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ABSTRACT

The 48 human nuclear receptors (NRs) form a su-
perfamily of transcription factors that regulate major
physiological and pathological processes. Emerging
evidence suggests that NR crosstalk can fundamen-
tally change our understanding of NR biology, but
detailed molecular mechanisms of crosstalk are lack-
ing. Here, we report the molecular basis of crosstalk
between the pregnane X receptor (PXR) and consti-
tutive androstane receptor (CAR), where they form
a novel heterodimer, resulting in their mutual inhi-
bition. PXR and CAR regulate drug metabolism and
energy metabolism. Although they have been broadly
perceived as functionally redundant, a growing num-
ber of reports suggests a mutual inhibitory relation,
but their precise mode of coordinated action remains
unknown. Using methods including RNA sequenc-
ing, small-angle X-ray scattering and crosslinking
mass spectrometry we demonstrate that the mu-
tual inhibition altered gene expression globally and
is attributed to the novel PXR-CAR heterodimer-
ization via the same interface used by each re-
ceptor to heterodimerize with its functional part-
ner, retinoid X receptor (RXR). These findings estab-
lish an unexpected functional relation between PXR,
CAR and RXR, change the perceived functional rela-
tion between PXR and CAR, open new perspectives
on elucidating their role and designing approaches
to regulate them, and highlight the importance

to comprehensively investigate nuclear receptor
crosstalk.

INTRODUCTON

Nuclear receptors are members of a superfamily of tran-
scription factors that regulate a myriad of physiological
processes, including metabolism, inflammation, reproduc-
tion and cell growth (1,2). There are 48 human nuclear
receptors, and their importance in pathophysiology is re-
flected by the fact that they are drug targets for over 15%
of all approved drugs (3). Although most studies have been
centered on the function of single nuclear receptors, the sig-
nificance of considering the interplay among them and their
signaling pathways has become very clear (4). It has been
recognized that previously unknown crosstalk among nu-
clear receptors can challenge preconceived fundamental no-
tions of target gene regulation with potential therapeutic
implications, because manipulation of such crosstalk can be
used as a strategy to alter gene expression pattern with ben-
eficial clinical outcomes.

Although functional interplay among nuclear receptors
has been observed, a fundamental but poorly explored fron-
tier in understanding nuclear receptor function is that de-
tailed molecular mechanisms of crosstalk are lacking (4).
The proposed mechanisms include competition to overlap-
ping DNA binding sites, competition for binding to com-
mon regulatory protein partners resulting in squelching,
and direct interactions between different nuclear receptors
(4-6). Many nuclear receptors are known to heterodimerize
with the promiscuous nuclear receptor retinoid X receptor
(RXR), which is required for their transcriptional activa-
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tion (7). Aside from the obligatory association with RXR,
physical interactions among nuclear receptors have largely
remained a conceptualized notion based on indirect obser-
vations or partial experimental studies.

To investigate the molecular basis of nuclear recep-
tor crosstalk, we chose the most important xenobiotic
nuclear receptors human pregnane X receptor (hPXR)
(NR1I2) and human constitutive androstane receptor
(hCAR) (NR113) as a model. PXR and CAR are the ma-
jor nuclear receptors that regulate the expression of genes
encoding proteins involved in the metabolism and excre-
tion of xenobiotics and endogenous metabolites, such as
cytochrome P450 (CYP) drug-metabolizing enzymes, drug-
conjugating enzymes, and drug transporters (8,9). There-
fore, PXR and CAR have become important targets in
controlling therapeutic and toxic drug effects. In addition,
PXR and CAR have been recognized to regulate many cel-
lular processes, such as maintaining energy homeostasis,
cell proliferation, inflammation, and cancer development
(10,11). They are considered functionally redundant be-
cause of their many overlapping roles in binding chemically
diverse ligands and regulating the expression of common
subsets of target genes (12). However, observations from
cellular and animal studies indicate a possible mutual in-
hibitory relation between PXR and CAR, but the molec-
ular basis is unknown (5,13,14). PXR and CAR represent
nuclear receptors that heterodimerize with RXR, which are
observed to be functionally interacting but without evi-
dence for direct physical association. Mechanistic insights
for PXR-CAR crosstalk will not only be critical to delin-
eate the precise mode of coordination between PXR and
CAR but will also shed light on uncharacterized crosstalk
between other nuclear receptors.

We report here that hPXR and hCAR physically inter-
act with each other, resulting in their mutual inhibition
and alterations to their target gene expression profile. Us-
ing a combination of cell-based and biophysical methods,
we mapped the heterodimerization interface between hPXR
and hCAR to that used by RXR to interact with each
receptor. We contemplate the possibility that similar het-
erodimerization interfaces can exist in other nuclear recep-
tors that require RXR for transcriptional activation. Based
on the numerous crystallographic studies, all receptors that
heterodimerize with RXR share similar dimerization inter-
faces (15). Therefore, our work outlines the specifics for a
potentially common crosstalk mechanism based on the for-
mation of novel heterodimer complexes.

Our discovery of the inhibitory interactions between
PXR and CAR through heterodimerization not only pro-
vides a novel molecular mechanism for variation in drug-
drug interactions and a potential approach to their ther-
apeutic regulation; it also sheds light on how these re-
ceptors coordinately regulate other physiologic processes,
such as energy metabolism, and pathologic processes,
such as cancer development. Furthermore, our work high-
lights the importance to comprehensively investigate the
crosstalk among members of the nuclear receptor super-
family, through previously unrecognized physical associa-
tion. Such crosstalk might constitute an unexplored space
to define and target nuclear receptor physiology and patho-

physiology.
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MATERIALS AND METHODS
Materials

Lipofectamine 3000,  penicillin—streptomycin,  and
puromycin stock solutions; Opti-MEM Reduced Serum
Medium; phenol red—free Dulbecco’s modified Eagle’s
medium; and DMSO were all purchased from Thermo
Fisher Scientific (Atlanta, GA), and Fugene 6 was pur-
chased from Promega (Madison, WI). Characterized fetal
bovine serum (FBS) and charcoal/dextran treated FBS
were purchased from HyClone (Logan, UT). Dual-Glo
Luciferase Reporter Assay reagent was purchased from
Promega (Madison, WI). The 96-well white tissue culture—
treated plates and steadylite HTS reagent were purchased
from PerkinElmer Life and Analytical Sciences (Boston,
MA). Rifampicin (RIF) and CITCO were purchased
from Tocris Bioscience (Minneapolis, MN). SPA70 was
synthesized by WuXi App Tec (Wuhan, China). All tissue
culture supplemental materials, such as tissue culture flasks
and disposable pipettes, were purchased from Corning
(Corning, NY).

Cell lines and cell culture

The human embryonic kidney cell line HEK-293 (ATCC
CRL-1573) was obtained from American Culture Type
Collection (ATCC) (Manassas, VA), and the cells were
grown in culture in Dulbecco’s modified Eagle’s medium
(DMEM) (Thermo Fisher Scientific) supplemented with
10% FBS and penicillin-streptomycin. Human hepatocel-
lular carcinoma HepG?2 cells (ATCC CRL-10741) were ob-
tained from ATCC and were maintained in Eagle’s mini-
mum essential medium (EMEM) supplemented with 10%
FBS and penicillin—streptomycin. Human hepatoma Hep-
aRG PXR functional knockout (HepaRG PXR-KO) cells
(cat. no. DCBMTOX1011), HepaRG 5F parental cells
(cat. no. MTOX1010-1VL), HepaRG CAR-KO (cat. no.
MTOX1012), and William’s E medium (cat. no. W1878-
S00ML) were purchased from Sigma-Aldrich (St. Louis,
MO). HepaRG Thaw, Plate and General-Purpose Medium
Supplement (cat. no. HPRG770) and serum-free induction
medium (cat. no. HPRG750) were purchased from GIBCO
Life Technologies (Frederick, MD). Primary human hepa-
tocytes were obtained from the Liver Tissue and Cell Dis-
tribution System at the University of Pittsburgh (donor
#1 = case 19-008, donor #2 = case 19-010, donor #3 = case
20-011), and the cells were maintained in William’s E
medium supplemented with Primary Hepatocyte Mainte-
nance Supplement (Thermo Fisher Scientific). All cells were
grown in a humidified incubator at 37°C and 5% CO,. Cell
lines were authenticated by short tandem repeat DNA pro-
filing and were routinely verified to be mycoplasma free by
using a MycoProbe Mycoplasma Detection Kit (R&D Sys-
tems, Minneapolis, MN).

Plasmids and transfection assays

GFP-hPXR and GFP-Vector control in pcDNA3.1 were
purchased from Thermo Fisher Scientific. pcDNA3.1-
MYC-RXRa (MYC-RXRa), pcDNA3.1-MYC-hCAR
LBD (residues 100-348), and pcDNA3.1-MYC-hCAR
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(MYC-hCAR) were obtained from GenScript (Piscataway,
NJ). GFP-hCAR1 (GFP-hCAR) has been described
previously (16). pcDNA3-FLAG-hPXR (referred to here
as FLAG-hPXR) wild-type and FLAG-PXR truncated
proteins FLAG-hPXR LBD (comprising residues 100-
434), FLAG-hPXR DBD (comprising residues 1-180),
and FLAG-hPXR.2 (with residues 174-210 missing)
have also been described previously (17). FLAG-hPXR
with the T57D point mutation and FLAG-hPXR S350D
were generated by site-directed mutagenesis as previously
described (18,19). FLAG-hCARI1 in the pcDNA3.1 vec-
tor (FLAG-hCAR), the CYP2B6 promoter luciferase
reporter (CYP2B6-luc 2.2 kb promoter), and the CYP3A4-
luciferase reporter (CYP3 A4-luc, in the pGL3 vector) have
been described previously (20). FLAG-hCAR T38D in the
pcDNA3.1 vector was prepared by Mutagenex Inc. (Suwa-
nee, GA) (21). SF2-FLAG-hCAR was constructed by
replacing hPXR in SF2-FLAG-hPXR with hCAR by us-
ing standard molecular biology methods (22). MYC-hCAR
AP1 (with residues 310-325 of hCAR1 deleted) and MYC-
hCAR CI (with residues K311, E318, R320, E324 mutated
to D311, K318, D320, K324, respectively) were generated
by using the QS5 site directed mutagenesis kit (# E0554S,
New England Biolabs, Ipswich, MA) and the following
primers pairs 5- TACGGGTACCAAATCCAG-3' and
5-ATACAGAAACCGATCCCG-3, 5Y-AAGCTCGATA
GCATTAATAAGGCCTACGGGTACCAAATCCAG-%
and 5- AGCCAGCAGGCCTAGCAAATCCGCATAC
AGAAACCGATCCCG-3'3, respectively. For mammalian
two-hybrid assays, the Checkmate kit (Promega) with
pG5-luc (a GAL4 promoter luciferase reporter construct)
was used. The VP16 AD-hPXR (hPXR fused to Herpes
Simplex Virus Protein 16 transcription activating domain,
VP16 AD, in a pACT construct) and VP16 AD-hCAR
plasmids were generated as described (19,20). VP16
AD-hPXR LBD containing residues 139-434 of the
hPXR LBD was described previously (23). Full-length
GAL4 DBD-hCAR (comprising residues 1-348 of hCAR
fused to the GAL4 DNA binding domain, GAL4 DBD)
and GAL4 DBD-hCAR LBD (comprising residues
103-348 fused to GAL4 DBD) were generated by PCR
amplification, using the full-length pACT-hCART1 (VP16
AD-hCAR) as a template and the following primers:
5-CGGAATTCCCGGGGATCCCAATGGCCAGTA
GGGAAGATGAGC-3 and 5-AGGGAAGCGGCC
TTAGTTATTCAGCTGCAGATCTCCTGGAGC-3" (to
generate GAL4 DBD-hCAR1); and 5-AGGGAAGCGG
CCTTAGTTATTCAGCTGCAGATCTCCTGGAGC-¥
and 5S-CGGAATTCCCGGGGATCCCACCTGTGCA
ACTGAGTAAGGAGCAAG-3 (to generate GAL4
DBD-hCAR1 LBD). Full-length GAL4 DBD-RXR«
was generated as described (19). NEBuilder HiFi DNA
Assembly Master Mix (New England Biolabs) was used to
assemble the PCR products. HEK-293 cells were seeded for
24 h at 60% confluence before they were transfected with
the appropriate plasmids (plasmid stocks were prepared
at a concentration of 1 wg/pl), using Lipofectamine 3000
transfection reagents. Cells were harvested at 48 h post
transfection.

