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Abstract: The pregnane X receptor (PXR, NR1I2) is a nuclear receptor which exerts its regulatory
function by heterodimerization with the retinoid-X-receptor α (RXRα, NR2B1) and binding to the
promoter and enhancer regions of diverse target genes. PXR is involved in the regulation of drug
metabolism and excretion, metabolic and immunological functions and cancer pathogenesis. PXR
activity is strongly regulated by the association with coactivator and corepressor proteins. Coactivator
proteins exhibit histone acetyltransferase or histone methyltransferase activity or associate with
proteins having one of these activities, thus promoting chromatin decondensation and activation
of the gene expression. On the contrary, corepressor proteins promote histone deacetylation and
therefore favor chromatin condensation and repression of the gene expression. Several studies
pointed to clear cell- and ligand-specific differences in the activation of PXR. In this article, we will
review the critical role of coactivator and corepressor proteins as molecular determinants of the
specificity of PXR-mediated effects. As already known for other nuclear receptors, understanding
the complex mechanism of PXR activation in each cell type and under particular physiological and
pathophysiological conditions may lead to the development of selective modulators with therapeutic
potential.

Keywords: coactivator; coregulator; corepressor; nuclear receptor; pregnane X receptor

1. Introduction

The pregnane X receptor (PXR, NR1I2) is a transcription factor belonging to the
superfamily of nuclear receptors. As well as other members, PXR is characterized by
two conserved domains: a DNA-binding domain (DBD), located in the N-terminus of the
receptor, and a ligand-binding domain (LBD), located in the C-terminus. Both domains
are connected by a hinge region. The DBD is highly conserved among different nuclear
receptors and interacts with response elements in the promoters and distal enhancers
of target genes via zinc finger motifs. On the contrary, PXR’s LBD differs substantially
from other nuclear receptors [1]. In detail, PXR’s LBD consists of a three-layered α-helical
sandwich structure which is made up of three main structural elements. The elements can
be distinguished into α1-α3, α4-α5-α8-α9 and α7-α10. Furthermore, the receptor consists
of a five-stranded antiparallel β-sheet, which includes the main elements β1, β1’, β2, β3
and β4. This five-stranded β-sheet is unique for PXR. Other nuclear receptors consist
of only two- or three-stranded β-sheets. The flexible ligand-binding pocket is largely
hydrophobic and consists of 28 residues, most of which are uncharged. The special feature
of the binding pocket comprises recognition of molecules of different shapes and sizes and,
accordingly, adaption of its size to the structure of the molecule. This results in a much
higher flexibility of the PXR’s LBD compared to LBDs of other nuclear receptors [2]. This
flexibility constitutes the structural basis underlying PXR promiscuity [1]. In addition to
the binding pocket, the short helix α-AF in the LBD, which is located at the C-terminus,
also plays a crucial role in the functionality of PXR. The alignment of α-AF is crucial for

Cells 2021, 10, 3137. https://doi.org/10.3390/cells10113137 https://www.mdpi.com/journal/cells

https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0003-4168-9396
https://orcid.org/0000-0003-4720-9242
https://orcid.org/0000-0002-2034-923X
https://doi.org/10.3390/cells10113137
https://doi.org/10.3390/cells10113137
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cells10113137
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells10113137?type=check_update&version=1


Cells 2021, 10, 3137 2 of 27

the structural organization of AF2 (activation function 2) and thus for the recruitment of
coactivators [2]. In fact, PXR can be activated by a wide range of endogenous compounds
such as hormones, hormone metabolites [3] and bile acids [4], and exogenous compounds
such as drugs [5], micronutrients, marine compounds [6], environmental toxicants [7]
and bacterial metabolites [8,9]. A wide analysis of compounds acting as PXR ligands and
activators has been already published elsewhere [2,10].

PXR was discovered originally as a master regulator of drug biotransformation and
transport. In this regard, PXR activated by xenobiotics results in the transcriptional upregu-
lation of drug metabolizing enzymes and drug transporters and leads to increased clearance
of xenobiotics and thus, ultimately, to the return to homeostasis. More recently, PXR was
demonstrated to regulate other physiological and pathophysiological processes such as
inflammation [11], energy homeostasis and metabolism [12] and cancer progression [10].

So far, PXR expression has been reported in several tissues. Although different studies
pointed to the liver to exhibit the highest PXR expression, PXR has been also detected in the
small intestine, colon, kidney, lung, stomach, skeletal muscle, heart, macrophages, adipose
tissue, osteoblasts, osteoclasts, adrenal gland, uterus, ovary, testis [13], brain [14] and
placenta (reviewed in [2,15]). Moreover, different isoforms with different transcriptional
activity have been identified [16].

Besides the binding of the ligand to PXR’s ligand-binding pocket, PXR activation
involves a dynamic interplay of coregulator proteins [2]. While in the absence of ligand,
corepressor proteins are bound to the nuclear receptor and result in gene silencing, ligand
binding triggers the dissociation of corepressors and binding of coactivators. Coregulators
exhibit a tissue-specific expression pattern and are subject to regulation by different physi-
ological and pathophysiological factors. Thus, coregulator proteins constitute hubs which
integrate different physiological (e.g., changes in hormone levels) and pathophysiological
signals (e.g., malignant transformation) that ultimately impact PXR regulatory function
(Figure 1). Moreover, the PXR-coregulator interaction may constitute a promising thera-
peutic target allowing to tackle PXR-mediated gene activation in a cell- and ligand-specific
manner. In this article, we will review the studies investigating the interaction between
PXR and different coregulator proteins, the ligands modulating these interactions and
eventual cell-, ligand- and gene-specific effects.
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Figure 1. Modulation of the expression of coregulators and its impact on PXR activity. (a) Physiological and pathophysi-
ological factors leading to an increase in coactivator expression and a decrease in corepressor expression. These factors
may result in an increase in PXR transcriptional activity. (b) Physiological and pathophysiological factors leading to a
decrease in coactivator expression and an increase in corepressor expression. These factors may result in a decrease in
PXR transcriptional activity. Abbreviations: CoA: coactivator; CoR: corepressor; FXR: farnesoid X receptor; NCoR: nuclear
receptor corepressor; PGC1α: peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α; PXR: pregnane X
receptor; PXR RE: PXR response element; RXRα: retinoid X receptor α; SHP: small heterodimer partner; SRC: steroid
receptor coactivator.
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2. PXR Activation Mechanisms

2.1. Ligand-Dependent Activation

Different independent studies pointed to a nuclear localization of PXR, even in its
transcriptionally-inactive form [17–19]. In the absence of a ligand, PXR interacts with
the nuclear receptor corepressor 2 (NCoR2), also known as SMRT (silencing mediator of
retinoid and thyroid hormone receptors) [20–22]. Instead, in the presence of ligand, NCoR2
is exchanged by coactivator proteins, such as the steroid receptor coactivator 3 (SRC3) [21].
Both SRC3 and NCoR2 are important examples of coregulator proteins. Although they
do not bind directly to the DNA, coregulators are necessary for nuclear receptor signaling
and can be divided into coactivators and corepressors. Coactivators, such as SRC3, are
proteins which interact with nuclear receptors and serve as a bridge with the transcription
machinery. Several coactivators also display chromatin remodeling activity or interact with
proteins exhibiting this activity, resulting in chromatin decompaction and activation of the
gene expression [23]. On the contrary, corepressors, such as NCoR2, associate with histone
deacetylases and repress gene expression [24].

PXR binds as a heterodimer with the retinoid-X-receptor α (RXRα, NR2B1) to response
elements characterized by direct repeats (DR) or everted repeats (ER) of nucleotides in
the proximal promoters as well as distal and far enhancers of its target genes. Distal and
far enhancers act as long-distance transcription control elements. There is evidence that
the heterodimer PXR-RXRα itself dimerizes via aromatic residues in the LBD to form a
large homodimer (RXRα-PXR:PXR-RXRα). Dimerization occurs in a tryptophan-zipper
motif in the β1-strand, which is unique for PXR [25]. Binding of PXR-RXRα to an ER6
element (i.e., everted repeats separated by six nucleotides) in the proximal promoter and
to a DR3 (i.e., direct repeats separated by three nucleotides) in a distal enhancer of the
CYP3A4 gene was described [26]. It is also possible that the far enhancer region is involved
in the regulation of the CYP3A4 gene. This includes an ER6 binding element for PXR-
RXRα. When all three regulatory elements (proximal promoter, distal and far enhancer) are
combined in a construct for a dual reporter gene assay, induction of the CYP3A4 gene by
rifampicin is significantly increased [27]. Binding of PXR to ER6, DR3 and DR4 elements in
the promoter of human ABCB1 (i.e., codifying the drug transporter P-glycoprotein) has
also been described [28].

In order for a ligand to bind to PXR, the α2 helix in the LBD must flip to the side.
Once the ligand has bound, it is stabilized by coactivators (such as SRC1) via LXXLL motifs
(reviewed in [2]). Afterwards, transcription of the target gene can take place.

