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ABSTRACT
The silencing mediator for retinoid and thyroid hormone recep-
tors (SMRT) serves as a platform for transcriptional repression
elicited by several steroid/nuclear receptors and transcription
factors. SMRT exists in two major splicing isoforms, � and �,
with SMRT� containing only an extra 46-amino acid sequence
inserted immediately downstream from the C-terminal core-
pressor motif. Little is known about potential functional differ-
ences between these two isoforms. Here we show that the
pregnane X receptor (PXR) interacts more strongly with SMRT�
than with SMRT� both in vitro and in vivo. It is interesting that
the PXR-SMRT� interaction is also resistant to PXR ligand-
induced dissociation, in contrast to the PXR-SMRT� interac-
tion. SMRT� consistently inhibits PXR activity more efficiently
than does SMRT� in transfection assays, although they pos-

sess comparable intrinsic repression activity and association
with histone deacetylase. We further show that the mechanism
for the enhanced PXR-SMRT� interaction involves both the
46-amino acid insert and the C-terminal corepressor motif. In
particular, the first five amino acids of the SMRT� insert are
essential and sufficient for the enhanced binding of SMRT� to
PXR. Furthermore, we demonstrate that Tyr2354 and Asp2355
residues of the SMRT� insert are most critical for the enhanced
interaction. In addition, expression data show that SMRT� is
more abundantly expressed in most human tissues and cancer
cell lines, and together these data suggest that SMRT� may
play a more important role than SMRT� in the negative regula-
tion of PXR.

Transcriptional regulation is a dynamic process involving
both association and dissociation of the transcription factor
with various coactivators and corepressors. One well inves-
tigated system is the prominent effects of coactivators and
corepressors on the transcriptional activity of steroid/nuclear
hormone receptors (NRs) (Westin et al., 2000). The silencing
mediator of retinoid and thyroid hormone receptors (SMRT)
(Chen and Evans, 1995; Ordentlich et al., 1999; Park et al.,
1999) and the nuclear receptor corepressor (N-CoR) (Horlein
et al., 1995) are two related corepressors known to mediate
repression by several unliganded NRs through the recruit-
ment of histone deacetylases (HDACs) (Nagy et al., 1997;

Guenther et al., 2000). These corepressors are believed to act
as protein platforms for the assembly of corepressor com-
plexes necessary for transcriptional repression. Transcrip-
tion repression is an important genomic event involved in
many physiological processes such as development, ho-
meostasis, cell growth, and differentiation (Privalsky, 2004).

In the absence of ligand, SMRT and N-CoR bind to the
unliganded receptor through their NR-interacting domains
(IDs) (Hu and Lazar, 1999; Ghosh et al., 2002). Upon ligand
binding, the receptors undergo a conformational change,
leading to the alteration of the corepressor-binding pocket
that causes the release of corepressors and recruitment of
coactivators. The human pregnane X receptor (PXR, also
known as SXR and PAR) is a promiscuous sensor for several
xenobiotic compounds (Watkins et al., 2001), and it binds to
a diverse group of endogenous and exogenous ligands (Synold
et al., 2001; Moore et al., 2003). PXR directly activates a
subset of genes involved in drug metabolism (Xu et al., 2002).
Therefore, drugs that activate PXR are likely to cause a
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higher risk of drug-drug interactions (Harmsen et al., 2007;
Urquhart et al., 2007; Wipf et al., 2007).

The ability of PXR to regulate gene expression depends on
its ability to form heterodimers with the retinoid X receptor
(RXR) and bind to several PXR response elements. Several
PXR response elements are found within the CYP3A promot-
ers configured as direct repeats separated by three nucleo-
tides (Kliewer et al., 1998), everted repeats separated by six
nucleotides (Lehmann et al., 1998), or inverted repeats sep-
arated by eight nucleotides (Kast et al., 2002). In addition,
the PXR-RXR heterodimers also bind tightly to several nat-
ural DR4 (direct repeats separated by four nucleotides)-type
response elements. These include a DR4 motif in the intes-
tinal multidrug resistance gene promoter responsible for its
induction by rifampin (Geick et al., 2001) and a similar motif
in the nitric-oxide synthase promoter responsible for its in-
duction by clotrimazole (Toell et al., 2002), both through the
PXR-RXR heterodimers. PXR-RXR heterodimers also consis-
tently bind well to synthetic AG(G/T)TCA repeats of different
spacing with a preferred affinity toward a DR4 element
(Blumberg et al., 1998). Once activated, the PXR-RXR het-
erodimer recruits transcriptional coactivators such as the
p160 proteins (Leo and Chen, 2000) to form a multiprotein
complex to activate transcription (Kliewer et al., 1998). In
addition, PXR can also cross-talk with other NR response
elements, including those recognized by the constitutive
androstane receptor (CAR) (Muangmoonchai et al., 2001;
Kodama et al., 2004) and the antioxidant response element
on the rat glutathione transferase A2 gene (Falkner et al.,
2001).