Co-immunoprecipitation assays and Western blot analysis

HEK-293 cells were transfected with the respective plas-
mids for 24 h and were then incubated with or without
the indicated amounts of compounds for an additional 24
h. HepaRG cells were seeded in collagen I coated 15 mm
plates until confluent and differentiated with 1.5% DMSO
for 2 weeks. Cells were harvested using Accutase cell detach-
ment solution (Thermo Fisher Scientific), rinsed with cold
phosphate-buffered saline (PBS), and lysed in Pierce IP ly-
sis buffer (Thermo Fisher Scientific, cat. no. #87788) sup-
plemented with 1x phosphatase (Sigma-Aldrich, cat. no.
4906837001) and 1x protease (Thermo Fisher Scientific,
cat. no. 78438) inhibitors. Clarified cell lysates were quanti-
fied by BCA assays. Ten percent of each sample lysate was
kept as input, and equal amounts of the sample lysates were
used for co-immunoprecipitation (co-IP) pull downs. Im-
munoprecipitation was performed using a Dynabeads Pro-
tein G Immunoprecipitation Kit (Thermo Fisher Scientific,
cat. no. 10007D). Briefly, 5 .l of mouse anti-GFP or anti-
FLAG antibody and 50 wl of protein G magnetic beads
were added to each sample. For immunoprecipitation of en-
dogenous hCAR from HepaRG cells, 10 wl of mouse anti-
hCAR antibody or 5 pl of immunoglobulin G (IgG) (Santa
Cruz Biotech, cat. no. sc-2025) control was added to 50 .l of
beads, respectively. The samples were incubated overnight
at 4°C with gentle rotation. Bead—-antibody—protein com-
plexes were washed three times with IP wash buffer (50
mM Tris—-HCI, pH 7.4, 150 mM NacCl, 10% glycerol, 1
mM EDTA, 0.1% NP40, 1 x protease inhibitors), then sam-
ples were eluted in 1x NuPage sample buffer with reduc-
ing agent and heating for 10 min at 70°C. Proteins were
separated by gel electrophoresis on NuPage 4-12% bis—Tris
gels (Thermo Fisher Scientific) in 1 x NuPage MES running
buffer (Thermo Fisher Scientific). The proteins were then
transferred to a nitrocellulose membrane by using an iBlot
gel transfer system (Thermo Fisher Scientific). Membranes
were blocked with 5% skim milk for 1 h and probed with the
indicated primary antibodies overnight at 4°C. Mouse anti-
FLAG M2 (cat. no. F3165), rabbit anti-FLAG M2 (cat.
no. F7425) monoclonal antibodies, mouse anti-B-actin (cat.
no. A5441) and mouse anti-CYP2B6 (cat. no. SAB4100370)
antibodies were obtained from Sigma—Aldrich (St. Louis,
MO); mouse anti-hCAR (cat. no. PP-N4111-00) was ob-
tained from R&D Systems (Minneapolis, MN); rabbit anti-
hCAR (Ab186869), rabbit anti-CYP2C9 (Ab150364), rab-
bit monoclonal anti-GFP (cat. no. Ab290) and mouse mon-
oclonal [9F9.F9] anti-GFP (cat. no. Ab1218) antibodies
were obtained from Abcam (Cambridge, MA); and mouse
anti-hPXR antibody (H-11) (cat. no. sc-48340) was pur-
chased from Santa Cruz Biotech (Dallas, TX). Mouse mon-
oclonal anti-CYP3A4 (KO03) antibodies has been reported
previously (23,24). Incubation with primary antibodies was
followed by incubation for 1 h with secondary goat anti-
mouse and goat anti-rabbit antibodies (IR-dye 800CW and
IR-dye 680CW; LI-COR Biosciences, Lincoln, NE). Pro-
tein bands were visualized with an Odyssey Near-Infrared
Fluorescence Imaging System (LI-COR Biosciences) and
quantified using Image Studio version 3.1 software (LI-
COR Biosciences). To quantitate the protein bands, the in-



tensity of each band was normalized to that of the corre-
sponding control band (B-actin, or the bait protein band in
co-IP experiments) to generate the relative band intensity.
The relative band intensity of the indicated control sample
(e.g. DMSO vehicle or empty vector control) was set as 1
for comparisons with test samples.

Mammalian two-hybrid assay

For mammalian two-hybrid assays, the CheckMate system
(Promega) was used. The pG5-luc construct that contains
five GAL4 binding motifs was used to detect the interac-
tion between hPXR, RXRa, or hCAR. GAL4 DBD and
VP16 AD vector constructs were used as controls, and Re-
nilla luciferase expressed from the GAL4 DBD plasmid was
used as an internal transfection control. At 24 h after trans-
fection of HEK-293 cells in six-well plates (1 pg of pG5-luc
and 0.25 pgeach of VP16 AD, GAL4 DBD with or without
the fused hPXR, RXRa, or hCAR as indicated), the cells
were transferred to 96-well plates and incubated for an ad-
ditional 24 h in phenol red—free medium with 5% charcoal-
treated FBS, with or without the indicated amount of com-
pound (1 puM CITCO, 5 pM rifampicin, or 10 .M SPA70).
A Dual-Glo Luciferase Reporter Assay kit was used to mea-
sure both firefly and Renilla luciferase activity. Compar-
isons were made to cells transfected with hCAR, hPXR,
RXRa or the empty vector as indicated.

Luciferase reporter assays

HepG2 cells were transfected in six-well plates with 1
g of CYP2B6-luc reporter plasmid along with 0.25 pg
of FLAG-hCAR with or without 0.25 wg FLAG-hPXR,
FLAG-hPXR DBD, or FLAG-hPXR LBD. As a transfec-
tion control, 0.1 wg of TK-Renilla luciferase plasmid was
used. For all other experiments, 1 wg of CYP2B6-luc or
CYP3A4-luc reporter plasmid was transfected along with
the indicated amounts of hPXR, hCAR and/or RXRa
plasmid combinations. In these experiments, appropriate
amount of the pcDNAZ3.1 empty vector was added to ensure
that the total amount of DNA used in each transfection was
the same.

RNA isolation and quantitative real-time polymerase chain
reaction analysis (RT-qPCR)

Differentiated HepaRG cells were seeded in 24-well plates
at 0.4 x 10° cells/well and maintained in general-purpose
medium for 3 days. Cells were then transfected with non-
targeting siRNAs (siNT; D-001210-02-05) or siRNAs tar-
geting PXR (siPXR; NR112 SMARTpool [M-003415-
02,] or targeted NR112 [D-003415-02]) (from Dharmacon,
Lafayette, CO) at a final concentration of 25 nM for 48 h.
The cells were then treated with the respective chemicals for
an additional 24 h in William’s E medium supplemented
with serum-free induction medium. Differentiated hPXR
knockout (hPXR KO) cells and their parental control cells
(the 5F clone) were seeded in 24-wells at 0.4 x 10° cells/well
for 3 days. The cells were then treated with the indicated
amounts of compound for 24 h, after which qPCR and
western blot assays were performed. Primary human hep-
atocytes grown in six-well plates were treated with siRNAs
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for 48 h then treated with the respective chemicals as shown
for an additional 24 h in William’s E medium supplemented
with serum-free induction medium. Total RNA was isolated
from the cells by using Maxwell 16 LEV simplyRNA Tissue
Kits (Promega). cDNA was generated from 2 g of RNA
by using the SuperScript™ VILO™ ¢cDNA Synthesis Kit
(Thermo Fisher Scientific). Diluted cDNA was used to per-
form quantitative RT-PCR, using the TagMan gene expres-
sion assays specific for CYP2B6 (Hs04183483_gl), PXR
(Hs01114267_-m1), CYP3A44 (Hs00604506_m1) (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA). 18S
rRNA (Hs03928990_gl1) and GAPDH (Hs02786624 ¢gl)
were used as reference genes, and qPCR was performed
using the 7900HT Fast Real-Time PCR System (Ap-
plied Biosystems, Waltham, MA). Fold induction values
were calculated according to the following equation: fold
change = 2722Ct where ACt represents the differences in
cycle threshold numbers between the target gene and the
reference gene and A ACt represents the relative change in
these differences between the control and treatment groups.

RNA-seq and data analysis

Total RNA was extracted from each cell line using the
Maxwell 16 LEV automation system and simplyRNA
purification kit (Promega, Cat. No. 1280) according to
the manufacturer’s protocol. The extracted RNA was
quantified by spectrophotometry using a NanoDrop 8000
(Thermo Fisher Scientific, Waltham, MA) to ensure a read-
ing of OD260/0D280 between 1.8 and 2.0. RNA qual-
ity was further checked by TapeStation 4200 high sensitiv-
ity RNA screen tape (Agilent, Santa Clara, CA) before li-
brary generation. Only high-quality samples with an RNA
integrity number (RIN) value greater than or equal to 8
were used to construct the sequencing library. The RNA
was fragmented using fragmentation reagent. In cDNA syn-
thesis, the first-strand cDNA was generated using random
hexamer-primed reverse transcription, then was followed
by a second-strand cDNA synthesis. Libraries were pre-
pared from total RNA with the TruSeq Stranded mRNA
Library Preparation Kit (Illumina, San Diego, CA). Li-
braries were quantified using the Quant-iT PicoGreen ds-
DNA assay (Thermo Fisher Scientific). One hundred cycle
paired-end sequencing was performed using Illumina No-
vaSeq 6000 to produce 100 bp paired-end reads.

To analyze the RNA-seq data, raw sequence files were
merged across lanes according to sample and subjected to a
first round of quality control using the FastQC tool [www.
bioinformatics.babraham.ac.uk/projects/fastqc/]. Illumina
universal adapters were trimmed from all samples using
Trim Galore [https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/] and samples were then subjected to
a second round of quality control. Reads were mapped to
the Human Hg38 reference genome using Bowtie2 (25) in
sensitive mode. Gene-level quantification was obtained us-
ing RSEM (26) to produce counts and normalized counts
per million (CPM). Statistical testing to determine differen-
tial expression was performed in R using #-statistics mod-
ified to incorporate strength across genes to the variance
estimation using the Limma (27) and Voom (28) pack-
ages alongside edgeR (29). Adjusted P-values represent the
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FDR (g-value) from Limma. Gene ontology (GO) term
enrichment analysis was performed by using differentially
expressed genes from the hPXR KO HepaRG cells as in-
put. Genes up- or down-regulated were chosen based on
log>(FC) values of >1 or <1, respectively, compared to the
WT control HepaRG cells. The adjusted P-value was also
set at <0.05 to keep only statistically significant genes as
input. Each set of genes was tested for enrichment within
the Enrichr database (30) using the R interface for Enrichr
(github.com/wjawaid/enrichR). Specifically, the ‘GO Bio-
logical Process’ set of terms were used.