The localization of PXR in its inactive form is still controversial. On the contrary to
the previous model, Squires et al. [29] described a predominant cytosolic presence of PXR
in mouse liver. The addition of a ligand such as pregnenolone 16α-carbonitrile (PCN)
stimulated nuclear translocation of PXR and transcription of the target gene Cyp3a11.
It is noteworthy that although a clear enhancement of PXR translocation due to ligand
addition was described, a significant amount of nuclear PXR was already detected in
the absence of ligand. Thus, this observation still agrees with the previously presented
model of PXR nuclear localization. In the same line of evidence, another study described a
predominantly nuclear localization in HepG2 hepatocarcinoma cells grown in monolayer,
while 3D cultures of the same cells exhibited a cytosolic localization of PXR with the ability
to translocate to the nucleus after incubation with rifampicin [30]. In light of this conflicting
evidence, special attention should be paid to those studies where localization studies of
PXR are performed.

2.2. Ligand-Independent Activation

Besides the above-described mechanisms, PXR activation in the absence of a ligand
has also been described. Mutagenesis experiments identified a critical role of the Phe420
residue in the AF2 region in PXR-ligand independent activity [19]. The same study also
described the stimulation of this novel ligand-independent PXR activity by coactivators.
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Ligand-independent PXR activity is also subject to additional regulatory mechanisms.
For instance, Biswas and coworkers [31] reported an inverse association between PXR
acetylation and PXR activity. The deacetylase sirtuin 1 (SIRT1) plays a major role in this
association. The SIRT1 activator resveratrol resulted in lower PXR acetylation and higher
PXR activity. On the contrary, treatment with the SIRT1 inhibitor nicotinamide resulted in
higher PXR acetylation and lower PXR activity [31].

In addition, rifampicin, which functions as a human PXR agonist but does not bind to
rodent PXR, was shown to stimulate PXR mediated transcription in mice [32]. The authors
demonstrated increased expression of phase I and phase II drug-metabolizing enzymes in
mouse liver even though rifampicin does not bind to PXR’s LBD. Results can be partially
explained by increased levels of the nuclear receptor in the nucleus [32].

In general, as well as for ligand-dependent activation of PXR (Section 2.1), binding of
coregulators is an important step in the activation of PXR independent of ligands [33].

3. Role of PXR in Health and Disease

The regulation of the expression of genes mediating drug biotransformation and
transport was the first function attributed to PXR [34,35] and the most extensively studied.
The currently accepted model postulates PXR as a xenobiotic sensor. Due to its flexible
binding pocket, PXR is capable of binding numerous therapeutic agents of diverse chemical
structure, size and pharmacological action. After ligand binding, activated PXR leads to
the upregulation of the expression of phase I and phase II biotransformation enzymes.
Similarly, drug transporting proteins, most of them belonging to the ATP binding cassette
(ABC) superfamily, are upregulated by PXR [36]. Altogether, this enhances the clearance of
xenobiotics. This regulatory role of PXR has an important physiological function protecting
the organism from increasing concentrations of potentially toxic agents. Although this
function may be beneficial in terms of preventing absorption and promoting excretion of
toxic compounds, it also constitutes a major mechanism underlying drug–drug interac-
tions. For example, the prototypical PXR ligand rifampicin leads to innumerable clinically
relevant drug–drug interactions by inducing particularly the expression of CYP3A4 [37]
and P-gp but also other drug-metabolizing enzymes and drug transporters [38]. Besides
PXR, the constitutive androstane receptor (CAR, NR1I3) is an important regulator of drug
metabolism and excretion. Although the activation mechanisms of CAR and PXR are
different, coregulator proteins (e.g., GRIP1) are shared between both nuclear receptors [2].

Several studies also highlighted a key role of PXR in cancer pathogenesis. Due to
its function stimulating the transcription of drug metabolizing and transporting proteins
and its activation by several chemotherapeutic agents [2,36], PXR is a major component
mediating multidrug resistance [39–41]. In addition, PXR has been associated with cancer
pathogenesis beyond its role in multidrug resistance [42,43]. In a previous study from our
group, we investigated the role of PXR in the pathogenesis of head and neck squamous
cell carcinoma (HNSCC). Our findings demonstrated a variable effect of PXR knock-
down on different HNSCC-cells obtained from surgical specimens. While PXR knock-
down stimulated cell proliferation in specimens of lower histological grade, specimens
with higher histological grade showed decreased cell growth in response to PXR knock-
down [44]. Besides the previously mentioned cancers, a role of PXR has been observed
in other malignancies [10]. Nevertheless, the molecular mechanisms of PXR activation
in the different types of cancer, or at the different stages of the same cancer, are poorly
understood. The rationale underlying the pro-proliferative effects of PXR in some tumors
and the anti-proliferative effects in other types of tumors has also been poorly investigated.
Thus, analyzing the interaction between PXR and its coregulators may provide further
insight in the underlying mechanisms.

PXR is also implicated in the regulation of inflammatory responses. For instance, the
relevance of PXR expression or activity (when pharmacologically activated) for inflam-
matory bowel diseases (e.g., Crohn’s disease, ulcerative colitis) is well documented so
far [45–47].
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Experimentally, the role of PXR in inflammatory diseases or its anti-inflammatory
effects have been investigated with more detail. Dextran sulfate sodium is a standard
compound to cause experimental colitis in rodents. Its administration leads to histological
and clinical conditions reminiscent of colitis [48]. Co-treatment of mice with dextran
sulfate sodium and the PXR ligand PCN delayed the onset of rectal bleeding, and severity
was reduced by more than 60% after one week. In contrast, PCN had no anti-colitis
effect in PXR−/− mice, suggesting that PXR is indeed implicated in anti-colitis effects
when activated by respective compounds such as PCN [49], extracts of St. John’s wort
or spironolactone [50,51]. Those anti-colitis effects were accompanied by decreases in the
expression or secretion of pro-inflammatory cytokines such as interleukin-6, interleukin-1β
(IL-1β), or tumor necrosis factor-alpha, suggesting that PXR interferes with the nuclear
factor κB (NF-κB) [52]. This interaction is in part mediated by the competition for RXRα.
In an experimental hallmark work, Gu and co-workers showed that activated NF-κB traps
RXRα, thus disrupting the PXR:RXRα heterodimer and consequently inhibiting its DNA-
binding capacity and CYP3A4 transcriptional activity [53]. Moreover, rifampicin inhibited
lipopolysaccharide (LPS)-mediated nuclear translocation of NF-κB and transcription of
pro-inflammatory cytokines by enhancing the expression of IkB [54].

PXR and its activation not only affect inflammatory responses at the respective tissue
or cells of interest (colon, epithelial cells, etc.) but also regulate cells of the immune system.
T-cell-activating stimuli (LPS, PMA or antibodies activating CD3/CD28 T-cell receptors)
increase the expression and activity of PXR in ex vivo T lymphocytes or respective in vitro
models (Jurkat cells) within 24 h of stimulation [55]. When PXR is activated pharmacologi-
cally (e.g., by PCN, rifampicin), T-cell proliferation (but not viability), CD25 expression,
NF-κB activity and interferon-gamma secretion is lowered [55], indicative of the proposed
anti-inflammatory or immunosuppressive effect of PXR activation by rifampicin [56,57].
Mechanistically, the observed effects were attributed to transcriptional induction of SOCS-1,
a protein known to bind NF-kB and to promote its degradation [58]. Together, PXR plays an
important role during physiological T-cell activation as well as for blunting T-cell function
when activated by strong ligands.

In contrast to T cells, macrophages are part of the innate immune system and are the
main target of M. tuberculosis. Thus, the relevance of PXR and its activation by rifampicin
in macrophages is of very special interest. Rifampicin’s ability to counteract inflammatory
responses through activation of PXR might be detrimental to the elimination of M. tuber-
culosis. When human monocyte-derived macrophages were infected with M. tuberculosis
(H37Rv and H37Ra strains) and treated with the synthetic PXR activator SR12813, apoptosis
of infected cells was hindered, intracellular survival and proliferation of M. tuberculosis was
promoted, and pro-inflammatory cytokine expression in macrophages was reduced [59].

However, more recent data indicate that PXR can also have pro-inflammatory effects
through activation of the inflammasome, a catalytic multi-protein complex mainly con-
sisting of the nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin
domain-containing protein 3 (NLRP3). NLRP3 can activate caspase-1 which in turn cleaves
pro-IL-1β and pro-IL-18 to their functional cytokines when the NLRP3 has been primed
(e.g., stimulation by LPS) and activated (viral RNA, reactive oxygen species, oxidized
mitochondrial DNA, etc.) accordingly. Eventually, NLRP3 activity leads to membrane in-
sertion of gasdermin D, forming a potassium pore and promoting pyroptotic cell death [60].
When mouse or human macrophages were primed by LPS, subsequent PXR activation
by PCN, SR121813, or rifaximin led to caspase-1 cleavage and concentration-dependent
secretion of IL-1β. Control experiments with macrophages from PXR−/− or NLRP3−/−

mice underlined that PXR is needed for NLRP3 activation and cytokine release [61]. Similar
results had been obtained in vascular endothelial cells [62] and liver cells or tissue [63].