SMRT is known to exist in cells as at least two major splicing
isoforms: � and � (Goodson et al., 2005). Compared with SMRT�,
SMRT� contains an extra small exon encoding a 46-amino acid
sequence inserted after residue Gly2352, immediately down-
stream to the distal corepressor motif (ID2, residues 2342–
2350). SMRT� and SMRT� reportedly interact with thyroid
hormone receptors (TRs) with different affinities (Goodson et
al., 2005); however, the molecular mechanism of such a differ-
ential affinity remains unknown. SMRT� has also been shown
to interact directly with and regulate the transcriptional activ-
ity of PXR in a PXR ligand-sensitive manner (Johnson et al.,
2006; Wang et al., 2006); however, it was unknown whether
and how PXR might interact with SMRT�. In this study, we
compared the binding affinities of SMRT� and SMRT� to-
ward several NRs, with a focus on PXR. We found that, in
contrast to other NRs, PXR uniquely displayed a preferential
binding toward SMRT�. It is interesting that this SMRT�
interaction is resistant to PXR ligand-induced dissociation,
and SMRT� elicited a greater inhibition on PXR activity than
SMRT�. It is noteworthy that we also uncovered critical
residues in SMRT� that are responsible for its higher affinity
toward PXR and showed that SMRT� is the dominant form
expressed in most surveyed human tissues and cancer cells.

Materials and Methods
Chemicals. Rifampicin (Rif), clotrimazole (CTZ), and pregneno-

lone-16�-carbonitrile (PCN) were purchased from Sigma (St. Louis,
MO). The rabbit anti-HA and mouse anti-FLAG antibodies were
purchased from MBL International (Woburn, MA) and Stratagene
(La Jolla, CA), respectively. All other reagents, including culture
media for bacteria, yeast, and mammalian cells, were purchased
from standard sources.

Plasmids. The expression vectors pGEX-SMRT� S1/2 (aa 2077–
2471) and pGEX-SMRT� S1/2 (aa 2077–2517) were as described
previously (Goodson et al., 2005) and were kindly provided by
Dr. Martin Privalsky. The pCMX-FLAG-cSMRT� (2095–2471) and
pCMX-FLAG-cSMRT� (2095–2517) were constructed by subclon-
ing the Hind III to Nhe1 fragments of pGEX-SMRT� S1/2 and
pGEX-SMRT� S1/2 into the pCMX-FLAG vector, respectively. The
SMRT ID1 (aa 2107–2187), SMRT� ID2 (aa 2284–2379), SMRT�

ID2 (aa 2284–2425), SMRT� ID1–2 (aa 2107–2379), and SMRT�

ID1–2 (aa 2107–2425) fragments were generated by PCR reactions
with pfu polymerase (New England Biolabs, Ipswich, MA) and sub-
cloned into various plasmid vectors. The full-length pCMX-F-SMRT�

and pCMX-F-SMRT� were constructed by assembling the Asp718
to Hind III fragment of pCMX-hSMRTe (Park et al., 1999) into
the pCMX-FLAG-cSMRT� and pCMX-FLAG-cSMRT� plasmids and
then subcloned into pEGFP-C1 and pCMX-GAL4 plasmids at Asp718
and Nhe1 sites. The full-length human PXR (hPXR) and its �AF2 (aa
1–422) mutant in pGBT9, pCMXHA, and pCMX-GAL4 vectors were as
described previously (Johnson et al., 2006). The point mutations mID1
(V2142A/I2143A), mID2 (I2345A/I2346A), mID1–2 (V2142A/I2143A,
I2345A/I2346A), m3 (S2285E/K2286E/K2287E), and m4 (L2467A/
I2468A, based on SMRT� sequence) were as described previously
(Ghosh et al., 2002). These point mutants were regenerated in the
SMRT� template by QuikChange site-directed mutagenesis (Strat-
agene). All constructs were double-confirmed by restriction enzyme
digestion and DNA sequencing, and further information is available
upon request.