Chromatin immunoprecipitation (ChIP)-qPCR and data
analysis

ChIP assays were performed according to a published pro-
tocol (31). Thirty million differentiated HepaRG control
(5F) and hPXR KO cells grown in collagen I coated plates
were crosslinked with 1% formaldehyde for 10 min at room
temperature. The reaction was quenched for 5 min with 125
mM glycine and cells were washed 2x with cold PBS. Cells
were scraped in PBS into Eppendorf tubes and were lysed
in 50 mM HEPES [pH 7.9], 140 mM NaCl, ] mM EDTA,
0.25% Triton X-100, 0.5% NP-40 and 10% glycerol for 10
min on ice. The lysate was centrifuged at 500 x g for 5
min to pellet nuclei. Nuclei were washed twice with 10 mM
Tris (pH 8.0), 200 mM NaCl, | mM EDTA and 0.5 mM
EGTA and twice with shearing buffer [10 mM Tris (pH 8.0),
1 mM EDTA, 0.1% SDS]. The pellet was resuspended for
each wash followed by centrifugation at 500 x g for 5 min.
The final pellets were resuspended in 1 ml shearing buffer
and transferred to 1 ml milliTUBEs with AFA fibers (Co-
varis, Woburn, MA). Chromatin was sheared in a Covaris
E220 Focused-ultrasonicator for 8 min using the manufac-
turer’s recommended standard settings to yield an average
fragment size of 300 bp. Sheared chromatin was centrifuged
at 16 000 x g for 10 min to pellet insoluble material. 100 .l
of clarified chromatin was put aside as input and 20 pl of
anti-hCAR antibody or IgG (as negative control) with 100
wl of protein G beads were added per sample and incubated
at 4°C overnight with gentle rotation. Beads were washed
for 3 min each at 4°C with rotation with low salt wash [20
mM Tris (pH 8.0), 150 mM NaCl, 2 mM EDTA, 1% Tri-
ton X-100, 0.1% SDS], high salt wash [20 mM Tris (pH 8.0),
500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS],
lithium chloride wash [10 mM Tris (pH 8.0), 250 mM LiCl,
1 mM EDTA, 1% NP-40, 1% sodium deoxycholate], and
twice with TE [10 mM Tris (pH 8.0), 1 mM EDTA]. Bound
complexes were eluted twice with 125 wl of 100 mM sodium
bicarbonate, 1% SDS for 15 min at 37°C. 1 U of proteinase
K (New England Biolabs, cat. # P8107S) was added to the
inputs and eluates with 40 mM Tris (pH 8.0), 200 mM NaCl,
and 10 mM EDTA, and samples were incubated at 65°C
for 2 h. DNA was purified with the QIAquick PCR Purifi-
cation Kit (QIAGEN, Germantown, MD). After purifica-
tion, DNA was subjected to amplification by denaturation
at 95°C for 2 min, followed by 40 cycles of denaturation at
95°C for 15 s and annealing/extension at 60°C for 1 min
using PowerUp SYBR Green Master Mix (Thermo Fisher
Scientific) in an Applied Biosystems 7500 Fast Real-Time

PCR System. Primers for CYP2B6 promoter (32), and neg-
ative control (33) were:

e CYP2B6 promoter: 5-TGTACTTTCCTGACCCTGAA
GA-3 and 5-CTGCAATGAGCACCCAATCT-3;

e Negative control: - ATGGTTGCCACTGGGGATCT-
3’ and 5-TGCCAAAGCCTAGGGGAAGA-3'. Results
are expressed as percent input (% INPUT).

Immunofluorescence staining

HepG?2 cells were grown in culture as previously described,
and a set of plasmids were transfected into cells in 12-
well culture plates. Briefly, HepG2 cells were plated at
150 000 cells/well. Next day, GFP-hCAR, FLAG-hPXR,
FLAG-hPXR T57D, FLAG-hCAR T38D and/or GFP-
hPXR were transfected individually or in combination, as
indicated, using a TransIT-2020 Transfection Reagent Kit
(MIR 5400, Mirus Bio, Madison, WI) or Fugene 6 Transfec-
tion Reagent according to the protocol. Forty-eight hours
later, the transfected cells were re-plated into 384-well plates
at 5000 cells/well for immunofluorescence imaging of GFP
or imaging after immunostaining with anti-FLAG antibod-
ies. Twenty-four hours after being re-plated, the cells were
fixed with 4% paraformaldehyde in 1x PBS at room tem-
perature for 10 min, then washed with 1x PBS and perme-
abilized with 0.5% Triton X-100 in 1x PBS at room tem-
perature for 10 min. The cells were further processed by
blocking with 5% fetal bovine serum, 0.1% Triton X-100
in 1x PBS at room temperature for 30 min. After blocking,
the cells were incubated with primary antibody (rabbit anti-
FLAG, diluted 1:1000) at 4°C overnight. Next day, the cells
were briefly rinsed with 1x PBS then incubated for 1 h with
secondary antibodies (anti-rabbit Alexa594 or anti-rabbit
Alexa647, both diluted 1:200) and Vybrant DyeCycle Violet
Stain for nuclear staining. Images were then acquired with
a CellVoyager CV8000 high-content analysis system (Yoko-
gawa, Tokyo, Japan). The 60 x water immersion objective
lens were used.

Simulated model of the heterodimer hPXR LBD — hCAR
LBD

The RXRa LBD in the hCAR LBD-RXRa LBD structure
(PDB code 1XVP) was replaced with the hPXR LBD struc-
ture (PDB code 5X0R) by alignment using The PyMOL
Molecular Graphics System, Version 2.4.0 (Schrodinger,
LLC, New York, NY). Analysis of the initial hCAR-hPXR
interface helped us identify a segment of the hCAR LBD
(AKLLGLLAELRSINEA, designated peptide ‘P’), which
was used for docking of ‘Peptide ‘P’ to the hPXR LBD
structure using FlexPepDock (34,35) in order to optimize
the positions of the residues. The reported crystal structures
of hPXR LBD and hCAR LBD display missing sections,
which were filled with MODWEB (36,37). The docked ‘pep-
tide P’ and hPXR LBD were replaced by the gap-filled
structures through alignment. The resulting hPXR LBD-
hCAR LBD complex was further refined by molecular dy-
namics simulations (MD simulations).

MD simulations were carried out in GROMACS (38)
(2020.1 release) with the CHARMMZ36 force field (39)



(March 2019 release). The proteins were enclosed in in a
cubic box with at least 2.0 nm from the box edge filled with
solvent. The system was neutralized by the addition of Na*
and CI~ ions. Energy minimization was performed to pre-
vent steric clashes and improper geometry, which was fol-
lowed by equilibration in the NVT (constant number of
particles, volume, and temperature) and NPT (number of
particles, pressure, and temperature) phases. The trajecto-
ries of the 50 ns MD simulation were analyzed using the
GROMACS package and further visualized in The PyMOL
Molecular Graphics System and Chimera X (40).

Expression and purification of hPXR, RXRa and hCAR for
biophysical experiments

Bacterial expression constructs for hPXR LBD, RXRa
LBD and hCAR LBD (all containing a His tag at the
N-terminus with an SRC-1 fragment tethered at the C-
terminus) were obtained from GenScript (Piscataway, NJ).
A DNA fragment encoding MKKGHHHHHHG sequence
followed by hPXR LBD (residues 140-434), RXRa LBD
(residues 227-462) or hCAR LBD (residues 103-348), a
pentapeptide linker (GGSGQG), a peptide fragment of SRC-
1 (residues 678-700), an ochre stop codon sequence (TAA)
and an opal stop codon (TGA) were cloned into a pET-3a
vector between Ndel and BamHI cloning sites. Expression
and purification of the three nuclear receptors were per-
formed as previously described (41) with minor modifica-
tions.

Dynamic light-scattering experiments

The interactions between hPXR LBD and hCAR LBD
and that between hCAR LBD and RXRa LBD were mon-
itored by dynamic light scattering (DLS), using a Dy-
naPro Plate Reader II (Wyatt Technologies, Santa Bar-
bara, CA). Additional details are indicated in the instru-
ment manual (DYNAMICS User’s Guide [M1400 Rev.
K] (https://wyatt.com/files/literature/app-notes/dls-cuvette/
ph-effects-stability). Assays were performed using purified
hCAR-LBD, RXRa LBD and hPXR-LBD at a concen-
tration of 12 wM in 25 mM HEPES, pH 7.9, containing
150 mM NaCl, 5% glycerol, and 5 mM DTT. Measure-
ments were performed on Dynamics using these param-
eters: Isotemp mode set at 25°C; data collection in DLS
mode; DLS acquisition time: 10 s; read intervals: 1; num-
ber of acquisitions: 10; and auto-attenuation mode enabled.
Signals from the samples were measured using an Aurora
384-well plate (Wyatt Technologies) after the samples had
been incubated at room temperature for 1 h. Peptide ‘P’
(AKLLGLLAELRSINEA, an hCAR peptide correspond-
ing to the hCAR heterodimer interface region) and peptide
‘C’(ADLLGLLAKLDSINKA, in which residues with neg-
ative charges in peptide P were replaced with residues with
positive charges) were used at a concentration of 120 WM.
Data were analyzed using Dynamics 7.8 software and plot-
ted with OriginPro.

Size-exclusion chromatography (SEC) experiments

Elution volumes for hPXR LBD, hCAR LBD, and hPXR
LBD + hCAR LBD- were analyzed using a Superdex
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200 Increase 10/300 GL column (Cytiva, Marlborough,
MA, cat. no. 28990944) on an AKTA pure chromatogra-
phy system (Cytiva). The column was equilibrated with 25
mM HEPES, pH 7.9, 150 mM NacCl, 5% glycerol, 5 mM
DTT and was previously calibrated using the Gel Filtra-
tion High Molecular Weight Calibration Kit (Cytiva, cat.
no. 28403842). Purified hCAR LBD and hPXR LBD were
present at a concentration of 12 wM. The size-exclusion
chromatograms were plotted with OriginPro.

Crosslinking mass spectrometry

Sample preparation. The experiment was performed with
a previously reported protocol (42). hCAR LBD and hPXR
LBD were mixed at 1:1 molar ratio and the binding reaction
was carried out at room temperature (RT) for 1 h. Buffer
was exchanged into a crosslinking buffer (20 mM HEPES,
150 mM NaCl, pH 7.8) by using Pur-A-Lyzer Mini Dialy-
sis Kit (10-250 pl, MWCO 25 kDa). A total of 90 g pro-
tein complex was crosslinked with DSSO (43) using a 1:320
protein-to-crosslinker molar ratio. The reaction was carried
out at RT for 1 h, and then quenched with excess ammo-
nium bicarbonate (ABC) for 30 min at RT. Denaturation
buffer was added to reach 8 M urea concentration followed
by reduction with dithiothreitol (DTT) and alkylation with
iodoacetamide (IAA). Then the sample was diluted with 50
mM ABC to a final concentration of 2 M urea. Trypsin was
added to a protease-to-substrate ratio of 1:10 (w/w), and
the sample was incubated at 37°C for 3 h. AspN was added
to the trypsin digested sample with a protease-to-substrate
ratio of 1:10 (w/w) at 37°C overnight. Digestion reaction
was stopped with 10% trifluoroacetic acid (TFA). A control
sample with the same amount of DMSO added instead of
DSSO was also included. All other experiment conditions
for the control sample were the same as the cross-linked
sample.

Microgram-scale basic pH LC fractionation. Fractiona-
tion of the digested samples was performed by basic pH
RPLC using a microscale HPLC system (Agilent 1120) cou-
pled with a three-way flow splitter (IDEX Health & Sci-
ence). The samples were speed vacuumed to almost dry to
avoid sample loss, and resuspended with mobile phase A (10
mM ammonium formate, pH 8.0), centrifuged at 21 000 x g
for 5 min. With the flow splitter closed, the supernatant was
loaded onto an XBridge C18 column (1 mm x 50 mm, 3.5
pm beads, Waters) at a flow rate of 50 wl/min by 95% of
mobile phase A. After loading, the flow splitter was opened
and the peptides were eluted with a 45 min gradient from
5-90% of mobile phase B (90% acetonitrile, 10 mM ammo-
nium formate, pH 8.0). The HPLC pumps were operated at
800 pl/min and the column was eluted at 30 wl/min. Eight
fractions were manually collected.