In summary, inflammation or inflammatory processes (NLRP3 inflammasome) are
excellent examples of the diverse and multifaceted functions of PXR. While the majority
of findings advocate for anti-inflammatory effects of activated PXR (inflammatory bowel
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disease; M. tuberculosis-infected macrophages), in selected cells or tissues without microbial
infection (e.g., endothelial cells), PXR activation can promote pro-inflammatory responses.

Finally, several studies in vitro and in vivo also described the regulation of glucose
metabolism by PXR [64–68]. In addition, PXR regulates key enzymes of lipogenesis. For
instance, activation of PXR by rifampicin upregulated the expression of fatty acid synthase
and increased de novo lipogenesis in human hepatocytes [69]. Another study confirmed
the PXR-dependent upregulation of fatty acid synthase by the flame retardant tricresyl
phosphate in HepG2 cells. Downregulation of carnitine palmitoyltransferase I, which
catalyzes an important step towards the transport of fatty acids into the mitochondria and
their beta-oxidation, was also reported [70]. Similarly, propiconazole and tebuconazole
stimulated steatosis via PXR in hepatic cell lines [71]. Taken together, most evidence
available suggests a role of PXR stimulating lipogenesis and inhibiting beta-oxidation [72].

4. Modulation of PXR by Coactivators

4.1. Steroid Receptor Coactivators (SRCs)

Steroid receptor coactivators (SRCs) comprise SRC1 (also identified as nuclear receptor
coactivator 1, NCoA1), SRC2 (also identified as transcriptionally intermediary factor, TIF2;
glucocorticoid receptor interacting protein 1, GRIP1 and nuclear receptor coactivator 2,
NCoA2) and SRC3 (also identified as amplified in breast cancer 1, AIB1; thyroid recep-
tor activator molecule 1, TRAM1; activator of thyroid and retinoic acid receptor, ACTR
and retinoid acid receptor-associated coactivator 3, RAC3). Structurally, SRCs exhibit a
conserved structure. Their N-terminus is characterized by a basic helix–loop–helix PAS
domain and is involved in binding to further coactivators, some of which exhibit activities
such as histone methyltransferase or histone acetyltransferase (e.g., CARM1 or p300, re-
spectively). The C-terminus represents the nuclear receptor-binding domain, characterized
by LXXLL motifs. The LXXLL motifs interact with the α-AF helix of PXR to stabilize
the ligand-coactivator complex. Further in direction of the C-terminus are the activation
domains 1 and 2 (AD1 and AD2), which also mediate the interaction with other coactivator
proteins with histone modifying activity [2,23].

Within the PXR molecule, the residues T135 and S221 are important for the interaction
with SRC1 and SRC2. Phosphomimetic (T135D) and phosphodeficient (T135A) mutations
of T135 reduced the interaction of PXR-SRC1 in the absence of ligand, while the phospho-
mimetic mutation S221D reduced the ligand-independent interaction PXR-SRC2 and also
the interaction of PXR with SRC1 and SRC2 in the presence of rifampicin [33]. Mutations
in the W299 from PXR’s LBD (i.e., W299D and W299G) reduced the interaction PXR-SRC1
and the transcriptional activation of the CYP3A4 promoter [73]. In addition, the mutation
W299A prevented the interaction PXR-SRC1 in absence of ligand and inhibited PXR basal
activity [74]. Further insight into the structural aspects of PXR-SRC1 interaction obtained
by crystallography analysis can be obtained elsewhere [75].

So far, most studies assessing the interaction PXR-SRC rely on the construction of
two-hybrid systems in cell lines, and most evidence has been obtained in hepatocarcinoma
cells (i.e., HepG2 cells) (Table 1). The stimulation of PXR-SRC1 interaction by rifampicin
was reported in several studies [76,77]. These findings were confirmed using other cellular
scaffolds such as Mz-Hep1 cells [78] and COS1 cells [19].

Table 1. Factors modifying the interaction PXR–coactivator.

Coactivator Compound/Stimulus Effect Cell/Tissue Reference

SRC1 Rifampicin ↑ Human brain-derived endothelial cells [79]

SRC1 Rifampicin ↑ HepG2 cells [76,77]

SRC1 Rifampicin ↑ Mz-Hep1 cells [78]

SRC1 Rifampicin ↑ COS-1 cells [19]

SRC1 Rifampicin + PXR sumoylation ↑ HepG2 cells [80]

SRC1 Rilpivirine ↑ HepG2 cells [76]
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Table 1. Cont.

Coactivator Compound/Stimulus Effect Cell/Tissue Reference

SRC1 Etravirine ↑ HepG2 cells [76]

SRC1 Efavirenz ↑ HepG2 cells [76]

SRC1 Carboxymefloquine ↑ HepG2 cells [81]

SRC1 Alisol B23-acetate ↑ HepG2 cells [82]

SRC1 Nigramide C ↑ HepG2 cells [83]

SRC1 Forskolin, 8-Br-cAMP ↑ CV-1 cells [84]

SRC1 Medazepam ↑ Mz-Hep1 cells [78]

SRC1 Midazolam ↑ Mz-Hep1 cells [78]

SRC1 Ginkgolides A and B ↑ HepG2 cells [85]

SRC1 3-hydroxyflavone and galangin ↑ HepG2 cells [86]

SRC1 Para-hydroxy-atorvastatin ↑ HepG2 cells [87]

SRC1 Metolazone ↑ HepG2 cells [88]

SRC1 Piperine ↑ HEK293T cells [89]

SRC1 Imperatorin ↑ HEK293T cells [90]

SRC1 Metformin ↓ Mz-Hep1 cells [91]

SRC1 Fucoxanthin ↓ HepG2 cells [92]

SRC1 Isopimpinellin ↓ CV-1 cells [93]

SRC1 Clotrimazole, econazole, miconazole
and oxiconazole ↑ HepG2 cells [94]

SRC1 UO126 ↑ HepG2 cells [95]

SRC1 Equol, Genistein ↑ CV-1 cells [96]

SRC1 Ursolic acid ↓ HepG2 cells [97]

SRC1 Paclitaxel ↑ HepG2 cells [98]

SRC1 Nelfinavir ↓ HepG2 cells [99]

SRC1 Camptothecin ↓ HepG2 cells [22]

SRC1 Pazopanib ↓ HepG2 cells [22]

SRC1 Pimecrolimus ↓ HepG2 cells [22]

SRC1 Amprenavir ↑ HepG2 cells [100]

SRC1 Carnosic acid, carnosol, ursolic acid ↑ HepG2 cells [101]

SRC1 Nonylphenol, phthalic acid ↑ Yeast cells [3]

SRC1 Progesterone ↑ Yeast cells [3]

SRC1 SHP ↓ HepG2 cells [20]

SRC1 SREBP1 ↓ CV1 cells [102]

SRC1

Ethyl N-[11-
[2-(diethylamino)acetyl]-5,6-

dihydrobenzo[b][1]benzazepin-
2-yl]carbamate

↑ HepG2 cells [103]

SRC1 Ketoconazole ↓ HepG2 cells [104,105]

SRC2 Rifampicin ↑ HepG2 cells [76,101]

SRC2 Rilpivirine ↑ HepG2 cells [76]

SRC2 Etravirine ↑ HepG2 cells [76]

SRC2 Efavirenz ↑ HepG2 cells [76]
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Table 1. Cont.

Coactivator Compound/Stimulus Effect Cell/Tissue Reference

SRC2 Nigramide C ↑ HepG2 cells [83]

SRC2 3-hydroxyflavone and galangin ↑ HepG2 cells [86]

SRC2 Nelfinavir ↓ HepG2 cells [99]

SRC2 Carnosic acid, carnosol, ursolic acid ↑ HepG2 cells [101]

SRC2 SREBP1 ↓ CV-1 cells [102]

SRC3 Rifampicin ↑ HepG2 cells [76,101]

SRC3 Rilpivirine ↑ HepG2 cells [76]

SRC3 Etravirine ↑ HepG2 cells [76]

SRC3 Efavirenz ↑ HepG2 cells [76]

SRC3 3-hydroxyflavone and galangin ↑ HepG2 cells [86]

SRC3 Carnosic acid, carnosol, ursolic acid ↑ HepG2 cells [101]

PGC1α Rifampicin ↑ HepG2 cells [20,97]

PGC1α Rifampicin ↑ CV-1 cells [106]

PGC1α Rifampicin
↓ (WT PXR)
↑ (PXR-F420A,

PXR-3A)
COS1 cells [19]

PGC1α PCN ↑ HepG2 [107]

PGC1α Pyruvate + low glucose (i.e., SIRT1
activation) ↓ HepG2 [107]

PGC1α Nigramide C ↑ HepG2 cells [83]