Yeast Two-Hybrid Assay. The GAL4 DBD fusion constructs (in
pGBT or pAS vector) were cotransformed in combination with GAL4
activation domain (AD) fusion constructs (in pACT or pGAD vector)
into yeast Y190 cells as indicated in individual experiments. Trans-
formed cells were grown in synthetic complete media lacking tryp-
tophan and leucine (�Trp�Leu) at 30°C for 24 h. Aliquots (100 �l)
from individual cultures were added to 3 ml of fresh selection me-
dium supplemented with solvent (DMSO) or indicated ligands. Cells
were harvested 24 h later and analyzed by liquid �-galactosidase
assay using o-nitrophenyl �-D-galactopyranoside as substrate. The
average �-galactosidase units were calculated from three separate
colonies.

GST Pull-Down Assay. GST and GST fusion proteins were ex-
pressed in bacteria BL21 cells and purified by glutathione agarose
beads by standard procedure. Individual nuclear receptors were
synthesized and labeled with [35S]methionine in rabbit reticulocyte
lysate via TNT Quick-Coupled Transcription/Translation System
(Promega, Madison, WI). Approximately 5 �g of purified GST and its
fusion proteins coupled on agarose beads were mixed with 5 �l of in
vitro translated probe with gentle rotation at 4°C overnight in a
binding buffer (20 mM HEPES, pH 7.7, 75 mM KCl, 0.1 mM EDTA,
2.5 mM MgCl2, 0.05% Nonidet P-40, 1 mM dithiothreitol, and 0.1
mM methionine) supplemented with 10 mg/ml bovine serum albu-
min and 1% protease inhibitor cocktail (Roche Diagnostics, Mann-
heim, Germany). The beads were washed three times with fresh
binding buffer, collected by centrifugation at 3000 rpm for 5 min, and
the bound probes were released by boiling in SDS sample buffer and
analyzed by SDS-PAGE and autoradiography. For the effects of
rifampicin on SMRT-PXR interaction, HA-PXR was overexpressed in
HEK293 cells with or without rifampicin treatment. Total cell ex-
tracts were prepared and incubated with GST fusion proteins for
16 h at 4°C and analyzed as described above.

Coimmunoprecipitation. Coimmunoprecipitation was conducted
according to a standard procedure using anti-FLAG (M2) agarose beads
(Sigma). Whole-cell extracts were prepared from HEK293 cells trans-
fected with indicated plasmids in a lysis buffer (20 mM HEPES, pH 7.9,
1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1 mM dithiothreitol, and
0.5% Nonidet P-40). The cell extracts (100 �g each) were preabsorbed
with protein A agarose beads for 1 h at room temperature before adding
the anti-FLAG agarose (30 �l for each reaction). The binding reactions
were incubated at 4°C overnight. The immunoprecipitates were then
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collected by centrifugation and washed extensively with phosphate-
buffered saline containing 0.1% Nonidet P-40. The final precipi-
tates were dissolved in SDS protein sample buffer and analyzed by
SDS-PAGE and Western blot. Western blot was conducted using
the enhanced chemiluminescence reagents according to the man-
ufacturer’s recommendations (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, UK).

Gel Electrophoresis Mobility Shift Assay. Gel electrophoresis
mobility shift (gel-shift) assay was conducted as described previously
(Chen and Evans, 1995; Blumberg et al., 1998). In brief, a double-
stranded DNA of the DR4-type element of the following sequence:
AGC TTA AGA GGT CAC GAA AGG TCA CTC GCA T (the under-
lined sequences are the two NR consensus half sites) was labeled
with [32P]dCTP by standard Klenow fill-in reaction. The radioactive
probe was purified using a spin column (Bio-Rad Laboratories, Her-
cules, CA). Approximately 5 � 104 dpm (approximately 1 ng) of the
probe was incubated with 1 �l each of the in vitro translated
hPXR442 and hRXR�443 in a binding buffer [7.5% glycerol, 20 mM
HEPES, pH 7.5, 2 mM dithiothreitol, 0.1% Nonidet P-40, 1 �g of
poly(dI-dC), and 100 mM KCl] for 20 min on ice. Approximately 6 �g
of the purified GST or GST fusion proteins were added to the reaction
for an additional 1 h at room temperature. The DNA-protein com-
plexes were then separated on a 5% native polyacrylamide gel and
analyzed by autoradiography.

Immunofluorescence Microscopy. COS-7 cells were plated on
coverglasses in 24-well plates 1 day before transfection. Twenty-four
hours after transfection, cells were fixed in a methanol/acetic acid
[1:1 (v/v)] mixture and processed by indirect immunofluorescence
staining as described previously (Li et al., 2000). After extensive
washing, fluorescein isothiocyanate-conjugated goat anti-rabbit and
rhodamine-conjugated goat anti-mouse antibodies were added. The
cells were then stained with 4�, 6-diamidino-2-phenylindole dihydro-
chloride hydrate (Sigma Chemical Co.) and mounted on slides with
ProLong Antifade reagents (Invitrogen, Carlsbad, CA). Standard
epifluorescence microscopy was performed on a Zeiss inverted mi-
croscope Axiovert 200 equipped with a cool charge-coupled device
camera (Axiocam; Carl Zeiss Inc., Thornwood, NY). The images were
captured and analyzed by the Axiovision software (Zeiss).