Acidic pH LC-MS/MS data acquisition and analysis. The
LC-MS/MS analysis of pre-fractionated samples was per-
formed using UltiMate 3000 RSLCnano system coupled
with a Thermo Scientific Orbitrap Q Exactive HFE. Mobile
phase A consisted of 0.2% formic acid (FA), 3% DMSO in
water and mobile phase B consisted of 0.2% FA, 3% DMSO
in 67% acetonitrile. Peptides were loaded into a CoAnn C18
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column (75 pm x 20 cm, 1.9 wm particles) at a flow rate
of 250 nL /min with the following gradient: 12-22% mobile
phase B over 30 min, 22-40% mobile phase B in 30 min, 40—
60% mobile phase B in 7 min, 60-95% mobile phase B in 3
min, stay at 95% mobile phase B for 3 min, followed by 15
min equilibration (44).

MS data were acquired using a ‘high-high’ acquisition
method (high resolution on both MS1 and MS2). MSI1
scans were detected in the Orbitrap at 120K resolution in
the m/z range 400-2000 and AGC target of 1 x 10° with a
maximum injection time of 50 ms. Ions with charge states
from 2+ to 8+ were selected for fragmentation by stepped
high energy collision dissociation (HCD) at 27%, 30% 33%
with AGC of 1 x 10°, maximum injection time of 100 ms,
and detected in the Orbitrap at 60K resolution.

Data analysis. Raw data were converted to mzXML for-
mat using MSconvert and searched with MeroX2.0 (45).
Settings for crosslinking search were as follows: maximum
total missed cleavage, 3; peptide length, 5-30 residues; static
modification, carbamidomethylation of cysteines; dynamic
modification, oxidation of methionine; cross linker, DSSO,
assumed reaction site at lysine, serine, threonine, and ty-
rosine; modification of fragments, with 54.0105 Da and
85.9826 Da mass modification; MS1 precision, 10 ppm;
MS2 precision, 10 ppm; RISEUP Mode with two maximum
missing ions; Prescore, 10% intensity; FDR cut off, 5%;
Score cut off, —1; include cRAP database; decoy database
generation, shuffle sequence but keep protease sites.

Results from the MeroX search were manually validated
using the following five critera. (i) MS1 mass accuracy; (ii)
number of signature fragment ions within 5 ppm mass shift;
(iii) number of b and y ions within 5 ppm mass shift; (iv)
number of branched fragment ions within 5 ppm mass shift;
(v) if shown in control run.

Small-angle X-ray scattering studies of the hPXR LBD-
hCAR LBD heterodimer

Experiments involving small-angle X-ray scattering (SAXS)
in line with SEC were performed at LIX-beamline (16-1D)
of the National Synchrotron Light Source IT (Upton, NY)
(46). Data were collected at a wavelength of 0.819 A in a
detector configuration, yielding accessible scattering angle
of 0.006 < ¢ < 3.0 A=, where ¢ is the momentum trans-
fer, defined as ¢ = 4  sin(0)/\ (A is the wavelength and 26
is the scattering angle). A 65 pl solution of 250 wM hPXR
LBD and hCAR LBD was injected at 0.45 ml/min into a
superdex 200 increase 5/150 sizing column (GE healthcare)
equilibrated at RT with 25 mM HEPES, pH 7.9, containing
150 mM NaCl, S mM DTT and 5% glycerol. Eluent from
the column flowed into a flow-cell, where X-ray data was
collected at 2 s exposure. Scattering profiles were analyzed
using the ATSAS Suite 3.0 (47). The program DAMMIF
(47) was used to reconstruct an ab initio molecular envelope
from the SAXS data with P23 symmetry bias enforced. An
ab initio averaged/filtered beam model was calculated from
the models of 20 individual simulations. The final averaged
and filtered volume featured a central domain that could
readily accommodate the hPXR LBD-hCAR LBD com-

plex, which was confirmed by superimposition using super-
comb from the ATSAS Suite.

Statistical analysis

Data are expressed as the mean + SD of at least three in-
dependent experiments, and statistical significance was es-
tablished if the P value was <0.05. Student’s r-test was
used to compare the means of two groups as specified, fol-
lowed by the Holm-Sidak multiple comparison test. For all
other data, analysis was performed, and statistical signifi-
cance was established by using one-way ANOVA followed
by Dunnett’s multiple comparison test for all samples com-
pared to the control or by using two-way ANOVA followed
by Sidak’s multiple comparison test. All qRT-PCR graphs
were generated using GraphPad PRISM version 8.

RESULTS

Reduction of hPXR levels elevates hCAR transcriptional ac-
tivity

To investigate how hPXR affected the function of hCAR,
we first used HepaRG wild type (WT) cells, which en-
dogenously express hPXR and hCAR (23). Knockdown of
hPXR with siRNA targeting hPXR (siPXR) (Figure 1A)
significantly elevated the levels of CYP2B6 (a major tran-
scriptional target of hCAR) in the presence and absence
of CITCO, a dual agonist of hPXR and hCAR (Figure
1B). When hPXR was knocked out (hPXR KO), CYP2B6
was more robustly elevated (Figure 1C), and the absence
of hPXR protein in these cells was confirmed (Figure 1D).
In addition, hPXR knockout did not increase the hCAR
protein level (Supplementary Figure S1). These data clearly
indicate that the presence of hPXR is inhibitory to hCAR
transcriptional activity in HepaRG cells.

We further used primary human hepatocytes to confirm
the inhibitory effect of hPXR on hCAR. Previous studies
have shown that hCAR and hPXR are sequestered in the
cytoplasm of hepatocytes and translocate to the nucleus
upon agonist binding, whereas in immortalized cells in cul-
ture, these receptors are localized primarily to the nucleus
(48). Consistent with hCAR being sequestered in the cyto-
plasm of hepatocytes in the absence of an agonist, the basal
levels of CYP2B6 were low (Figure 2A). Both CITCO (a
dual agonist of hPXR and hCAR) and RIF (a specific ag-
onist of hPXR) induced the expression of CYP2B6 (Fig-
ure 2A), indicating that both hPXR and hCAR regulate
the expression of CYP2B6 in primary hepatocytes. Knock-
down of hPXR with an individual siPXR (Figure 2A) or
with pooled siPXRs (Supplementary Figure S2A) reduced
the inducing effect of RIF on CYP2B6 but elevated the
effect of CITCO on CYP2B6, thus demonstrating the in-
hibitory effect of hPXR on hCAR. As expected, CYP3A4,
which is regulated mainly by hPXR, was induced by RIF
but the induction was robustly reduced by siPXR (Figure
2B and see also Supplementary Figure S2B). The knock-
down of hPXR was confirmed at both the mRNA level
(Figure 2C and See also Supplementary Figure S2C) and
the protein level (Figure 2D and see also Supplementary
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Figure 1. Reduction of hPXR levels leads to an increase in hCAR-dependent CYP2B6 expression in human HepaRG cells. (A, B) HepaRG cells were
transfected with non-targeting siRNA (siNT) or pooled siRNA targeting hPXR (siPXR) at 25 nM for 48 h then treated with DMSO or CITCO for an
additional 24 h. RT-qPCR was performed for (A) ZPXR or (B) CYP2B6 RNA. FC, fold change over siNT and DMSO treated cells. (C) CYP2B6 mRNA
levels in parental wild-type (WT) cells compared to those in hPXR KO HepaRG cells treated with DMSO or 1 uM CITCO. FC, fold change over DMSO
treated WT cells. (D) Western blot of CYP2B6 and hPXR proteins in WT and hPXR KO HepaRG cells. -actin was used as the protein loading control.

* P <0.05; *** P <0.0005.

Figure S2D). Similar observations were made in primary
hepatocytes from two different donors (Supplementary Fig-
ures S3 and S4), further confirming that in physiologically
relevant human primary hepatocytes, hPXR is inhibitory
to hCAR.

To demonstrate the genome-wide consequences of deple-
tion of hPXR on gene expression, we performed RNA-seq
analysis in HepaRG WT and hPXR KO cells. Knockout of
hPXR altered gene expression globally (Figure 3A and see
also Supplementary Figure S5). Among the highly upregu-
lated genes following knockout of hPXR are genes involved
in xenobiotic metabolism (Supplementary Table S1), such
as UGT2BI5, UGT2BI0, UGT2B4, CYP2CY9, CYP2B6 and
CYP3A44 (Figure 3A). The observation that CYP3 A4 level
is elevated when hPXR is knocked out is consistent with
previously published data using HepaRG cells (49) and a
mouse model (14). We confirmed the elevated protein lev-
els of CYP2B6 (Figure 1D), CYP2C9 and CYP3A4 (Figure
3B). CYP2B6 is a major transcriptional target of hCAR.
ChIP-qPCR analysis showed that hPXR knockout in Hep-
aRG cells increases hCAR recruitment to the endogenous
CYP2B6 promoter (Supplementary Figure S6). Together,
our data demonstrate that hPXR is inhibitory to hCAR
transcriptional activity.

hPXR interacts with hCAR, leading to mutual inhibition in
cells

The observation that reducing hPXR protein levels led to
elevated hCAR activity prompted us to hypothesize that
hPXR and hCAR interacted physically, a concept that has
never been proposed or tested before. To test our hypoth-
esis, we co-expressed GFP-tagged hPXR (GFP-hPXR) or
the GFP vector (as a negative control) and FLAG-tagged
hCAR1 (FLAG-hCAR) or the FLAG vector (as a negative
control) in HEK-293 cells then performed immunoprecipi-
tation assays using either anti-GFP antibody or anti-FLAG
antibody. As shown in Figure 4A, in the anti-GFP immuno-
precipitation, FLAG-hCAR was co-immunoprecipitated
with GFP-hPXR, but not with the GFP control (left
panel). Reciprocally, in the anti-FLAG immunoprecipita-
tion, GFP-hPXR was co-immunoprecipitated with FLAG-
hCAR but not with the FLAG vector control (right panel).
These data indicated that hPXR interacts with hCAR in the
absence of a ligand.

We further examined the interaction between hPXR
(fused to the transcription activating domain of VP16,
VP16 AD) and hCAR (fused to the GAL4 DNA bind-
ing domain, GAL4 DBD) by performing mammalian two-
hybrid assays in HEK-293 cells. GAL4 luciferase reporter
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Figure 4. hPXR interacts with hCAR, resulting in their mutual inhibition. (A) hPXR co-immunoprecipitated with hCAR. HEK-293 cells were co-
transfected with FLAG-hCAR (or FLAG vector) and GFP-hPXR (or GFP vector) as shown. Co-IP assays were carried out using either anti-GFP (left
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hCAR). The interaction between hPXR and hCAR was measured as the relative activity of the pG5-luc luciferase reporter (the relative luciferase activity
was obtained by normalizing firefly luciferase to Renilla luciferase and compared hCAR and hPXR co-expression to the expression of hCAR alone) at 48
h post-transfection. FC, fold change over cells transfected with GAL4 DBD and VP16 AD vectors (negative controls). (C) Activation of the CYP2B6 pro-
moter was reduced by hPXR in a dose-responsive manner. HepG?2 cells were co-transfected with the CYP2B6 luciferase reporter (CYP2B6-luc) together
with the indicated amounts of hCAR and hPXR plasmids. CYP2B6 promoter reporter activity was measured at 48 h post-transfection. CYP2B6 promoter
activity from hCAR and hPXR co-transfection was compared to that in cells transfected with hCAR alone. FC, fold change over cells transfected with
hCAR alone. (D) Co-expression of hPXR and hCAR reduced CYP3A44 promoter activity. HepG2 cells were co-transfected with the CYP3 A4 luciferase
reporter plasmid and the indicated amounts of hCAR and hPXR. CYP3A44 promoter activity was measured at 48 h post-transfection. FC, fold change

over cells transfected with hCAR alone. Statistical comparisons were made to hCAR alone (B, C) or hPXR alone (D). *** P < 0.0005.

was used as a readout for the interaction between hPXR
and hCAR. As shown in Figure 4B, GAL4 DBD-hCAR
increased the luciferase reporter activity, which was further
enhanced by co-expression of VP16 AD-hPXR, indicating
that the VP16 transcription activating domain is brought
into proximity with the GAL4 DBD through the hPXR—
hCAR interaction and providing additional evidence that
hPXR interacts with hCAR in the absence of a ligand. As a
control, Supplementary Figure S7 showed that both hPXR
and hCAR interact with RXRa. The interaction between
hPXR and hCAR was not enhanced but instead, mod-
erately reduced by treatment of their ligands in both co-
immunoprecipitation (co-IP) and mammalian two-hybrid
assays (See Supplementary Figures S§A and S8B, respec-
tively).