PGC1α Ursolic acid ↓ HepG2 cells [97]

PGC1α Sumoylation ↓ CV-1 cells [107]

p300 Rifampicin ↑ LS174T cells [108]

NCoA6 Rifampicin ↑ LS174T cells [108]

HNF4α Ursolic acid ↓ HepG2 cells [97]

HNF4α Rifampicin ↑ HepG2 cells [20,109]

HNF4α SHP ↓ HepG2 cells [20]

MTBP Rifampicin ↑ HEK293 cells [110]

RIP140 Nonylphenol, phthalic acid ↑ Yeast cells [3]

RIP140 Progesterone ↑ Yeast cells [3]

DRIP205 Rifampicin ↑ HepG2 Cells [87]

FOXO1 PCN ↑ GST pull-down assay [111]

Compounds and stimuli modifying the interaction between PXR and different coactivators are presented. The type of effect (i.e., stimulation
or inhibition) as well as the cell or tissue where these effects were documented are also presented. In some cases, the interaction was
demonstrated in a non-cellular system (e.g., GST pull-down assay). Abbreviations: DRIP205: Vitamin D-interacting protein 205; FOXO1:
forkhead box protein O1; HNF4α: hepatic nuclear factor 4α; NCoA6: nuclear receptor coactivator 6; PCN: pregnenolone 16α-carbonitrile;
PGC1α: peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α; PXR: pregnane X receptor; RIP140: receptor-interacting
protein 140; SHP: small heterodimer partner; SRC: steroid receptor coactivator.

The association of PXR-SRC2 and PXR-SRC3 was also stimulated by rifampicin [76],
in line with the strong agonist role demonstrated for this compound. It is worth noting that
some compounds may trigger the recruitment of specific members of the SRC family. For
example, the atorvastatin metabolite para-hydroxy-atorvastatin stimulated the interaction
SRC1–PXR but not SRC2–PXR [87]. Another SRC-specific effect was described in the
regulation of UGT1A1 by roscovitine in HepG2 cells. Although wild-type PXR was equally
activated by roscovitine in the absence or presence of SRC1 or SRC2, the PXR mutant S350D
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exhibited lower transcriptional activity, which was selectively restored by expression of
SRC2 and not by expression of SRC1 [112].

Other antimicrobial agents activating PXR have also been reported to stimulate the
interaction with SRC1. This is the case for the antivirals amprenavir [100], rilpivirine,
etravirine and efavirenz, whereby the last three compounds also stimulate the interaction
with SRC2 and SRC3 [76]. All the studies were performed in HepG2 cells. Clotrimazole,
oxiconazole, econazole and miconazole stimulated the interaction between PXR and SRC1
and activated a CYP3A4 reporter in HepG2 cells. Interestingly, rifampicin attenuated
oxiconazole-mediated SRC1 recruitment [94].

Natural compounds are well known for activating PXR, and in line with this, they stim-
ulate the interaction between PXR and SRC coactivators. For instance, 3-hydroxyflavone
(scaffold of several flavonoids) and galangin increased the interaction PXR-SRC1, 2 and
3 and upregulated CYP3A4 and ABCB1 in HepG2. Other flavonoids such as quercetin,
isorhamnetin and tamarixetin also induced PXR activation and upregulated CYP3A4 and
ABCB1 in the same cells. However, they do not increase the interaction between PXR and
SRC1, 2 or 3 [86]. Nigramide, a compound present in pepper, stimulated the interaction
PXR-SRC1 [83]. Moreover, genistein, a phytoestrogen found in soy and derived products,
and as well as equol, activated PXR and stimulated its interaction with SRC1 [96].

While several compounds stimulated the interaction of PXR with SRCs and, therefore,
PXR activity, other natural and synthetic compounds disrupt the interaction between
PXR and coactivators and inhibit PXR activity. For instance, experiments in Mz-Hep1
cells demonstrated the disruption of the interaction PXR-SRC1 by metformin [91]. This
effect probably explains the inhibitory effect of metformin on the induction of CYP3A4 by
rifampicin [91]. Furthermore, the natural coumarin isopimpinellin disrupts the interaction
PXR-SRC1 in CV1 cells [93]. Fucoxanthin reduced rifampicin-induced and basal PXR
activity in HepG2 and LS174T cells due to disruption of the interaction PXR-SRC1. [92].
Nelfinavir inhibits the interaction PXR-SRC1 and PXR-SRC2 stimulated by rifampicin
in HepG2 cells. In relation with these findings, nelfinavir ameliorates induction of the
PXR target genes CYP3A4 and ABCB1 in primary human hepatocytes [99]. In addition,
camptothecin, pazopanib and pimecrolimus, which function as PXR inhibitors, decrease
the interaction of PXR with SRC1 triggered by rifampicin [22]. Interestingly, ketoconazole,
a well-known antagonist of PXR, decreases interaction PXR-SRC1 in HepG2 but not in
LS174T cells [104], thus pointing to a cell-specific effect of this compound. The full details
of compounds stimulating and inhibiting the interaction between PXR and members of the
SRC family are provided in Table 1.

SRC expression can be regulated by several physiological and pathophysiological
factors. High-fat diet and an increase in insulin levels resulted in SRC1 downregulation.
Moreover, acute phase response downregulated SRC1 and SRC2 (Figure 1b). On the con-
trary, fasting conditions led to SRC1 upregulation [113] (Figure 1a). SRC3 expression is
downregulated by several natural compounds (e.g., verrucarin A, gambogic acid, theve-
bioside) (Figure 1b), while SRC3 upregulation has been reported in different malignancies
(e.g., breast cancer, ovarian cancer, endometrial cancer, cervical cancer, thyroid cancer,
hepatocellular carcinoma, cholangiocarcinoma, pancreatic adenocarcinoma, non-small cell
lung cancer, colorectal cancer, bladder cancer, glioma, nasopharyngeal cancer, esophageal
squamous cell carcinoma and bone cancer) (Figure 1a) [114].

Furthermore, post-translational modifications in the PXR molecule may affect its
interaction with SRCs. For instance, the interaction between PXR and SRC1 is stimulated
by sumoylation of the nuclear receptor [80]. Activation of PKA (indirectly by forskolin and
directly by 8-Br-cAMP) increased interaction PXR-SRC1 in CV-1 cells [84]. These factors
as well as changes in the expression of SRC proteins due to different physiological and
pathophysiological states may lead to different responses even in the presence of the same
concentration of PXR agonist.
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4.2. Peroxisome Proliferator-Activated Receptor γ (PPARγ) Coactivator 1α (PGC1α)

PGC1α was originally described as a regulator of the nuclear receptor PPARγ in
adipose tissue and, more recently, associated with metabolic functions in a plethora of
tissues and cell types [115]. The structure of PGC1α resembles the structure of SRC
coactivators. The N-terminal bears an activation domain with LXXLL motifs involved in
the interaction with nuclear receptors and other coactivators. It also contains a nuclear
localization sequence, a repression domain subject to inhibitory phosphorylation and a
C-terminal domain with an RNA recognition motif and an arginine-serine rich region,
which mediates the interaction with the transcriptional machinery [116].

Although the interaction between PXR and PGC1α was demonstrated in different
model systems and using different techniques, results are not as consistent as for the
interaction with SRC coactivators. For instance, PCN stimulated the interaction between
mouse PXR and PGC1α in a two-hybrid system in HepG2 cells. These findings contribute
to explaining the stimulatory effect of PGC1α overexpression on the upregulation of PXR
target gene Cyp3a11 by PCN in mouse primary hepatocytes [107]. The interaction was
abrogated by SIRT1 activation, probably due to deacetylation of PGC1α [107].

Concerning human PXR, using a two-hybrid system, the interaction PXR-PGC1α and
its stimulation by rifampicin was demonstrated in HepG2 cells [20,97]. Binding of PGC1α
to PXR was confirmed in a GST-pull down assay, but no difference due to rifampicin was
observed [20]. Additionally, the interaction between PXR and the LXXLL domain from
PGC1αwas recently demonstrated using a two-hybrid system in COS1 cells. Unexpectedly,
addition of rifampicin had an inhibitory effect. On the contrary, when two variants of PXR
were used (PXR-F420A and PXR-3A) bearing mutations in the coactivator binding site,
the interaction PXR–PGC1αwas stimulated by rifampicin [19]. The cellular scaffold (i.e.,
COS1 vs. HepG2) may explain the partially contradicting outcomes [20,97]. Another study
characterized the binding of PXR and PGC1α to the promoter of CYP2A6. While rifampicin
stimulated binding of PXR to three promoter regions (around −6698 bp, −5476 bp and
−4618 bp), it only stimulated binding of PGC1α to the site around –6698 bp. Binding of
PGC1α to the −5476 bp was inhibited by rifampicin, and no changes were observed in the
binding to the −4618 bp [117]. Although the interaction PXR–PGC1α may take place at
this promoter site, no direct interaction studies were performed in the current study.