Cell Culture and Transient Transfection. COS-7 cells were
maintained in phenol red-free Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and antibiotic (Invitro-
gen). Transient transfection was performed by standard calcium
phosphate precipitation method. Human liver HepG2 cells (5 � 105)
were seeded in six-well plates and transfected with FuGENE-6
(Roche Diagnostics, Indianapolis, IN). After transfection, cells were
washed with phosphate-buffered saline and refed with fresh medium
containing vehicle (DMSO) or vehicle plus 10 �M rifampicin (where
indicated). Luciferase activity was measured by plate luminometer
and normalized with �-galactosidase activity as described previously
(Zhang et al., 2004).

Real-Time PCR. Paired cDNAs from various human normal and
tumor samples were purchased from BioChain Institute (Hayward,
CA). Normal mouse and human liver cDNA libraries were purchased
from Clontech (Mountain View, CA). Total RNA was also isolated
from cell lines COS-7, HeLa, HepG2, A549, HEK293, and CV-1 cells
using TRIzol reagents (Invitrogen). First-strand cDNA was synthe-
sized from 2 �g of total RNA using poly(T) primers (200 ng) and
Superscript III reverse transcriptase. Approximately 50 to 100 ng
of cDNA template was mixed with SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA), and PCR reactions were
performed in an ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems). The following primers were used to detect
SMRT�, SMRT�, and endogenous control �-actin, respectively:
5�-CGG CTC ATG GGT GGC-3� (upstream primer) and 5�-TCC
GGC GGT TGC AGT CT-3� (downstream primer); 5�-GCC TGC
CCG CTG CTA TG-3� (upstream primer) and 5�-TCC GGC GGT
TGC AGT CT-3� (downstream primer); 5�-ACG GCA TCG TCA

CCA ACT G-3� (upstream primer) and 5�-GGT TGG CCT TGG
GGT TCA-3� (downstream primer).

The amplification program was initiated with a heating step at
95°C for 10 min followed by 40 cycles of 95°C for 45 s, 54°C for 30 s,
and 72°C for 1 min. The program was maintained at 72°C for another
10 min before proceeding to the dissociation step, which consisted of
95°C for 15 s, 60°C for 15 s, and 95°C again for 15 s. The threshold
Ct data were determined with default setting using Applied Biosys-
tems Sequence Detection Software version 2.2. Dissociation curve
analysis and agarose gel electrophoresis were used to evaluate the
specificity of PCR products. Relative quantification of SMRT� versus
SMRT� was normalized to the internal control �-actin and calculated
based on the 2���Ct method. The amplification efficiencies of SMRT�,
SMRT�, and the reference �-actin were confirmed to be approximately
equal.

Results
PXR Exhibits Preferential Interaction with SMRT�.

The two major SMRT isoforms, � and �, differ only by a 46-aa
sequence inserted after the distal ID2 corepressor motif
(Fig. 1A). To investigate the potential functional differences
between them, we constructed corresponding pairs of their
C-terminal NR-interacting domains (Fig. 1A) and first com-
pared their interactions with various NRs. In a yeast two-
hybrid assay (Fig. 1B), most NRs, including RAR�, CAR,
VDR, and ROR� interacted well with both SMRT� ID1–2 (aa
2107–2379) and SMRT� ID1–2 (aa 2107–2425) with a slight
preference toward SMRT�. It is interesting that PXR dis-
played a clear preferential interaction with SMRT� ID1–2.
Likewise, RXR� also exhibited an SMRT� preference, but its
overall bindings to SMRT were much weaker. In addition,
PXR displayed no interaction with SMRT ID1 (aa 2107–
2187). In contrast, a strong association between RAR� and
SMRT ID1 was observed, consistent with our prior finding
(Ghosh et al., 2002). These results suggest that different
NRs may have different preferences toward these two SMRT
isoforms and that PXR seems to have a unique preference
toward SMRT�.