To further confirm that the hPXR-hCAR interaction led
to the inhibition of transactivation by hCAR of its primary
target gene, CYP2B6, we co-expressed various amounts of
hPXR with hCAR and a CYP2B6 luciferase reporter (un-
der the control of the CYP2B6 promoter) in HepG?2 cells.
hCAR alone is constitutively active, and this constitutive
activity was diminished by hPXR in a dose-dependent man-
ner (Figure 4C).

To determine whether the hPXR-hCAR interaction was
mutually inhibitory, we co-expressed hPXR, hCAR, or
both, along with a CYP3A44 luciferase reporter (under the
control of the CYP3A44 promoter), in HepG2 cells. As
expected, both hPXR and hCAR individually transacti-
vated the CYP3 A4 promoter (Figure 4D). Interestingly, co-
expression of hPXR and hCAR decreased, instead of in-
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creasing, the hPXR activity (Figure 4D), indicating that
there was mutual inhibition of the two receptors. In addi-
tion, overexpression of hCAR in HepaRG cells enhanced
the basal levels of CYP2B6 and CYP3A4. However, the
ability of the hPXR-specific agonist RIF to induce both
CYP2B6 and CYP3A4 was compromised by overexpres-
sion of hCAR (See Supplementary Figures S9A and S9B),
which is consistent with a previous report (50) and is in-
dicative of the inhibitory effect of hCAR on hPXR. In con-
trast to the effect of hCAR overexpression, hCAR knock-
out in HepaRG cells (hCAR KO) increased the inducing
effect of RIF on both CYP2B6 and CYP3A4 (Supplemen-
tary Figures S9C and S9D). Consistent with previous re-
ports, hCAR knockout abolished the effect of CITCO on
inducing CYP2B6 (51) but increased its effect on inducing
CYP3A4 (23,51). Together, these data suggest that hPXR
interacts physically with hCAR, resulting in mutual inhibi-
tion of the respective transcription activities of these recep-
tors.

hPXR interaction with hCAR is independent of DNA binding

The discovery of the inhibitory physical interaction between
hPXR and hCAR prompted us to investigate whether such
interaction depended on the DNA binding ability of the
receptor. PXR and CAR share common structural fea-
tures with other members of the nuclear receptor superfam-
ily, including a modular architecture consisting of the N-
terminus DNA-binding domain (DBD) and the C-terminus
ligand binding domain (LBD). A flexible hinge connects
the two domains. Two zinc-fingers within the DBD are
essential for DNA engagement by the nuclear receptors.
hPXR and hCAR target distinct and overlapping DNA
motifs. The CYP2B6 promoter contains a phenobarbital-
responsive element module (PBREM) consisting of three
direct repeats (DR4) to which hCAR and hPXR bind (9,52).
The CYP3A44 promoter contains PXR response elements
(PXREs), which contain a direct repeat (DR3) and an
everted repeat (ER6) that are recognized by hCAR and
hPXR, respectively (9). Competition for these binding mo-
tifs has been proposed as a mechanism for the observed
hPXR-hCAR functional interference (52,53). If the in-
hibitory interaction of hPXR with hCAR was dependent
on DNA binding, then an hPXR mutant that failed to bind
DNA would prevent such inhibitory interaction. Our pre-
vious study revealed that mutation of hPXR threonine 57
to aspartate (T57D) within a zinc finger in the DBD led to
a total loss of hPXR DNA binding and function (18). In
an immunoprecipitation assay, both wild type (WT) hPXR
and hPXR T57D interacted with hCAR (Figure 5A), sur-
prisingly suggesting that hPXR interacts with hCAR inde-
pendently of its DNA binding.

We further determined whether the interaction between
hPXR T57D and hCAR led to inhibition of hCAR. Sim-
ilar to WT hPXR (Figure 4C), hPXR T57D inhibited the
ability of hCAR to transactivate the CYP2B6 promoter in
a dose-dependent manner (Figure 5B). Mutating threonine
38 to aspartate in hCAR (T38D) has been reported to pro-
mote the formation of an inactive hCAR homodimer and
greatly reduced its DNA-binding and transcription activity
(48). WT hCAR decreased transactivation of the CYP3 A4

promoter by hPXR (Figure 4D). hCAR T38D also inhib-
ited the ability of hPXR to transactivate the CYP3 A4 pro-
moter in a dose-dependent manner but did so to a lesser
degree than did the WT hCAR (see Supplementary Fig-
ure S10A). To provide additional evidence that hPXR in-
teracted with hCAR independently of DNA binding, we
transfected HepG2 cells with GFP-hCAR (hCAR) with or
without FLAG-hPXR (hPXR) or FLAG-hPXR T57D then
performed immunofluorescence imaging of GFP and im-
munostaining with anti-FLAG antibodies. As seen in Fig-
ure 5C, when individually expressed, hPXR and hCAR
were localized and distributed uniformly within the nuclei
whereas hPXR T57D displayed a unique punctate pattern
within the nuclei (Figure 5C), consistent with our previ-
ous report (18). Strikingly, when co-expressed with hPXR
T57D, hCAR also displayed the distinctive punctate pat-
tern within the nuclei (Figure 5SD), from which we infer that
hPXR T57D physically interacts with and alters the cellular
distribution of hCAR. When expressed alone, hCAR T38D
was localized heterogeneously but mainly in the cytosol and
displayed a punctate pattern (See Supplementary Figure
S10B). When co-expressed with hPXR, hCAR T38D se-
questered some hPXR in the cytosol and changed its distri-
bution from uniform to punctate (see Supplementary Fig-
ure S10C). In addition, we showed that endogenous hPXR
physically interacts with endogenous hCAR in HepaRG
cells (Supplementary Figure S11A). Together, these results
suggest that hPXR physically interacts with hCAR and that
the inhibitory interaction between hPXR and hCAR is in-
dependent of DNA binding by the receptors.

hPXR and hCAR interact through their LBDs

The observation that hPXR interaction with hCAR was
independent of DNA binding led us to examine which
hPXR domains were responsible for the interaction with
hCAR. Figure 6A illustrates the hPXR plasmids used in
co-IP experiments with hCAR: full-length FLAG-hPXR
(hPXR FL) or truncated FLAG-hPXR plasmids (contain-
ing the hPXR LBD, the hPXR DBD, or the hPXR.2 iso-
form missing 37 amino acids within the LBD [hPXR.2]).
Co-IP assays showed that the hPXR LBD, but not the
hPXR DBD, interacted with hCAR (Figure 6B). hPXR.2
also interacted with hCAR (Figure 6C). We further con-
firmed the physical interaction of the hPXR LBD and
hCAR LBD by using mammalian two-hybrid assays, with
the hCAR LBD fused to the GAL4 DBD (GAL4 DBD-
hCAR LBD) and the hPXR LBD fused to the VP16 activat-
ing domain (VP16 AD-hPXR LBD). GAL4 DBD-hCAR
LBD alone increased the GAL4 promoter reporter activ-
ity, which was further enhanced when VP16 AD-hPXR
LBD was co-expressed (Figure 6D), indicating that hPXR
and hCAR interact through their LBDs. The physical in-
teraction between hPXR LBD and hCAR LBD was con-
firmed in a co-immunoprecipitation assay in HEK-293 cells
co-transfected with MYC-hCAR LBD and FLAG-hPXR
LBD (Supplementary Figure S11B). Next, we examined
the effects of different hPXR domains on the transacti-
vation activity of hCAR. We co-expressed a CYP2B6 lu-
ciferase reporter and hCAR with the full-length hPXR
(hPXR FL), the hPXR LBD or the hPXR DBD. Our re-



Nucleic Acids Research, 2022, Vol. 50, No. 6 3265

A GFP IP B
FLAG-hPXR: WT  WT  T57D > 1.5+
=
o | I - g
50 kDa— FLAG-hPXR 5 1.0-
5~
75 kDa— gf_;_)
m—  wm—|GFP-hCAR gL
© 0.5
]
&
(&)
0.0
hCAR(g: O O 05 05 05 05
hPXRTS7TD(Mg): o 05 0 01 025 05
25 kDa— | D GFP
C  Nucki /hPXR  Merge D Nuclei
+
© 2
< rXx
<
Q
N
& o2
& Sg
o

hPXR T57D

Figure 5. Receptor DNA binding is not required for hPXR-hCAR interaction. (A) hCAR interacts with the DNA binding—defective hPXR T57D mutant.
HEK-293 cells were co-transfected with GFP-hCAR and FLAG-hPXR or FLAG-hPXR T57D. The GFP vector was used as a control. Co-IP assays were
performed at 48 h post-transfection, followed by immunoblotting with anti-GFP and anti-FLAG. (B) The FLAG-hPXR T57D mutant (hPXR T57D)
inhibits hCAR. HepG?2 cells were transfected with the CYP2B6-luc reporter plasmid together with the indicated amounts of hCAR and hPXR T57D.
CYP2B6 promoter activity was measured at 48 h post-transfection. Empty vector plasmid was used as a control. FC, fold change over cells transfected
with hCAR alone. The effect of hPXR T57D on hCAR was determined by comparing its activity to that in cells transfected with hCAR alone. ***
P <0.0005. (C, D) hPXR co-localizes with hCAR. HepG?2 cells were transfected with (C) individual GFP-hCAR (hCAR), FLAG-hPXR (hPXR), or the
FLAG-hPXR T57D mutant (hPXR T57D) or (D) co-transfected with GFP-hCAR/FLAG-hPXR (hCAR + hPXR) or GFP-hCAR /FLAG-hPXR T57D
mutant (hCAR + hPXR T57D). This was followed by immunostaining using antibodies against FLAG (for hPXR) to determine the protein localization
at 48 h post-transfection. Nuclei were stained with Vybrant DyeCycle Violet Stain.

sults showed that both hPXR FL and the hPXR LBD,
but not the hPXR DBD, suppressed hCAR transactiva-
tion activity (Figure 6E). Similarly, both hCAR and hCAR
LBD suppressed hPXR transactivation of the CYP3 A4 lu-
ciferase reporter (Supplementary Figure S12). Taken to-
gether, our data indicate that the hPXR LBD interacts with
the hCAR LBD to mutually inhibit their transactivation
activities.

hPXR heterodimerizes with hCAR

Structural model of the hPXR-hCAR heterodimer complex.
Our findings indicate that there are direct interactions be-
tween hPXR and hCAR through their respective LBDs, re-
sulting in the potential formation of a novel heterodimer
complex. We envisaged that the hPXR LBD and hCAR
LBD could engage each other to form a heterocomplex sim-
ilar to the well-established hPXR LBD-RXRa and hCAR-
RXRa pairs, particularly because the LBDs of hPXR,
hCAR and RXRa are structurally very similar; the root
mean square deviation (RMSD) between the structures of
the hPXR LBD and the RXRa LBD (PDB code: 4J5W)
is 1.5 A, and that between the hCAR LBD and the RXRa
LBD (PDB code: 1XVP) is 1.7 A (54,55). An initial struc-

tural replacement of the RXRa LBD with the hPXR LBD
(PDB code: 5X0R) in the hCAR LBD-RXRa LBD struc-
ture (PDB code: 1XVP) enabled us to identify a segment of
the hCAR LBD (310-AKLLGLLAELRSINEA-325, des-
ignated peptide ‘P’) as part of the dimerization interface,
which forms part of helix 10 in the hCAR structure. Pep-
tide ‘P’ was docked to the hPXR LBD structure, and af-
ter alignment of the hCAR LBD structure to the resulting
docked peptide ‘P, the molecular interactions of the hPXR
LBD-hCAR LBD complex were further refined by molec-
ular dynamics simulations (Figure 7A). The model shown
in Figure 7A was the basis for the design of peptide ‘P
which was intended to disrupt the heterodimerization by
competing with the hCAR LBD in binding to the hPXR
LBD in subsequent experiments. Four residues within pep-
tide ‘P’ were mutated to residues with opposing charges
(ADLLGLLAKLDSINKA, named peptide ‘C’) that the
model shown in Figure 7A indicated were important for in-
teractions with the hPXR LBD, thus rendering peptide ‘C’
incapable of disturbing the heterodimerization.