The interaction PXR–PGC1α has also been reported to inhibit, although indirectly, the
expression of other genes that are not directly the target of PXR. For instance, overexpres-
sion of PXR resulted in a dose-dependent inhibition of the transcriptional activation of the
CYP7A1 promoter in HepG2 cells. Moreover, rifampicin reduced the binding PGC1α to
CYP7A1 promoter. The authors pointed to a competition between PXR and the hepatic
nuclear factor 4 (HNF4) as the underlying molecular mechanism [118].

Disruption of the interaction PXR–PGC1α has been demonstrated to be a mechanism
underlying antagonism of PXR. The PXR antagonist SPA70 (specific PXR antagonist #70)
decreased the interaction PXR–PGC1α both in absence and presence of rifampicin, while
the F420A mutation in the PXR’s LBD resulted in an inhibitory effect by SPA70 only in
the presence of rifampicin and not under basal conditions. The effect of SPA70 on the
activation of a reporter gene under the control of CYP3A4 promoter fully matched the
previous protein interaction data [119].

The interaction PXR–PGC1αmay be affected by factors regulating PGC1α expression
(Figure 1). For instance, acute physical exercise results in hypomethylation of PGC1α
promoter and increase in its expression [120]. PGC1α expression was also increased
in muscle of endurance-trained athletes [121]. Similarly, fasting and a streptozotocin-
induced diabetes upregulated hepatic PGC1α [122]. Weight loss led to PGC1α induction
in skeletal muscle in patients subject to bariatric surgery [123] (Figure 1a). In addition,
post-translational modifications such as PXR sumoylation have been described to inhibit
the interaction PXR–PGC1α [106].
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4.3. p300

p300 is encoded by the EP300 gene. From the N-terminus to the C-terminus, it is charac-
terized by the following elements: a nuclear receptor interaction domain, a kinase inducible
CREB interacting region, an acetyl-lysine-interacting bromodomain, a histone acetyltrans-
ferase domain, a zinc finger region, a transcriptional adaptor zinc-binding domain and a
coactivator binding domain, which interacts, for example, with other coactivators such
as SRCs [124]. Although p300 is highly similar to the CREB binding protein (CBP), both
proteins are differentially regulated and may have non-redundant functions [124]. Only
the interaction between PXR and p300 has been reported.

A study in LS174T cells demonstrated the interaction of PXR with p300, where p300
was necessary for CYP3A4 upregulation by rifampicin. The increase in the interaction
PXR-p300 by rifampicin was also demonstrated by immunoprecipitation in the same cel-
lular model and associated with increased acetylation of the histone H3 in relation to the
CYP3A4 promoter [108]. Moreover, a genome-wide study found enhanced recruitment of
p300 to DNA regulatory regions in primary human hepatocytes stimulated with rifampicin.
A clear overlap between regions interacting with p300 and those interacting with PXR was
observed [125]. Besides histone acetylation, also PXR itself can be acetylated by p300 at
the K109 position. This post-translational modification was demonstrated in 293T cells.
Transfection with p300 increased rifampicin-mediated induction of CYP3A4 and ABCB1
promoters. Surprisingly, the K109Q mutant of PXR, which mimics a constitutively acety-
lated state, resulted in reduced transcriptional activity of CYP3A4 and ABCB1 promoters
in response to rifampicin. The authors propose that while p300 is important for PXR
activation upon ligand addition, it may also play a role in the return to the basal (i.e.,
inactive) state [126].

Two synthetic compounds A-485 and GNE-049 result in the inhibition of p300 function
and in the transcriptional activation of estrogen receptor-modulated genes [127]. Since the
target site of both compounds resides in the p300 protein and not in its interaction with
the estrogen receptor, the use of these or other similar compounds to target the interaction
p300–PXR could also be a strategy for situations where PXR activation is unwanted.

4.4. Nuclear Receptor Coactivator 6 (NCoA6)

NCoA6 is structurally characterized, from the N- to the C-terminus, by an activation
domain (AD1), a nuclear receptor binding region (LXXLL), another activation domain
(AD2), another LXXLL nuclear receptor binding region, a dimerization domain and a
C-terminus region rich in Leu, Ser and Thr. Although NCoA6 does not have intrinsic
chromatin-remodeling activity, it can associate with factors such as p300 (Section 4.3) with
histone acetyltransferase activity [128]. Experiments in vitro pointed to an interaction PXR–
NCoA6 only via the first LXXLL motif of the coactivator. Here, NCoA6 had a synergistic
effect with HNF4α in the induction of CYP2C9 and CYP3A4 promoters by rifampicin
in HepG2 cells [129]. It is worth noting that no transcriptional activation by rifampicin
in HepG2 cells in the absence of HNF4α was observed, despite overexpression of PXR
and NCoA6.

The interaction between PXR and NCoA6 was also demonstrated in LS174T cells.
Rifampicin stimulated the interaction between PXR and the coactivator concomitant with
the increase in the levels of H3K4me3 and a decrease in the levels of H3K27me3 in the
CYP3A4 promoter, histone modifications associated with increase and decrease of the gene
expression, respectively. Knock-down of NCoA6 abrogated the histone modifications and
upregulation of CYP3A4 by rifampicin [108]. Unlike previous findings in HepG2 cells [129],
there is no evidence indicating a dependence of NCoA6 effects on the presence of HNF4α
in LS174T cells.

4.5. Hepatic Nuclear Factor 4α (HNF4α)

The hepatic nuclear factor 4α (HNF4α) is a transcription factor with, unlike other
coactivators, its own binding sites in the promoter of PXR target genes as CYP3A4. HNF4α
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has been reported to increase the PXR-mediated induction of the CYP3A4 by rifampicin in
HepG2, Caco2 and HeLa cells [130] and of CYP2C9 promoter in HepG2 cells [131]. Another
study demonstrated the physical interaction of PXR with HNF4α in HepG2 cells [109]. The
interaction PXR–HNF4α is one of the targets of the PXR antagonist ketoconazole [104,105]
and is also inhibited by ursolic acid, a natural compound found in herbs and fruits,
which ameliorates CYP3A4 induction by rifampicin [97]. Furthermore, the analysis of
PXR response elements separately showed a stimulatory effect of HNF4α on PXR activity
on a construct constituted of the distal (−7836 bp, −6038 bp) and proximal (−362 bp,
+53 bp) PXR response elements from CYP3A4. However, the effect was inhibitory when
a far (−11.4 kbp, −10.5 kbp) element was fused to the proximal PXR response element.
These findings point to the presence of different types of regulatory sites and highlight the
importance of a cautious analysis of the regulatory regions used in reporter gene assays. In
addition, different PXR target genes may have different regulatory sites, probably resulting
in a different type of participation of HNF4α [27].

4.6. Other Coactivators

Recently, a novel interaction between PXR and the MDM2-binding protein (MTBP) was
described in different models of hepatocellular carcinoma. MTBP enhanced the activation
of PXR by rifampicin, which was inhibited by MTBP knock-down. Physical interaction
between PXR and MTBP was demonstrated in HEK293 cells [110].

Another study described the interaction of PXR with DRIP205 (i.e., Vitamin D-
interacting protein 205), also known as MED1 (i.e., mediator of RNA polymerase II
transcription subunit 1) in HepG2 cells. The interaction was stimulated by rifampicin.
Interestingly, the study investigated the effect of statins on PXR activation and coregulator
recruitment, and while both rifampicin and p-OH atorvastatin induced PXR activation,
only rifampicin stimulated the DRIP205–PXR interaction [87]. Further studies should be
performed to elucidate the mechanism and impact of this ligand’s specific effect.

Other widely distributed transcription factors and coregulator proteins have been
described to interact with PXR, albeit that the number of studies supporting the interaction
is still limited. For instance, PXR activation by anisomycin was associated with an increase
in the interaction PXR–EPAS1 (endothelial PAS domain protein 1) in BGC823 gastric cancer
cells. Furthermore, overexpression of EPAS1 stimulated recruitment of SRC1 to a PXR
responsive promoter. EPAS1 overexpression also enhanced the upregulation of CYP3A4 and
MDR1 by anisomycin [132]. Similarly, downregulation of EPAS1 reduced the inducibility of
PXR targets in MHCC97-H hepatocellular carcinoma cells [133]. Furthermore, the forkhead
box protein O1 (FOXO1) interacts with PXR in vitro, and FOXO1 overexpression stimulated
activation of a PXR responsive promoter by PCN in HepG2 cells [111]. Since EPAS1 and
FOXO1 are involved in several physiological and pathophysiological processes, a further
contribution to the different functions of PXR in health and disease cannot be ruled out.

Simvastatin has been reported to regulate the expression of PEPCK1 in a PXR-
dependent way [65]. A study in ShP51 cells, derived from HepG2 cells, demonstrated that
simvastatin stimulated the interaction of PXR with SGK2 (serum/glucocorticoid regulated
kinase 2). While SGK2 knock-down attenuated induction of PEPCK1 by simvastatin, no ef-
fects on the induction of CYP3A4 were observed. These observations indicate a differential
effect of SGK2 depending on the target gene [65].