To further investigate the preferential interaction of PXR
with SMRT�, we analyzed the relative survivals of trans-
formed Y190 cells on 3AT-containing plates to measure the
activation of the second GAL4-dependent HIS3 reporter (Fig.
1C). Cells cotransformed with or without PXR and the indi-
cated SMRT ID1–2 construct were serially diluted and spot-
ted onto �Trp�Leu or �Trp�Leu�His � 3AT plates. On the
�Trp�Leu plate, all transformed cells survived equally well,
indicating comparable transformation efficiencies and growth
rates. However, only cells that were cotransformed with PXR
and SMRT showed clear survivals on the 3AT-containing plate,
with SMRT� cotransformed cells displaying better survivals
than SMRT�-cotransformed cells. These results support the
preferential interaction of PXR with SMRT�.

Next, we asked whether the SMRT� preference by PXR
could be recapitulated by in vitro binding assay. GST pull-
down assays were conducted with GST and GST-SMRT ID1,
SMRT� S1/2 (aa 2077–2471), and SMRT� S1/2 (aa 2077–
2517) to pull down 35S-labeled PXR and other NRs (Fig. 1D).
The amounts of intact GST-SMRT� S1/2 and GST-SMRT�
S1/2 fusion proteins were comparable as revealed by Coomas-
sie blue staining (Fig. 1E), whereas the amount of GST-
SMRT ID1 was slightly greater. In this assay, we found again
that PXR bound better to SMRT� than SMRT�, whereas it
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Fig. 1. PXR interacts preferentially with SMRT�. A, schematic diagrams of various SMRT� and SMRT� constructs used in this study. The proximal ID1
and distal ID2 corepressor motifs are indicated by black bars, with the motif core sequences shown at the top. The SMRT�-specific 46-aa insert is shown in
gray. The amino acid positions of individual fragments are labeled numerically. B, PXR interacts preferentially with SMRT� in a yeast two-hybrid assay.
The pGBT-hPXR, pAS-hRAR�, pGBT-hRXR�, pGBT-hCAR, pGBT-hVDR, and pGBT-mROR� were individually transformed into Y190 cells in combination
with pACT-SMRT ID1 (aa 2107–2187), pACT-SMRT� ID1–2 (aa 2107–2379), or pACT-SMRT� ID1–2 (aa 2107–2425). Three colonies from each plate were
picked and grown in �Trp�Leu liquid media for 24 h. The expression of �-galactosidase was measured by liquid o-nitrophenyl �-D-galactopyranoside assay
after normalization with cell numbers, and the average �-galactosidase units were calculated and plotted. C, survival assay of yeast cells cotransformed with
pGBT-hPXR and pACT-SMRT� ID1–2 or SMRT� ID1–2 constructs. Indicated numbers of transformed cells were spotted onto �Trp�Leu or
�Trp�Leu�His � 3AT (50 mM) selection plates and incubated at 30°C for 2 days. The pGBT9 and pACT2 vectors were used as controls where indicated
(�). D, interactions of SMRT isoforms with various NRs in GST pull-down assays. In vitro-translated 35S-labeled hPXR, hRAR�, hRXR�443, hCAR, hTR�,
and hFXR were incubated with GST, GST-SMRT ID1, GST-SMRT� S1/2 (aa 2077–2471), or GST-SMRT� S1/2 (aa 2077–2517) at 4°C overnight. After
extensive washing with binding buffer, the bound proteins were collected by centrifugation and analyzed by SDS-polyacrylamide gel electrophoresis and
autoradiography. E, Coomassie blue staining of GST and GST-SMRT fusion proteins used in this study. The GST proteins were purified from bacteria BL21
cells and analyzed by SDS-PAGE and Coomassie staining. Notable size difference of the intact GST-SMRT ID1, GST-SMRT� S1/2, and GST-SMRT� S1/2
are marked by asterisks (�). F, preferential interaction of PXR-RXR heterodimers with SMRT� on a DR4 PXR response element. Gel-shift assay was
conducted with in vitro-translated hPXR422, hRXR�443, and a 32P-labeled DR4 element. Equal amounts (6 �g) of purified GST, GST-SMRT� S1/2, or
GST-SMRT� S1/2 were added to individual reaction. The DNA-protein complexes were separated onto a native polyacrylamide gel and detected by
autoradiography. G, coimmunoprecipitation of PXR with cSMRT�/� from mammalian cell extracts. Approximately 1 mg of protein extracts obtained from
HEK293 cells coexpressing HA-PXR and FLAG-cSMRT� (aa 2095–2471) or FLAG-cSMRT� (aa 2095–2517) were immunoprecipitated with monoclonal
anti-FLAG antibody-conjugated agarose beads. Approximately 5% of the extract used in each immunoprecipitation reaction (input) was analyzed by Western
blot to show the relative amount of HA-PXR and cSMRT�/� in the cell extracts. The total amount of immunoprecipitates (IP) was analyzed by Western blot
with rabbit anti-HA antibody to detect the coimmunoprecipitated HA-PXR. The precipitated HA-PXR in each reaction was quantitated by densitometry, and
results are plotted and shown at the bottom.
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displayed no interaction with SMRT ID1. RAR� consistently
interacted equally well with SMRT ID1, SMRT� S1/2, and
SMRT� S1/2. Similar to PXR, RXR443 failed to bind SMRT
ID1, but it interacted weakly with the S1/2 constructs with a
preference toward SMRT�. In contrast, although CAR, TR�,
and FXR failed to interact with SMRT ID1, these receptors
interacted approximately equally with the S1/2 fragments of
both SMRT� and SMRT�. These results indicate that the
preferential interaction of PXR with SMRT� also occurs in
vitro.