Small-angle X-ray scattering studies corroborate the hPXR
LBD-hCAR LBD heterodimer model. To experimentally
reinforce the structural model for the hPXR LBD-hCAR
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Figure 6. The hPXR ligand-binding domain is sufficient for interaction with hCAR. (A) Schematics showing hPXR in full-length (hPXR FL) or truncated
(hPXR LBD, hPXR DBD, hPXR.2) forms. hPXR.2 lacks 37 residues (174-210) within the LBD. (B) The hPXR LBD interacts with hCAR. HEK-293
cells were co-transfected with MYC-hCAR, along with FLAG vector control (Ctrl), full-length hPXR (FL), FLAG-hPXR LBD (LBD), or FLAG-hPXR
DBD (DBD). Co-IP assays using anti-FLAG antibodies were performed at 48 h post-transfection, followed by immunoblot analysis with anti-FLAG
and anti-MYC. (C) hPXR.2 interacts with hCAR. HEK-293 cells were co-transfected with GFP-hCAR (or GFP vector) and hPXR.2 isoform. A co-IP
assay was performed at 48 h post transfection, followed by immunoblot analysis with anti-GFP and anti-hPXR. (D) The hPXR LBD interacts with the
hCAR LBD in a mammalian two-hybrid assay. HEK-293 cells were transfected with VP16 AD-hPXR LBD, GAL4 DBD-hCAR LBD, or vector controls
(VP16 AD and GAL4 DBD) as indicated. At 48 h post-transfection, pGS5 luciferase activity resulting from hPXR LBD and hCAR LBD co-expression
was measured (the relative luciferase activity was obtained by normalizing firefly luciferase to Renilla luciferase) and compared to that with hCAR LBD
expression alone. FC, fold change over cells transfected with vector controls (VP16 AD and GAL4 DBD). (E) The hPXR LBD inhibits hCAR activity.
HepG2 cells were transfected with the CYP2B6-luc reporter in combination with hCAR (0.25 pg) with or without 0.25 pg of full-length hPXR (hPXR
FL), hPXR LBD, or hPXR DBD as shown. At 48 h post-transfection, the CYP2B6 promoter activity resulting from hPXR and hCAR co-expression was
measured and compared to that with hCAR alone. *** P <(.0005; ns, not significant. Immunoglobulin heavy chain (IgG HC, 55 kDa) and light chain
(IgG LC, 25 kDa) were indicated with an arrow in (B). FC, fold change over cells transfected with vector controls (VP16 AD and GAL4 DBD).

LBD complex obtained from MD simulations, we used Dynamic light scattering studies of hPXR-hCAR complex
small-angle x-ray scattering (SAXS), a technique that pro-  formation. Dynamic light scattering (DLS) experiments
vides information about the shape and size of a macro- were performed to further evaluate the interactions between
molecule in solution (56). SAXS can outline the shape of the hPXR and hCAR to form the novel heterodimer complex
hPXR LBD-hCAR LBD complex by generating a molecu- elucidated by MD simulations and SAXS studies. DLS is

lar envelope in which the MD simulated structural model a non-destructive qualitative technique used to determinate
can be readily accommodated (Figure 7B, inset). The enve- the size distribution of particles in solution (57). The cal-
lope was constructed using ab initio averaged /filtered sim- culated hydrodynamic radius, based on the quantitation of
ulated SAXS curves (Figure 7B, solid blue line), which scattered light from the molecules in solution, is representa-
are in good agreement with the SAXS data (Figure 7B, tive of the size of the protein (58). Another parameter that
pink spheres). Based on the linear fit of the Guinier re- is obtained from DLS experiments is the polydispersity in-
gion of the SAXS data, the hPXR LBD-hCAR LBD com- dex (PdI), which is a measurement of the heterogeneity of
plex is present in solution as a monodisperse and homoge- each species. A PdI value lower than 20% is indicative of

nous population with a calculated radius of gyration (Ry) a homogeneous (monodisperse) species, while that higher
of 26.67 A (Supplementary Figure S13A). Analysis of the than 20% is considered a heterogeneous species (i.e. more

Kratky plot indicates that the heterodimer is compact and than one oligomeric species). The hydrodynamic radius of
globular (Supplementary Figure S13B), and the maximal hPXR LBD was determined to be 6.7 nm, and the calcu-
interatomic distance (Dmax) within the complex is 100 A lated PdI value of 12.5% indicates a homogeneous species

based on the pair-wise distance distribution function (Sup- (Figure 7C). On the other hand, hCAR LBD displayed a
plementary Figure S13C). hydrodynamic radius of 3.2 nm, which is also present as a



Peptide P hPXR

hPXR/hCAR + Peptide P
4.7+0.1nm

hPXR/hCAR + Peptide C
5.3+0.1 nm

hPXR/hCAR
53+0.2nm

Normalized Intensity

hPXR
6.7 £ 0.1 nm

¥ 10 100
Hydrodynamic radius (nm)

Nucleic Acids Research, 2022, Vol. 50, No. 6 3267

Intensity

15.5mL~
‘—/\/ hPXR/hCAR

144 mL—~

hPXR

(

Normalized Absorbance (280 nm)

8 10 12 14 16 18 20
Eluted volume (mL)

Figure 7. hPXR heterodimerizes with hCAR. (A) A simulated model of the hPXR LBD-hCAR LBD complex. The region corresponding to the AKLL-
GLLAELRSINEA peptide (peptide ‘P’) is shown in red. hPXR LBD is depicted as surface representation (blue) and hCAR LBD is illustrated as cartoon
(light brown). (B) SAXS experiments determined the shape of the hPXR (blue)-hCAR (light brown) complex by defining a molecular envelope (light blue
surface representation) where the simulated heterodimer model can be readily accommodated (inset). The envelop was created by ab initio averaged /filtered
simulated SAXS curves (solid blue line), which were fitted to the SAXS data (pink spheres). (C) Dynamic light scattering (DLS) analysis illustrated as regu-
larization histograms of hPXR LBD, hCAR LBD, and the appearance of a new species suggesting the formation of the hPXR LBD-hCAR LBD complex.
The heterodimer was partially disrupted by peptide ‘P’, but not by the mutated peptide ‘C’ (ADLLGLLAKLDSINKA). (D) Size-exclusion chromatogra-
phy (SEC) experiments corroborate the formation of the hPXR LBD-hCAR LBD complex, eluting at 15.5 ml. The elution volume of the heterodimer is
different from those of the monomeric hCAR LBD (16.4 ml) and the homodimeric form of hPXR LBD (14.4 ml).

homogeneous species based on the PdI value of 17%. Al-
though phosphorylated hCAR may form an inactive ho-
modimer in cells (16), it is widely accepted that hCAR LBD
1s a monomer in solution, and the notable difference in the
hydrodynamic radius between hPXR LBD and hCAR LBD
leads to the indication that hPXR LBD is detected as a
homodimer as previously reported (59). Crystal structures
of hPXR LBD show that the 1’ strand of each monomer
engages in the homodimerization by interlocking the cor-
responding W-223 and Y-225. A solution containing both
receptors gives rise to a new population with a hydrody-
namic radius of 5.3 nm, suggesting the formation of a new
oligomeric species, with a hydrodynamic radius greater than
that of the monomeric hCAR LBD and smaller than that of
the homodimeric hPXR LBD. The high PdI value of 23.5%
indicates multiple species within the distribution which can-
not be resolved into separate distributions because there is
no five-fold difference in size among the species. The pres-
ence of peptide ‘P’ decreased the hydrodynamic radius to

4.7 nm and increased the PdI value to 27.8%, suggesting
that peptide ‘P’ partially disrupted the hPXR LBD-hCAR
LBD complex by competing with hCAR LBD in bind-
ing to the hPXR LBD at the heterodimerization interface
(Figure 7A). The large Pdl value indicates a polydisperse
and heterogeneous sample with multiple species represented
within the histogram, which cannot be separated into indi-
vidual distributions because the species do not differ from
each other by 5-fold in size. In contrast, the control pep-
tide ‘C’ had no effect on the size of the hydrodynamic ra-
dius of the hPXR LBD-hCAR LBD complex, because mu-
tations of key interacting residues prevent it from interact-
ing with hPXR LBD, and therefore, it is unable to disrupt
the heterodimer. hCAR is known to heterodimerize with
RXRa. As expected, DLS studies with the well-established
hCAR LBD-RXRa LBD complex revealed similar profiles
as those for hPXR LBD-hCAR LBD, confirming the re-
solving power of DLS to distinguish between monomer and
heterodimer LBDs (Supplementary Figure S14).
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Size-exclusion chromatographic analysis confirms direct in-
teractions of the hPXR LBD and hCAR LBD. Size-
exclusion chromatography (SEC) separates proteins on the
basis of their molecular weight driven by the geometry-
dependent (shape) partition of the macromolecules between
a continuous liquid phase and the porous interior of a gel
or cross-linked bead (60). Larger proteins elute out of the
column and are detected at an earlier volume (mL) than
smaller proteins. Based on the eluted volume, the size of
each protein can be determined provided that the SEC col-
umn has been previously calibrated with protein standards
of known molecular weight. This technique was applied to
corroborate the formation of the hPXR LBD-hCAR LBD
heterodimer (Figure 7D). hPXR LBD showed a single peak
eluting at 14.4 ml, while hCAR LBD eluted at 16.4 ml also
as a single peak. The earlier elution of hPXR LBD com-
pared to that of hCAR LBD corroborate that hPXR LBD
is a homodimer and hCAR LBD is a monomer, confirmed
by the calculated molecular weight based on the calibration
curve generated with the protein standards (See Supplemen-
tary Figure S15). The SEC profile of the hPXR LBD-hCAR
LBD complex showed a peak at 16.4 ml, with the same elu-
tion volume as in the hCAR LBD sample. A second major
peak at 15.5 ml corresponds to a new species that is not seen
in the hPXR LBD or hCAR LBD preparations, suggesting
the detection of the hPXR LBD-hCAR LBD complex. The
elution volume of the heterodimer (15.5 ml) is in between
those of hCAR LBD (16.4 ml) and hPXR LBD (14.4 ml),
following the same trend observed in DLS experiments: the
homodimeric hPXR LBD is larger in size than the hPXR
LBD-hCAR LBD complex, and in turn, the latter has a
larger molecular weight than the monomeric hCAR LBD.