RIP140 (Receptor-interacting protein 140), also known as NRIP1 (nuclear receptor-
interacting protein 1), has been shown to interact with PXR in different models. An
increase in the interaction PXR–RIP140 by the endocrine disrupting compounds with
known PXR agonistic activity nonylphenol and phthalic acid as well as by progesterone
was demonstrated in a two-hybrid system in yeast cells [3]. Interestingly, overexpression
of RIP140 resulted in a decrease in the PXR-dependent transcription of Cyp2b10 in mouse
hepatic cells [134]. These findings could be understood considering that RIP140 may also
interact with histone deacetylases and other proteins with repressor function [24]. So far,
no other studies have investigated the interaction of this coregulator with PXR.
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The hepatitis B virus X protein (HBx) plays an important role in the pathogenesis
of the viral infection. One study also demonstrated a role of HBx as PXR coactivator.
Transfection of HepG2 cells with HBx increased the CYP3A4 upregulation by PXR. The
physical interaction between PXR’s LBD and HBx was demonstrated by GST pull-down
assay and a two-hybrid system [135]. The molecular mechanisms resulting in the increased
transcription of PXR target genes were not addressed. This interaction was demonstrated
to mediate the synergistic effect of hepatitis B infection and aflatoxin B1 promoting hepatic
carcinogenesis [136].

The details of the different coactivators interacting with PXR and the factors modulat-
ing these interactions are provided in Table 1.

5. Modulation of PXR by Corepressors

5.1. Nuclear Receptor Corepressors (NCoRs)

Nuclear receptor corepressors comprise the homologous proteins NCoR (nuclear
receptor corepressor) and NCoR2 (nuclear receptor corepressor 2; also known as SMRT,
silencing mediator of retinoid and thyroid hormone receptor). Structurally, they are
characterized by the presence of repression domains (RD) in the N-terminus, intercalated
with a deacetylase activation domain (DAD) and a histone interaction domain (HID). The
C-terminus contains three or, eventually, four receptor-interacting domains (RID). While
the N-terminus of the corepressors binds to histone deacetylases (HDACs) and other
proteins which result in the repression of the transcription, the C-terminus interacts with
the LBD of several nuclear receptors. The interaction motif is characterized by the sequence
ϕxxϕϕ, with ϕ being a hydrophobic amino acid [24,137]. Altogether, the interaction of
a usually DNA-bound nuclear receptor with NCoRs results in the deacetylation of the
histones, chromatin compaction and repression of the gene expression.

The structural basis of the interaction with PXR was elucidated for NCoR2, whereby a
preferential interaction with the RID2 of NCoR2 was observed [21,138]. From PXR splicing
variants, PXR2 exhibited a stronger interaction with NCoR and NCoR2, which was associ-
ated with a lower transcriptional activity [16]. Furthermore, the role of phosphorylation of
T135 from the hinge region and S221 from the LBD of PXR were investigated. Both phos-
phodeficient and phosphomimetic mutations of PXR (i.e., T135A and T135D) decreased the
interaction between PXR and NCoR2, while no changes in the interaction with NCoR were
observed. Rifampicin had no effect on these interactions. On the contrary, the phospho-
mimetic S221D mutation resulted in an increase in the basal interactions PXR-NCoR and
PXR-NCoR2, which was abrogated by addition of rifampicin [33]. Mutations W299A and
W299D prevented the interaction between (mouse) PXR and NCoR [74]. On the contrary,
the mutations F420A and F420-3A in PXR’s LBD increased the ligand-independent binding
of PXR to NCoR, whereby rifampicin resulted in the dissociation of the interaction. Alto-
gether, these findings point to the involvement of specific amino acids in the interaction
PXR–corepressor [19]. In this regard, activation of PKC stimulated the interaction PXR–
NCoR [139], while activation of PKA decreased the interaction [84]. Further studies should
be performed to elucidate the physiological and pathophysiological relevance of changes
in these residues.

In addition to the role of NCoR2 leading to changes in the chromatin compaction,
NCoR2 stimulates the acetylation of PXR itself as a product of the association NCoR2–
HDAC3–PXR. Alternatively, acetylation of PXR was described to promote sumoylation of
the nuclear receptor. Both pathways lead, ultimately, to the repression of PXR transcrip-
tional activity [140].

Stimulation of the interactions PXR–NCoR and PXR–NCoR2 frequently underlies the
action of PXR antagonists. For instance, a high throughput study identified the compound
SPA70, which increased the interaction of PXR with NCoR and NCoR2 and concomitantly
prevented the induction of CYP3A11 by rifampicin [119]. This is not the case, however,
when ketoconazole is used as PXR antagonist. In this case, a decrease in the interaction
PXR-SRC1 was observed, likely explaining the antagonist role, but also the interaction
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PXR–NCoR2 was inhibited by ketoconazole. These observations may explain the effect
of ketoconazole as antagonist in the presence of a ligand and its slight agonistic effect
in the absence of ligand [105]. Similar observations were obtained for camptothecin,
pazopanib and pimecrolimus, which function as PXR antagonists but, in the absence of
ligand, promote the dissociation of the interaction PXR–NCoR2 [22].

Several PXR agonists trigger the dissociation of PXR-bound NCoR and NCoR2. For
instance, paclitaxel, rifampicin [98] and amprenavir [100] disrupt the interaction PXR–
NCoR2 in HepG2 cells. The effect of both agonists on the interaction PXR–NCoR was
only minor. In line with these findings, overexpression of NCoR2 inhibited PXR activity
stimulated by rifampicin and paclitaxel in the same cells, but PXR activity remained
unaffected after NCoR overexpression [98]. Moreover, the novel PXR agonist ethyl N-[11-
[2-(diethylamino)acetyl]-5,6-dihydrobenzo[b][1]benzazepin-2-yl]carbamate triggered the
dissociation of the interaction PXR–NCoR2 in HepG2 cells, while the interaction PXR-SRC1
was stimulated. In line with these findings, the same compound upregulated CYP3A4
in primary human hepatocytes [103]. Additionally, the mycotoxin zearalenone, which
functions as a PXR agonist, decreased the interaction PXR–NCoR in CV-1 cells [141].

The effects of agonists on the interaction PXR–NCoR2 must be carefully analyzed. A
study using different experimental approaches observed increased interaction PXR–NCoR2
by rifampicin in HepG2 using a two-hybrid system, while no changes were observed when
experiments were conducted in CV-1 cells. Furthermore, GST pull-down experiments
failed to show a stimulation of the interaction PXR–NCoR2 by rifampicin [105]. Differences
depending on the model suggest the presence of post-translational modifications or cell-
specific effects further modulating the interaction.

Expression levels of NCoR and NCoR2 may affect the response to PXR agonists. For
instance, overexpression of NCoR2 in LS174T colon adenocarcinoma cells prevented the
activation of an ABCB1 reporter gene by paclitaxel [142]. In a more extensive study using
human liver samples, correlations between the expression of NCoR or NCoR2 and PXR
target genes were described. A negative correlation between CYP3A4 and NCoR2 was
found, albeit not reaching statistical significance [143]. Significantly, this study investigated
the constitutive expression of CYP3A4 instead of CYP3A4 inducibility, where PXR and its
coregulators could play a more relevant role.

In previous studies from our group, we identified clear differences in the inducibility
of PXR activity by rifampicin in a set of HNSCC cells generated from surgical specimens.
In particular, only two out of eight cell lines showed an increase in the transcriptional
activity of PXR upon exposure to rifampicin [144]. Moreover, a clear negative correlation
between NCoR2 expression levels and PXR intrinsic activity (i.e., in the absence of a ligand)
was observed [44]. These findings agree with the model where NCoR2 binds to PXR in
the absence of ligand and reduces its transcriptional activity. Hereby, cells with a higher
NCoR2 expression exhibit a lower PXR intrinsic activity and vice versa.

Changes in NCoR and NCoR2 level have also been described in other physiological
and pathophysiological situations (Figure 1). Low glucose and high fatty acid levels result
in a decrease in NCoR expression (Figure 1a) [138]. Furthermore, hepatocarcinoma and
breast cancer cells exhibit lower NCoR levels [145], and lung adenocarcinoma cells exhibit
degradation of NCoR2 by ubiquitination [146] (Figure 1a). On the contrary, insulin and
high glucose upregulate NCoR expression [137]. Endometrial carcinoma cells also exhibit
an increase in NCoR and NCoR2 expression [147] (Figure 1b).

5.2. Small Heterodimer Partner (SHP)

SHP (NR0B2) belongs to the family of nuclear receptors due to the presence of a
putative LBD. However, the absence of a DBD and other structural features indicate a
predominant function of SHP as a coregulator protein. In fact, SHP structure consists
of around 260 amino acids, which mostly define an LBD. Within this LBD, two nuclear
receptor-binding motifs LXXLL have been described [148]. SHP has been associated to the
inhibition of several nuclear receptors by interference with coactivator binding, recruitment
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of further corepressors and chromatin remodeling proteins (e.g., histone deacetylases) and
inhibition of the binding of the nuclear receptor to its response element in the DNA [149].