PXR needs to form heterodimers with RXR on DNA ele-
ments to regulate target gene expression. If SMRT� plays a
more important role than SMRT� in regulating PXR activity,
we anticipated that SMRT� should also interact with PXR-
RXR-DNA complexes better than SMRT�. This was tested by
gel-shift assay using in vitro translated receptors, 32P-la-
beled DR4 element, and purified GST-SMRT S1/2 fusion
proteins (Fig. 1F). Because the receptor’s AF2-helix is known
to reduce corepressor binding (Liu et al., 2004), AF2-deletion
mutants of both PXR (PXR422) and RXR (RXR443) were
used in these binding reactions. We found that the S1/2
fragments of both SMRT� and SMRT� were capable of inter-
acting with the PXR-RXR-DR4 complex in the gel-shift assay.
It is interesting that SMRT� again showed a more efficient
binding to the PXR-RXR-DNA complex than SMRT�, sug-
gesting that the SMRT� preference also occurs at the level of
receptor-DNA complex.

Finally, we tested whether the SMRT� preference for PXR
also occurs in mammalian cells. Coimmunoprecipitation as-
say was conducted using HEK293 cell extracts transfected
with HA-PXR and FLAG-cSMRT� (aa 2095–2471) or FLAG-
cSMRT� (aa 2095–2517) (Fig. 1G). Cell extracts were immu-
noprecipitated by anti-FLAG agarose beads, followed by
Western blot detection of PXR. Both PXR and the two SMRT
isoforms were expressed at similar levels as shown in the
inputs. Remarkably, we found that PXR was preferentially
immunoprecipitated with SMRT� by approximately 4-fold
higher than with SMRT� (bottom), suggesting that PXR pref-
erentially interacts with SMRT� also in mammalian cells.
Together, these results strongly suggest that PXR interacts
preferentially with SMRT� both in vitro and in vivo.

SMRT�-PXR Interaction Is Resistant to Ligand-In-
duced Dissociation. We have shown previously that the
interaction of PXR with SMRT� could be disrupted by PXR
agonists (Johnson et al., 2006); thus, it is interesting to test
whether the interaction of PXR with SMRT� is also sensitive
to PXR ligands. A series of corresponding SMRT�/� con-
structs were compared for their interactions with PXR and
their responses to PXR ligands by yeast two-hybrid assay
(Fig. 2A). Under conditions in which PXR had little interac-
tion with SMRT ID1, SMRT� ID2 (aa 2284–2379), or cN-CoR
(aa 1929–2440), strong associations of PXR with SMRT� ID2
(aa 2284–2425), SMRT� ID1–2, and SMRT� ID1–2 were ob-
served in the absence of ligand (Fig. 2A). This suggests that
SMRT� ID2 is the preferred binding site for PXR, consistent
with our prior observation (Johnson et al., 2006). Also con-
sistently, the human PXR-specific ligands Rif and CTZ di-
minished PXR’s interaction with SMRT� ID1–2, whereas the
mouse PXR-specific ligand PCN had little or no effect. It is
remarkable that none of these PXR ligands was capable of
diminishing PXR’s association with SMRT� ID2 or SMRT�
ID1–2. These results suggest that SMRT� also differs from

SMRT� in a way that its interaction with PXR is resistant to
ligand-induced dissociation.

To investigate the resistance of SMRT�-PXR complex to
ligand-induced dissociation in greater detail, we compared
the effects of rifampicin on PXR’s interactions with SMRT�
ID1–2, SMRT� ID1–2, and RAC3 (aa 1–1204) in a ligand
concentration-dependent manner (Fig. 2B). Consistent with
a prior finding (Johnson et al., 2006), rifampicin disrupted
the SMRT�-PXR interaction, although it concomitantly en-
hanced the RAC3-PXR interaction. In contrast, the SMRT�-
PXR interaction remained strong at all concentrations of
rifampicin, suggesting that the SMRT�-PXR complex is in-
deed resistant to rifampicin.