Even though SEC and DLS provided evidence of the for-
mation of a new species in the presence of hPXR LBD and
hCAR LBD, it is noteworthy to point out that these two
techniques are complementary to each other instead of be-
ing redundantly overlapping. DLS measures a closed sys-
tem, where the equilibrium between hPXR LBD, hCAR
LBD and hPXR LBD-hCAR LBD complex is not dis-
turbed. In contrast, in a separation method such as SEC,
where there is a continuous flow of the liquid phase through
the column, there can be perturbations of the equilibrium
between association and dissociation of the heterodimer
(61), and ionic and hydrophobic interactions between the
protein and the column material can potentially distort the
elution of proteins (62). Hence, some differences can arise
between these two techniques. For instance, a clear distinc-
tion can be observed in SEC between the signal resulting
from hCAR LBD and that from the heterodimer in sam-
ples containing both hPXR LBD and hCAR LBD, which
cannot be appreciated in DLS. In addition, there is contrast-
ing differences in the resolving power of species with certain
size differences between the two methods.

RXRa decreases hCAR-hPXR interaction

RXRa is a heterodimeric partner of both hPXR and
hCAR (63), and our model shows that hPXR interacts with
hCAR through the same protein-protein interacting inter-
face used for heterodimerization with RXR. Therefore, we
investigated whether RXRa disrupted hPXR-hCAR in-

teraction and released the inhibition on hCAR in a cel-
lular environment. When GFP-hPXR was co-expressed
with either MYC-tagged RXRa (MYC-RXRa) or FLAG-
hCAR, GFP-hPXR co-immunoprecipitated with MYC-
RXRa or FLAG-hCAR confirming the interactions be-
tween hPXR and RXRa and between hPXR and hCAR
(Figure 8A). In the presence of increasing amounts of
MYC-RXRa (0, 0.5, 1 and 2 wg), the amount of FLAG-
hCAR that co-immunoprecipitated with GFP-hPXR de-
creased as the amount of MYC-RXRa increased, indi-
cating that the formation of heterodimers (hPXR-hCAR,
hPXR-RXRa and hCAR-RXRa) is affected by the rela-
tive expression level of each receptor and suggesting that
there is a competition for heterodimeric partners among
the three receptors (Figure 8A). When the segment of the
hCAR corresponding to the sequence of peptide P (AKLL-
GLLAELRSINEA) was mutated to mimic the sequence of
peptide C (ADLLGLLAKLDSINKA) (to generate MYC-
hCAR C1) or was deleted (to generate MYC-hCAR API1),
both MYC-hCAR C1 and MYC-hCAR AP1 displayed re-
duction in interaction with GFP-hPXR compared to wild
type hCAR (Supplementary Figure S16A). As expected,
both MYC-hCAR C1 and MYC-hCAR AP1 decreased
their activity in activating the CYP2B6 promoter (Supple-
mentary Figure S16B). These studies confirmed that the
peptide P sequence (AKLLGLLAELRSINEA) is part of
hPXR-hCAR heterodimerization interface, and support-
ing the hPXR-hCAR heterodimer model proposed in Fig-
ure 7A.

To determine whether RXRa could release the sup-
pressive effects of hPXR on hCAR activity, we expressed
hCAR alone or with hPXR and/or RXRa, together with
a CYP2B6 luciferase reporter, in HepG2 cells. hCAR is
constitutively active, and the constitutive activity was re-
pressed by hPXR but enhanced by RXRa (Figure 8B). Im-
portantly, the repressive effect of hPXR on hCAR was re-
leased by RXRa« in a dose-dependent manner (Figure §B).
Co-expression of hPXR and RXRa only minimally acti-
vated the CYP2B6 promoter, suggesting that when RXRa,
hCAR and hPXR were co-expressed, the CYP2B6 pro-
moter was activated mainly by hCAR-RXRa. The trans-
activating activity of hCAR-RXRa is higher in the absence
of hPXR than in its presence, further confirming the in-
hibitory effect of hPXR. Similarly, the activity of hPXR
(measured by using a CYP3A44 luciferase reporter) was re-
pressed by hCAR but moderately enhanced by RXRa, and
the transactivating activity of hCAR-RXRa on CYP3A44
promoter is decreased in the presence of hPXR (Supple-
mentary Figure S17), confirming the mutual inhibition of
hPXR and hCAR, and suggesting that when the three re-
ceptors are present, their ultimate transactivating outcome
depends on the levels of each receptor which affects the dy-
namics of the formation of hPXR-RXRa, hCAR-RXR«
and hPXR-hCAR heterodimers. We previously showed that
an S350D mutation in the LBD of hPXR compromised its
heterodimerization with RXRa, leading to greatly reduced
transactivating function (19). Interestingly, the S350D mu-
tant inhibited hCAR, but to a lesser extent than did WT
hPXR (Supplementary Figure S18A). The S350D mutant
also interacted with hCAR, but the interaction was weaker
than that seen with WT hPXR (See Supplementary Figure
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Figure 8. RXRa disrupts hPXR-hCAR interaction and releases the inhibitory effect of hPXR on hCAR. (A) Expression of RXRa decreases the hPXR—
hCAR interaction in a dose-responsive manner. HEK-293 cells were co-transfected with GFP-hPXR (2 pg) and FLAG-hCAR (2 p.g) with or without
MYC-RXRa in increasing amounts as indicated. Co-IP assays were carried out at 48 h post-transfection. (+) represents 2 pg of hPXR, hCAR, or RXRa,
whereas (—) represents 2 pg of pcDNA3.1 vector control. (B) Expression of RXRa releases the inhibitory effect of hPXR on hCAR in a dose-responsive
manner. HepG?2 cells were co-transfected with the CYP2B6-luc reporter in combination with hCAR, hPXR or RXRa in the amounts indicated. Triangles
represent increasing receptor plasmid doses (0.05, 0.1 and 0.25 wg), (+) represents 0.25 pg of receptor plasmid and (—) represents variable amounts of
pcDNA3.1 vector control, calculated to make the total amount of transfected DNA equal. CYP2B6 promoter transactivation was measured at 48 h

post-transfection. FC, fold change over cells transfected with hCAR alone.

S18B), which is consistent with the reduced inhibitory ef-
fect of the S350D mutant and suggests that residue S350
of hPXR plays a role in its heterodimerization with hCAR
in a manner similar to that previously observed in hPXR-
RXRa heterodimerization. Taken together, our data sup-
port the hypothesis that hPXR heterodimerizes with hCAR
by using the same interface that is used by RXRa to het-
erodimerize with each receptor. Together with the discov-
ery that hPXR-hCAR are mutually inhibitory, the data of-
fers explanation for the observations of the mutual func-
tional interference between hPXR and hCAR and define
their functional relationship, which is inhibitory rather than
redundant.

Crosslinking mass spectrometry studies validate the model of
the hPXR LBD-hCAR LBD complex

Chemical crosslinking coupled with mass spectrometry
(XL-MS) was applied to probe the interactions between
hPXR and hCAR in solution, which was used to corrobo-
rate the protein-protein interacting interface of the hPXR-
hCAR model. XL-MS has become a powerful technique
to investigate the topology and formation of protein com-

plexes, yielding complementary information to guide in the
refinement of structural models (64,65). The crosslinking
reagent DSSO is a small compound with two reactive chem-
ical groups that primarily form covalent bonds with lysine
residues (65). With the two chemical moieties separated
by a spacer arm of approximately 10 A (43), DSSO can
bridge a distance of ~24-30 A between « carbons (Ca)
(43,45,65,66). XL-MS analysis of hPXR LBD-hCAR LBD
samples treated with DSSO followed by enzymatic diges-
tion resulted in seven validated interlinked peptides, which
are the types of crosslinked peptides formed between sec-
tions of hPXR LBD and hCAR LBD that provide protein-
protein interaction information (See Supplementary Table
S2). Reliability in the XL-MS results is manually confirmed
by the values of the MeroX scores and mass accuracy.

The intermolecular peptide with the highest MeroX score
corresponds to DQISLLK*""™PXRGAAF interlinked to
K2 ICAR L OLQ (peptide 1), with a distance spanning 26 A
in the MD simulated model (Figure 9 and See also Sup-
plementary Table S3). Thus, the presence of the interlinked
peptide 1 supports the proposed heterodimer interface for
the hPXR LBD-hCAR LBD complex because the crosslink
between K277 (hPXR) and K251 (hCAR) extends within
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Figure 9. Crosslinking mass spectrometry experiments validate the model of the hPXR LBD-hCAR LBD complex. hPXR LBD (blue) and hCAR LBD
(red) are depicted in cartoon representation, with K251 from hCAR and K277 from hPXR shown as spheres. The distance of 26 A (dashed line) between
the two lysine residues is within the upper limit for a DSSO-based interlinked peptide, whose sequence is indicated in the insert with the reacted lysine

residues colored in red.

the upper limit of 26-30 A for distances between Ca of
lysine residues. The interlinked peptides 2 and 5 also fall
within the cutoff distance, supporting the heterocomplex
model. On the other hand, peptides 3, 4, 6 and 7 have longer
distances than what is typically observed in DSSO-based
crosslinked peptides. However, the identification of inter-
linked peptides with longer distances than 30 A is not un-
common, which may be attributed in part to highly flexi-
ble and dynamic regions within proteins (64). hPXR and
hCAR are very malleable proteins with fluid segments, and
they can be subject to structural rearrangements as a mech-
anism for ligand entry to the ligand binding pocket, which
is encased deep within the LBD (10). B factor (tempera-
ture factor) values extracted from hPXR and hCAR crystal
structures can provide indications of flexible residues and
regions within the crystallized protein, where higher values
reflect increased mobility (67). The hPXR residues K198,
K234 and K204 implicated in the respective crosslinking
peptides 3, 4 and 6 show larger b factor values than the
hPXR lysine residues of the remaining peptides (See Sup-
plementary Table S3). They are situated in loops or disor-
dered sections of hPXR, where regions with larger b fac-
tor values are illustrated in red and increased thickness of
the cartoon representation (see Supplementary Figure S19).
In addition, compared to the apo PXR structure, the crys-
tal structure of the rifampicin bound PXR lacks density in
several regions, including those comprising these residues
(Supplementary Figure S20). The hPXR residue K332 in
the crosslinked peptide 7 is located at the edge of helix a7
and adjacent to a loop connecting helices a7 and a8; loops
are known to be flexible in solution and could therefore
change the distance between the two helices in solution, po-
tentially having a downstream effect in the distance of the
interlinked peptide 7. In addition, helix a7 of many nuclear
receptors, which in hPXR contains K332, is reported to be
part of a highly plastic region that is important in ligand
binding events (68).