A GST pull-down assay demonstrated the interaction between mouse PXR and SHP
and between human PXR and SHP [150]. SHP inhibited the transcriptional activation by
PCN of a Cyp3a1 reporter and the transcriptional activation of CYP3A4 by rifampicin. These
effects were dependent on the presence of the AF2 region with PXR’s LBD. In addition, SHP
inhibited PXR binding to a response element in the promoter of CYP3A4. SHP’s inhibitory
effect on PXR-mediated transcription was antagonized by transfection with SRC1 [150].
SHP downregulation, as expected, increased PXR transcriptional activity [95].

A recent study demonstrated the inhibition of PXR binding to mitotic chromatin by
SHP. The same study confirmed the SHP effect inhibiting transcriptional activation by PXR
in HepG2 cells [151]. Another study demonstrated a competition between SHP and HNF4α
for the binding to PXR. Furthermore, SHP partially blocked the interaction between PXR
and SRC1, while SHP had no effect on the interaction between SHP and PGC1α [20].

Several studies (reviewed in [148]) indicate the upregulation of SHP expression upon
activation of the farnesoid X receptor (FXR), for example by bile acids (Figure 1b). On
the contrary, drugs such as metformin [91] and rifampicin [20] reduce SHP expression.
Based on the previous studies, where PXR transcriptional activity was modulated by SHP
expression levels, factors like this, affecting SHP expression, may also have an impact on
PXR activity and on the expression of PXR target genes.

5.3. Other Corepressors

The product of the gene suppressor gene p53 may also interact with PXR. In this
regard, one study demonstrated the physical association between p53 and PXR, which
resulted in a decrease in the transcriptional activity of PXR in HCT116 colon cancer cells.
The interaction was abolished when deletions in the DBD (∆1-99) and the LBD (∆174-210)
of PXR were introduced. Likewise, the point mutation R175H in p53, usually present in
cancer cells, prevented the effect on PXR activity. A decrease in the binding of PXR to
CYP3A4 promoter due to p53 was also demonstrated [152]. Considering the presence
of mutated forms of p53 in cancer and the role of PXR regulating genes associated with
multidrug resistance, these findings indicate a potential mechanism linking the p53 status
of a tumor and its response to certain chemotherapeutic strategies.

In addition, the interaction between the sterol regulatory element binding protein
1 (SREBP1) and human and mouse PXR was documented by using a GST pull-down
assay. Overexpression of SREBP1 decreased the binding of the coactivator SRC1 to PXR
in the presence of rifampicin. No changes by SREBP1 were observed in the absence of
agonist. On the contrary, SREBP1 decreased the basal interaction PXR-SRC2 in the absence
of agonist. A decrease in CYP3A4 induction by rifampicin in the presence of SREBP1
was also observed [102]. Considering that expression of SREBP1 is altered in cancer [153]
and metabolic disorders [154], changes in PXR activity under these conditions may also
be expected.

The details of the coregulators interacting with PXR and the factors modulating these
interactions are provided in Table 2.

Table 2. Factors modifying the interaction PXR–corepressor.

Corepressor Compound/Stimulus Effect Cell/Tissue Reference

NCoR Rifampicin ↓ HepG2 cells [80]

NCoR Rifampicin ↓ COS1 cells [19]

NCoR PKA activation ↓ CV-1 cells [84]

NCoR PKC activation ↑ CV-1 cells [139]

NCoR Amprenavir ↓ HepG2 cells [100]

NCoR Zearalenone ↓ CV-1 cells [141]

NCoR SPA70 ↑ LS180 cells [119]
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Table 2. Cont.

Corepressor Compound/Stimulus Effect Cell/Tissue Reference

NCoR2 Carboxymefloquine ↓ HepG2 cells [81]

NCoR2 Para-hydroxy-atorvastatin ↓ HepG2 cells [87]

NCoR2 Paclitaxel ↓ HepG2 cells [98]

NCoR2 Nelfinavir ↓ HepG2 cells [99]

NCoR2 Camptothecin ↓ HepG2 cells [22]

NCoR2 Pazopanib ↓ HepG2 cells [22]

NCoR2 Pimecrolimus ↓ HepG2 cells [22]

NCoR2 Amprenavir ↓ HepG2 cells [100]

NCoR2 SPA70 ↑ LS180 cells [119]

NCoR2

Ethyl N-[11-
[2-(diethylamino)acetyl]-5,6-

dihydrobenzo[b][1]benzazepin-
2-yl]carbamate

↓ HepG2 cells [103]

SHP Rifampicin ↑ HepG2 cells;
Non-cellular system [20,150]

SHP HNF4α ↓ HepG2 cells [20]

SHP PCN ↑ Non-cellular system [150]

Compounds and stimuli modifying the interaction between PXR and different corepressors are presented. The type of effect (i.e., stimulation
or inhibition) as well as the cell or tissue where these effects were documented are also presented. In some cases, the interaction was
demonstrated in a non-cellular system (e.g., GST pull-down assay). Abbreviations: HNF4α: hepatic nuclear factor 4α; NCoR: nuclear
receptor corepressor; NCoR2: nuclear receptor corepressor 2; PCN: pregnenolone 16α-carbonitrile; PKA: protein kinase A; PKC: protein
kinase C; PXR: pregnane X receptor; SHP: small heterodimer partner; SPA70: specific PXR antagonist #70.

6. The Interaction between PXR and Coregulators Customizes PXR
Transcriptional Activity

In the previous sections, we reviewed the different studies addressing the interactions
between PXR and coregulators. Some of these studies point to coregulators as drivers
for the selectivity governing a PXR-mediated effect. This selectivity may depend on
the ligand and on the target gene being regulated (Figure 2). For instance, Masuyama
and coworkers [35] clearly showed that activation of PXR by cisplatin and paclitaxel in
endometrial cancer leads to the upregulation of ABCB1 due to interaction of PXR with
SRC3. On the contrary, treatment with estradiol, phthalate, bisphenol A and pregnenolone
stimulated the interaction PXR-SRC1 and the upregulation of CYP3A4. Another compound,
which recruit specific coactivators, is para-hydroxy-atorvastatin, which stimulates the
interaction PXR-SRC1 but not PXR-SRC2 [87]. This information may be used to block
PXR function without specific unwanted effects in a more selective way than by using
general antagonists.

In other cases, although the final effect is similar (i.e., PXR activation), the spectrum of
recruited cofactors is different. For instance, rifampicin stimulates PXR activity dependent
on NCoA6 and HNF4α interaction in HepG2 cells [129], while HNF4α is not essential in
LS174T cells to activate PXR in the presence of rifampicin [108].

It is also possible that the same interaction PXR—coregulator results in a different
outcome depending on the compound added. Camptothecin, pimecrolimus and pazopanib,
which all promote the dissociation of PXR-SRC1 interaction, result in a different regula-
tion of PXR target genes in primary hepatocytes. Camptothecin prevented induction of
ABCB1, CYP3A4, CYP2B6 and CYP2C8 by rifampicin. Pimecrolimus prevented induction
of CYP2C8, EPHX1, ABCB1, FASN, UGT1A3 and AKR1B10 by rifampicin. Pazopanib pre-
vented only the induction of AKR1B10 by the same compound [22]. A different level of
reduction of PXR-SRC1 interaction by the three different compounds, as well as changes in
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the interactions with other additional coactivators, among other factors, may contribute to
explaining these findings.
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Different interactions PXR-coregulator can explain species-specific differences in PXR
activation. For example, phenobarbital activated human PXR and stimulated the interaction
with SRC1, while mouse PXR was not activated. No changes in the interaction mPXR-SRC1
were observed in the presence of phenobarbital [155].

Cell- and tissue-specific effects may also be attributed to differences in the expression
of coregulators. Cells with higher coactivator expression or lower corepressor expression
may exhibit a higher PXR transcriptional activity. For instance, a negative correlation
between NCoR2 expression and PXR activity was demonstrated in a study in human
liver [145] and in HNSCC cells [44]. A tissue-specific effect was also described for the
antibiotic rifaximin, which activated intestinal PXR without activation of hepatic PXR,
as demonstrated in a study using a mouse model [156]. In relation to this, an extensive
study identified a whole set of genes which are differentially regulated in liver and small
intestine upon activation of PXR in rats [157]. The expression of coregulators differs
between tissues [158]. Although a different expression profile of coregulators in liver and
intestine is possible, its relevance in the tissue-specific effects described in the previous
studies has not been investigated.