To recapitulate the ligand resistance of SMRT�-PXR inter-
action in vitro, we conducted a GST pull-down assay using
HA-PXR expressed in mammalian cells and treated with
rifampicin. Purified GST and GST fusions of SMRT ID1,
SMRT� S1/2, and SMRT� S1/2 were mixed with cell extracts
containing unliganded or rifampicin-bound HA-PXR, and the
bound PXR was detected by Western blot (Fig. 2C). With
solvent alone, we found that both SMRT� S1/2 and SMRT�
S1/2 pulled down significant amounts of HA-PXR, whereas
GST and GST-SMRT ID1 could not. SMRT� consistently pulled
down more PXR than SMRT�. It is interesting that rifampicin
disrupted PXR’s interaction with SMRT�, whereas it had only a
minimal effect on the interaction with SMRT�. These results
suggest that, in contrast to SMRT�, SMRT� is capable of bind-
ing with PXR in the presence of rifampicin.

Last, we analyzed the effects of rifampicin on colocalization
of PXR with SMRT in mammalian cells (Fig. 2D). Full-length
SMRT� is known to accumulate at nuclear foci (Park et al.,
1999). EGFP-SMRT� also formed nuclear foci and displayed
colocalization with PXR at those foci, similar to a previous
finding (Johnson et al., 2006). It is interesting that rifampicin
treatment caused a clear dissociation of PXR from SMRT�
nuclear foci, whereas SMRT foci themselves were not af-
fected. Likewise, EGFP-SMRT� also formed nuclear foci and
colocalized efficiently with PXR in the absence of ligand. We
were surprised to find that rifampicin was unable to release
PXR from these SMRT� foci, suggesting that the association
of PXR with SMRT� in mammalian cells is also resistant to
ligand-induced dissociation. Taken together, these results
strongly suggest that the PXR-SMRT� complex is resistant
to ligand-induced dissociation both in vitro and in vivo.

PXR Transcriptional Activity Is Preferentially In-
hibited by SMRT�. Because SMRT� displays distinct prop-
erties from SMRT� in terms of interacting with PXR and its
ligand sensitivity, it was of interest to compare their abilities
in suppressing PXR transcriptional activity. To do so, we
used a cell-based assay with a CYP3A4 promoter-driven lu-
ciferase reporter activated by rifampicin in the presence of
PXR. We found that both SMRT� and SMRT� were capable
of suppressing reporter gene activity in a concentration-
dependent manner in COS-7 (Fig. 3A) and HepG2 cells
(Fig. 3B). It is interesting that SMRT� exhibited a stron-
ger inhibitory effect on PXR’s transcriptional activity than
SMRT� at all concentrations in both cell types. Further-
more, SMRT� also exhibited a stronger corepressor activ-
ity than SMRT� on a GAL4-dependent luciferase reporter
MH100-tk-luc in a GAL4-PXR-dependent manner (Fig. 3C).
As a control, we found that SMRT� had little effect on the
expression of MH100-tk-luc reporter in the presence of GAL4
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DBD alone. Both full-length SMRT� and SMRT� were ex-
pressed at similar levels in the transfected cells as detected
by Western blot (Fig. 3D). Together, these results indicate
that SMRT� has a stronger inhibitory effect than SMRT� on
PXR-mediated transcriptional activity.

SMRT� and SMRT� Possess Comparable Intrinsic
Repression Activity. The higher corepressor activity of
SMRT� over SMRT� on PXR is consistent with its higher
PXR binding affinity and the resistance to ligand-induced
dissociation. However, the corepressor function could also be
affected by intrinsic basal transcription repression activity.
To address this possibility, we compared the basal transcrip-
tional potentials between SMRT� and SMRT� using GAL4
DBD fusion proteins on the GAL4-dependent MH100-tk-luc

reporter. In this assay, we found that GAL4-SMRT� (full-
length) and GAL4-SMRT� (full-length) exhibited strong re-
pression activity at similar levels (Fig. 4A), suggesting that
these SMRT isoforms have similar potentials in repressing
basal transcription. Furthermore, SMRT� is known to accu-
mulate at discrete nuclear foci, where it colocalizes with
HDACs (Privalsky, 2001; Wu et al., 2001). Immunostaining
of coexpressed EGFP-SMRT� (full-length) and FLAG-
SMRT� shows that these two proteins colocalized at discrete
nuclear foci (Fig. 4B), suggesting that SMRT� has a distri-
bution similar to that of SMRT�. In addition, we found that
EGFP-SMRT� also efficiently recruited HDAC4 to these nu-
clear foci, suggesting that SMRT� also interacts with
HDACs. These results suggest that SMRT� and SMRT� have

