulators (inhibitors or activators).

In summary, we have clearly shown that CITCO, pre-
viously known to be and used as an hCAR-selective
agonist, is actually a dual agonist of hPXR and hCAR. As
both hPXR and hCAR are now known to play important
physiologic and pathologic roles in energy metabolism,
inflammation, and cell proliferation, in addition to their
roles in drug metabolism (Oladimeji and Chen, 2018),
appropriately dissecting the function of hPXR and hCAR
with suitable genetic or chemical tools, developed using
appropriate cell models, becomes more important for de-
fining the distinct physiologic and pathologic roles of each
of these receptors.
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