7. Future Perspectives

7.1. Methodologies to Study PXR-Coregulator Interactions

So far, most protein-protein interactions reviewed in this article have been demon-
strated using either a non-cellular system (i.e., GST pull-down assay) or a two-hybrid
system in yeast or animal cells. The latter requires the expression of recombinant fusion
proteins for PXR and the interaction partners. Although several PXR-coregulator inter-
actions have been successfully identified, there is still a significant gap in the available
methodology. In particular, methods to study interactions which do not need genetic
engineering of the target cell are highly required. This would, on the one hand, allow
the study of interactions in a less manipulated environment, while it would also allow
investigating interactions in cellular models which are not easily transfected or even in
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tissues in vivo. Two examples of these methods are proximity ligation assay (PLA) and
split luciferase complementation assay.

7.1.1. Proximity Ligation Assay (PLA)

Using a PLA, physical closeness of two proteins of interest can be assessed. The assay
requires two primary antibodies (e.g., mouse- or rabbit-derived, respectively) that bind
specifically to the two proteins of interest. The actual detection bases on two secondary
antibodies (e.g., anti-mouse and anti-rabbit) that carry oligonucleotides, which in turn form
a closed circle when the proteins of interest are in close proximity (<40 nm). The addition
of fluorescently labeled nucleotides and a polymerase leads to rolling circle amplification,
thus labeling cells with the protein-protein interaction of interest. Using fluorescence
microscopy or flow cytometry, signal intensity and quantity of cells with positive signals
can be evaluated [159]. For instance, the dissociation of protein kinase A from its regulatory
(inhibitory) subunit was evaluated in breast cancer cell lines that overexpress a protein
(truncated form of the dopamine- and cAMP-regulated phosphoprotein, t-Darpp) impli-
cated in enhanced PKA activity and trastuzumab resistance [160]. A similar approach
could be used to study PXR-coregulator interactions.

PLA has some weaknesses. Like any antibody-mediated detection method, the quality
of PLA data depends on the specificity of the primary antibodies. It requires fixation and
permeabilization of cells and thus cannot be performed in living cells. Moreover, the execu-
tion of the assay requires stringent washing and blocking steps to minimize background
signals [160]. Mandatory control experiments comprise samples without one or without
both primary antibodies (unspecific mating of secondary antibodies) and experiments with
only one secondary antibody. Biological controls (cells with overexpressed or knocked-out
proteins of interest) are desirable but not obligatory. Together, state-of-the-art PLA assays
can be laborious and require decent establishment. On the other hand, PLA has some clear
strengths. It detects the proteins or interactions in situ (cells or tissue) and on a very low
level. That means overexpression of proteins is not needed. In contrast, even very low
levels of protein-protein interaction can be quantified reliably given the amplification step.
Moreover, PLA is versatile. It can be combined with any primary antibody pair or can also
be used to detect protein modifications (e.g., phosphorylation, [161]). Finally, resulting
data are likely more quantitative than co-immunoprecipitation/Western blotting.

7.1.2. Split Luciferase Complementation Assay

Bioluminescence emitted from luciferases is a popular method (read-out) in bioscience.
NanoLuc is a 19 kDa luciferase derived and engineered from Oplophorus gracilirostris. This
luciferase can be split into a large subunit and a small subunit, each encoded by two
separate plasmids (NanoBiT technology). When expressed, the subunits hardly associate
and give marginal luminescent signal given their very low intrinsic affinity and associ-
ation constants [162]. However, cloning the subunits separately onto the two proteins
of interest leads to strong and sustained light signals when the two proteins of interest
interact physically. Nguyen and co-workers used this approach to construct an assay that
records binding of calmodulin to proteins with respective calmodulin-binding peptide
sequences. This assay was finally used as a sensor of intracellular calcium alterations
(e.g., stimulation of cytosolic calcium enhancements by serotonin). This work also is
an excellent example for the prerequisites and steps of establishment that are needed to
construct such a luciferase complementation assay. For instance, the authors elegantly
showed the impact of localization and orientation of the small or large subunit-encoding
sequences. Calmodulin or myosin light chain kinase 1 (MYLK1S, a calmodulin-binding
protein) were alternatively cloned on the small or on the large luciferase subunits, either
at the N-terminus or the C-terminus. Among the eight different combinations, the best
signal upon serotonin stimulation resulted from the construct comprising small subunit-
calmodulin/large subunit-MYLK 1S, both cloned downstream of the luciferase subunit
coding region (C-terminus), respectively [163].
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The NanoBiT technology convinces by its very good signal-to-noise ratio. Signals
reliably indicate the factual physical proximity of the two proteins of interest. Moreover,
it has a relatively high-throughput character. It can be used to screen for concentration-
dependent or time-dependent activation or inhibition of the protein-protein interaction
of interest after its one-time establishment. On the flip side, this can also be its weakness.
Compared to PLA, NanoBiT technology is less flexible because it relies on the expression
of fusion proteins being encoded on plasmids.

As an excellent compromise, the strengths of both PLA and NanoBiT technology
have recently been combined [164]. Chemical fusion of the small or large subunits to
secondary antibodies (e.g., small subunit coupled to anti-mouse antibody; large subunit
coupled to anti-rabbit antibody) results in a likewise versatile assay to detect protein-protein
interactions or protein modifications. To construct respective secondary antibodies, the
large or small subunits were initially expressed in E. coli as fusions proteins with HaloTag
(Promega), a genetically engineered haloalkane dehalogenase that forms covalent bonds
with a given chloroalkane-containing ligand. This ligand is the HaloTag succinimidyl
ester (Promega) that in turn has been linked to the primary antibodies through its amine
reactivity [165]. The assay itself is quick and follows the popular “add-and-read” approach:
After treatment of cells (e.g., causing protein-protein interaction or protein modification),
the cells are lysed, antibody solutions are added (primary and secondary antibodies) and
luminescence is recorded after eventual addition of the luciferase substrate [164].

7.2. Use of PXR Humanized Mice

PXR ligands differ between species, partially due to structural differences at the level
of PXR’s LBD [37]. Thus, studies performed in animal models (e.g., mice) may not fully
resemble the situation in humans. In this regard, humanized PXR mice constitute a useful
approach to study the role of the human receptor as well as its interactions in vivo. PXR
humanized mice are generated by expression of the human PXR in mice which have been
knocked out for the murine PXR [166]. These mice exhibit activation of PXR and its target
genes by activators of human PXR, while they fail to be activated by ligands of murine
PXR [166]. By using this model, studies on the interaction hPXR-SRC1 in vivo have been
performed [167]. Although this model considers the important structural differences in
the LBD of human and murine PXR, the interaction partners (i.e., coregulators) are still
of murine origin. In this way, mice with humanized liver may provide a cellular and
molecular background where not only PXR but also most of its coregulators resemble the
human counterparts [168,169].

7.3. Targeting PXR-Coregulator Interaction as Therapeutic Strategy

Targeting the interaction of nuclear receptor–coregulator is one of the keys of the action
of selective estrogen receptor modulators (SERMs), such as tamoxifen or raloxifene [170].
Thus, the deleterious effect of estrogen receptor activation can be prevented in one tissue
(e.g., breast cancer cells), while not affecting other desired effects of the same receptor
in other tissues (e.g., bone). A similar pharmacological modulation of the interaction
PXR-coregulator could allow, for instance, to prevent PXR activation in cancer cells as well
as multidrug resistance, while preserving the chemoprotective role of PXR in liver and
intestine. For this purpose, clear differences in the coregulators involved in PXR activation
in one tissue and the other, must be identified.

In this regard, a high-throughput analysis identified the natural polyphenol gossypol
as an inhibitor of SRC1 and SRC3 mediated transcriptional activity, whereas SRC2-mediated
activity was not affected [171]. Besides, the evidence in terms of compounds inhibiting the
function of coregulators is limited.

For the PXR-coregulator interaction, the structural aspects of the interaction have been
extensively described for SRCs [75] and NCoR2 [138]. This information could constitute the
basis the design of small molecule inhibitors aimed at disrupting this interaction. Moreover,
a further understanding the exact array of coregulators recruited by PXR in different cell
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types and in the presence of different ligands or to different target genes would allow to
precisely inhibit these interactions.

8. Conclusions

In this article, we described the interaction of PXR with coactivators and corepressors
and the effect of different cellular and pharmacological stimuli. A few studies point to
specific interactions depending on the target gene and ligand. Other studies indicate
differences in the expression profile of coregulators depending on the cell type and physio-
logical and pathophysiological situations. Further research is still required to elucidate the
particular coregulators interacting with PXR under stimulation with specific compounds.
Techniques such as the proximity ligation assay could hereby represent a significant ad-
vance with respect to the more frequently used two-hybrid system since it allows for
elucidating PXR-coregulator interactions in a situation, which better resembles the situa-
tion in vivo. In addition, PLA can be optimized for high-throughput studies. Furthermore,
comparative information on the impact of these interactions on the different target genes
regulated by PXR is still missing. Once a PXR-coregulator interaction can be attributed to a
set of specific PXR agonists, PXR target genes and cell types or pathophysiological situa-
tions, pharmacological interventions can be applied with the aim of precisely modulating
PXR’s deleterious effects while not affecting PXR’s normal cytoprotective, immunological
and metabolic functions.
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