DISCUSSION

Given the importance of nuclear receptors in major phys-
iological processes, they have become major drug targets

for the development of therapeutics. Most of the research
has been conducted regarding their function and regulation
of their target genes as individual nuclear receptor. How-
ever, the functional correlation and interplay among nu-
clear receptors have emerged as a significantly unexplored
area, which challenges our existing understanding of the bi-
ology of nuclear receptors. Detailed mechanisms that ex-
plain the observed crosstalk remain lacking, particularly
for those nuclear receptors that affect each other’s activity
through direct physical interactions. In the present study,
we determined the molecular basis for the crosstalk between
PXR and CAR, where we describe their heterodimerization
as the reason for their mutual inhibition. We mapped the
heterodimerization interface between hPXR and hCAR to
that used by RXR to interact with each receptor. We spec-
ulate that similar heterodimerization interfaces to that of
the hPXR-hCAR can exist in other nuclear receptors, re-
sulting in alterations to their target gene expression profile,
hence, delineating a potentially common crosstalk mecha-
nism. Based on crystallographic studies, all receptors that
heterodimerize with RXR contain the ¢ K¢ motifs (where
¢ is a hydrophobic residue) and share similar dimerization
interfaces (15). Therefore, it is quite possible that nuclear re-
ceptors that heterodimerize with RXR may form novel het-
erodimer complexes through the same interface shared with
RXR, such as in the case of the hPXR-hCAR complex.
One of the major breakthroughs in understanding how
drug metabolism is regulated at the molecular level came
from the pioneering work of multiple laboratories that first
established PXR (69-71) and CAR (72-75) as master xeno-
biotic receptors that promiscuously bind compounds of di-
verse structure and transcriptionally regulate genes encod-
ing proteins involved in drug metabolism, such as CYPs.
The CYP gene products, such as CYP3A and CYP2B, are
essential for the metabolism of endobiotics such as steroid
hormones and xenobiotics such as prescription drugs. It is
well established that CYP3 A4 is regulated mainly by PXR,
whereas CYP2B is regulated mainly by CAR (9,76), al-
though PXR and CAR are reported to regulate CYP2B
and CYP3A4 reciprocally (12,52). Therefore, CYP3A and
CYP2B are regulated by PXR and CAR in both an over-
lapping and a preferential manner. The fact that PXR



and CAR share ligands and target genes led to the per-
ception that PXR and CAR were functionally redundant
(12,77-79). However, such a perception conflicts with the
observations that the protein levels of one receptor in-
versely correlate with the activity of the other receptor
(5,13,23,50,80). These findings opened the possibility of the
existence of crosstalk between PXR and CAR, but left un-
certainty if they regulate their target genes in an indepen-
dent or coordinated manner. Our study has established that
hPXR and hCAR form a heterodimer and are mutually in-
hibitory rather than functionally redundant. This explains
the inverse correlation between the activity of one receptor
and the protein levels of the other.

The LBD of PXR is responsible for providing the ma-
jor contacts for protein-protein interactions with RXR and
coregulatory proteins. hPXR forms a homodimer, where W-
223 and Y-225 within the LBD are critical residues in the
hPXR homodimer interface (59). Based on crystal struc-
tures and functional studies with W-223-A/Y-225-A dou-
ble mutants, PXR homodimerization does not seem to af-
fect hPXR heterodimerization with RXRa (59). Similarly,
phosphorylated hCAR forms an inactive homodimer in
cells (16) and it is suggested that the hCAR-hCAR ho-
modimer interface resides at a location opposite the hCAR-
RXRa heterodimer interface (15,55,81). Therefore, the het-
erodimerization of PXR with CAR may not be affected
by their homodimerization status. In fact, crystallographic
studies indicate that several nuclear receptors have a ho-
modimerization interface that is different from the het-
erodimerization interface with RXR (Supplementary Fig-
ure S21). The observation that RXRa releases the in-
hibitory effect of hPXR on hCAR in a dose-dependent
manner suggests that there is a dynamic interaction be-
tween hPXR, hCAR, and RXRa as hetero- and homod-
imeric partners and a more complex mechanism of tar-
get gene regulation than is currently appreciated. In addi-
tion to the known hPXR-hPXR, hPXR-RXRa, hCAR-
hCAR and hCAR-RXRa dimers, we have advanced the
current model by establishing that hCAR heterodimerizes
with hPXR, which explains some unexpected, published
data and will facilitate the correct elucidation of hPXR—
hCAR regulation. Our current findings support a scenario
in which hPXR-hCAR heterodimerization is facilitated by
the same dimer interface used by hPXR to heterodimerize
with RXRa.

Previous in vivo studies in animals showed evidence that
PXR inhibits CAR. Clinical hypothyroidism affects several
metabolic processes, including drug metabolism. In mice
with hypothyroidism (induced by a low-iodine diet), the
induction of Cyp2bI0 (a target of mouse CAR [mCAR])
was unexpectedly elevated in PXR knockout (KO) mice but
abolished in CAR KO and PXR/CAR double-KO mice,
suggesting that Cyp2b10 induction depends on CAR but is
suppressed by PXR (13). Similarly, PXR KO, but not CAR
KO or PXR/CAR double KO, increased bilirubin clear-
ance in mice as a result of the increased expression of se-
lective bilirubin transporters such as multidrug resistance—
associated protein 2 (MRP2) (5). In cultured cells, mCAR
constitutively activates M RP2 expression but co-expression
of mouse PXR (mPXR) decreases it, suggesting that ligand-
free mPXR inhibits CAR-induced expression of MRP2 (5).
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In another study, basal levels of Cyp3all were increased
when mPXR was knocked out in mice, revealing an unex-
pected role for mPXR in repressing Cyp3all basal expres-
sion. Activation of mCAR further enhanced the Cyp3all
levels in mPXR KO mice, demonstrating that mCAR reg-
ulates Cyp3all in vivo independently of mPXR. Whether
mPXR repressed basal Cyp3all expression by inhibiting
mCAR was not further investigated (14). Although these
observations suggest that PXR inhibits CAR, the mecha-
nism of inhibition was unclear.

Consistent with our data on hPXR and hCAR, it was
reported that ligand-free mPXR could suppress both con-
stitutive and ligand-induced MRP2 expression (5). Ligand-
bound mPXR did not reduce the constitutive activity of
mCAR in inducing MRP2, but ligand-bound mPXR alone
also robustly induced MRP2. We also observed that lig-
and of hPXR reduced the inhibitory effect of hPXR on
hCAR. The mechanism by which ligand affects PXR-CAR
interaction warrants further investigation. Saini et al. also
proposed competition for the common coactivator SRC-1
in a target gene—specific manner as the underlying mech-
anism for the crosstalk between mCAR and mPXR, but
they did not investigate the interaction between mCAR
and mPXR (5). Our findings provide mechanistic insights
into the hPXR-hCAR crosstalk by providing evidence that
hPXR interacts with hCAR. Although our data do not ex-
clude competition for common coactivators as a contribut-
ing factor in hPXR-hCAR mutual inhibition, it is highly
unlikely that the availability of common coactivators is a
major limiting factor for hPXR/hCAR activity as these
coactivators are shared among many nuclear receptors.

The use of a cell model in which only hPXR or hCAR
is expressed precludes observation of the coordinated ac-
tion of hPXR and hCAR. The human hepatocellular carci-
noma cell line HepG2 and primary hepatocytes are com-
monly used to study hPXR function. However, hepato-
cytes are not readily available and often display consid-
erable donor-to-donor variation. Although HepG2 is the
most widely used cell line in drug metabolism studies (82),
its ‘hepatocyte-like’ features (i.e., endogenous expression of
hPXR and hCAR) have diminished, resulting in the need to
express hPXR or hCAR ectopically when investigating one
of these receptors. Recently, the HepaRG cell line (consist-
ing of terminally differentiated hepatic cells derived from a
human hepatic progenitor cell line that retains many char-
acteristics of hepatocytes, such as the expression of hPXR
and hCAR) has been used as an alternative to hepatocytes
and has facilitated observations of the inhibitory relation-
ship between hPXR and hCAR (23,51). The value of us-
ing a relevant cell model such as HepaRG resulted in the
recent findings that CITCO and phenobarbital, previously
thought to be specific hCAR activators, also function as
hPXR agonists, suggesting the need to re-examine our cur-
rent understanding of ligand-induced, receptor-specific reg-
ulation of target genes (23,51). In HepaRG cells, hCAR KO
elevated basal levels of the hPXR target genes CYP3A7,
CYP3A45 (80), and CYP3A4 (23). Moreover, stable overex-
pression of hCAR in HepaRG cells resulted in increased
basal CYP3A4 (probably because of the constitutive ac-
tivity of hCAR in regulating the basal level of CYP3A4)
but reduced CYP3A4 induction by the specific hPXR ago-
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nist RIF (50), suggesting that hCAR suppresses the RIF-
induced activity of hPXR. Therefore, although hPXR and
hCAR appear to have overlapping functions as individual
receptors when overexpressed in cell lines (most cell lines
express undetectable endogenous levels of hPXR and/or
hCAR), they appear to be mutually inhibitory when co-
expressed in more physiologically relevant liver cell models,
but the mechanism of this mutual inhibition was unknown.

The physical interaction and mutual inhibition between
hPXR and hCAR predict that the combined activity of
hPXR and hCAR depends on the expression level of each
receptor, which would explain the individual variability in
drug responses, including adverse responses, seen in human
populations (83,84). The observation that the LBD of the
receptor is sufficient for the inhibitory interaction indicates
that isoforms of hPXR and hCAR (as long as they con-
tain the LBD) (85,86) contribute to regulating the activity of
hPXR-hCAR. Accumulating evidence implicates PXR and
CAR in energy homeostasis, cell proliferation, inflamma-
tion, tissue injury and repair, immune responses, and cancer
development (10,11,87-89). Now that we know hPXR and
hCAR to be mutually inhibitory, the individual and com-
bined roles of hPXR and hCAR in these cellular processes
need to be re-examined. As the protein levels of hPXR and
hCAR determine the combined activity of the receptors and
the interaction between hPXR and hCAR does not require
ligand binding, chemical tools that selectively degrade one
receptor, or that disrupt the hPXR-hCAR interaction, will
be valuable in dissecting the roles of hPXR and hCAR.

In addition to RXR, co-activators, and co-repressors,
post-translational modifications may affect hPXR-hCAR
interaction. For example, a phosphomimetic hPXR mu-
tant, S350D, compromises hPXR interaction with RXR
(19), and we have shown here that the S350D mutation de-
creases hPXR interaction with hCAR, possibly via the same
mechanism that compromises the hPXR-RXR interaction.
In another study, phosphorylation at Thr38 of hCAR pro-
moted the formation of an inactive hCAR homodimer (16).
Consistent with this, we have shown here that a T38D phos-
phomimetic mutant of hCAR reduces the inhibitory ef-
fect of hCAR on hPXR, probably because of the increased
hCAR homodimerization.

To date, no PXR response elements in gene promot-
ers that mediate the inhibitory effect of hPXR have been
reported. Our findings that hPXR can repress hCAR-
mediated CYP2B6 gene expression through protein—
protein interaction with hCAR might explain the recent
finding that PXR downregulates twice as many genes as
it induces in primary human hepatocytes (90). It should
be pointed out that, in that study, RIF and CITCO were
intended to be specific agonists of hPXR and hCAR, re-
spectively. However, we now know that CITCO is a dual
agonist of both hPXR and hCAR (23). Therefore, in fu-
ture receptor-specific gene expression studies, both lig-
and specificity and protein—protein interactions should be
considered. Furthermore, we cannot rule out the possi-
bility that both hPXR and hCAR heterodimerize with
many other nuclear receptors. The finding that hPXR het-
erodimerizes with hCAR opens new perspectives on the
regulation of hPXR and hCAR in the context of system-
atic protein—protein interactions that involve other nuclear

receptors and the polypharmacologic properties of their
ligands.

To summarize, we first confirmed the inhibitory effect
of hPXR on hCAR in cell models that co-express hPXR
and hCAR, such as human primary hepatocytes, then we
revealed the previously unknown physical interaction be-
tween hPXR and hCAR. Through a combination of cellular
and biophysical assays, we mapped the heterodimerization
interface between hPXR and hCAR to that used by RXR to
interact with each receptor. Many spliced variants of both
hPXR and hCAR have been identified and shown to con-
tribute to individual variability in drug responses (85,86).
Furthermore, hPXR and hCAR are known to play broader
roles beyond drug metabolism (10,11,88). Therefore, our
discovery of the inhibitory interactions between hPXR and
hCAR not only provides a novel molecular mechanism
for variation in drug—drug interactions and a potential ap-
proach to their therapeutic regulation; it also sheds light
on how these receptors coordinately regulate other physio-
logic processes, such as energy metabolism, and pathologic
processes, such as cancer development. Furthermore, our
work highlights the importance to comprehensively inves-
tigate the crosstalk among members of the nuclear recep-
tor superfamily, through previously unrecognized physical
association. Such crosstalk might constitute an unexplored
space to define and target nuclear receptor physiology and
pathophysiology.
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