Fig. 2. SMRT�-PXR interaction is resistant to ligand-induced dissociation. A, effects of PXR ligands on SMRT-PXR interactions in a yeast two-hybrid
assay. Yeast colonies cotransformed with pGBT-hPXR and the indicated pACT-SMRT constructs or pACT-cN-CoR were treated with the hPXR-specific
ligands Rif (10 �M) and CTZ (10 �M), or with the mPXR-specific ligand PCN (10 �M) for 48 h. The empty pACT2 vector was used as a control where
indicated (�). The SMRT� ID2 and SMRT� ID1–2 show stronger, ligand-resistant interactions with PXR in comparison with SMRT�. B, rifampicin
concentration-dependent dissociation of SMRT�/�-PXR interaction in a yeast two-hybrid assay. Yeast transformants containing pGBT-hPXR and
pACT-SMRT� ID1–2, pACT-SMRT� ID1–2, or pGAD-RAC3 (1–1204) were grown in �Trp�Leu media for 24 h. Aliquots of each sample were treated
with increasing concentrations of Rif (10, 25, and 50 �M) and incubated for another 36 h. Rifampicin had little effect on the interaction of PXR with
SMRT� ID1–2, whereas it reduced its interaction with SMRT� ID1–2 and enhanced interaction with the coactivator RAC3. C, rifampicin had little
effect on the formation of SMRT�-PXR complex. HA-PXR was overexpressed in HEK293 cells in the absence (Sol) or presence of Rif (10 �M).
Approximately 50 �g of cell extracts was incubated with 5 �g of purified GST, GST-SMRT ID1, GST-SMRT� S1/2, or GST-SMRT� S1/2 for 16 h at 4°C.
The bound HA-PXR proteins were collected by centrifugation and analyzed by SDS-PAGE and Western blot using anti-HA antibody. D, SMRT�
colocalizes with PXR in mammalian cells in the presence of rifampicin. COS-7 cells were transfected with pEGFP-hSMRT� (full-length) or
pEGFP-hSMRT� (full-length) together with FLAG-hPXR. Cells were recovered in Dulbecco’s modified Eagle’s medium media containing 10 �M
rifampicin or DMSO for 12 h. Cells were fixed, and colocalization between SMRT and PXR was detected by immunostaining with anti-FLAG antibody
and the EGFP signals. Rifampicin causes clear dissociation of PXR from SMRT� nuclear foci, whereas it has little effect or no impact on the
SMRT�-PXR colocalization.
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comparable intrinsic repression activities; therefore, the dif-
ferences in their abilities to inhibit PXR cannot be attributed
to differences in their repression potentials.

Determinants of SMRT� Preferential Binding by
PXR. We have shown previously that SMRT� interacts with
PXR through its ID2 domain (Johnson et al., 2006; Wang et
al., 2006). Likewise, SMRT� seems to use the ID2 domain for
PXR interaction as well, because the ID1 domain alone does
not interact with PXR, whereas the ID1–2 fragment of
SMRT� does (Fig. 1 and 2). The only difference between
SMRT� and SMRT� is the �-specific 46-aa insert after resi-
due Gly2352, immediately downstream from the ID2’s
“LEAIIRKAL” core motif (Fig. 5A). Therefore, this 46-aa se-
quence must be involved in the enhanced binding of SMRT�
by PXR. To investigate how this 46-aa sequence enhances
interaction with PXR, we first hypothesized that this 46-aa
insert might enable the ID1 domain to interact with PXR,
thus creating two binding sites. This was tested by measur-
ing PXR’s interactions with a series of point mutations on
GST-SMRT� S1/2 by GST pull-down assay (Fig. 5B). The
wild-type GST-SMRT� S1/2 and its mutants were expressed,
purified, and confirmed by Coomassie blue staining (Fig. 5B,
right). It is interesting that we found that only the ID2
mutation (mID2, or I2345A/I2346A), but not the ID1 muta-
tion (mID1, or V2142A/I2143A) or the two non-ID mutations
(m3 and m4), disrupted SMRT�’s interaction with PXR. The
ID1 and ID2 double mutation (mID1–2) also disrupted PXR
binding. In contrast, mID1 but not mID2 mutation dimin-
ished SMRT�’s interaction with RAR�. These results suggest
that PXR still interacts with SMRT� through its ID2 domain;
thus, the 46-aa insert does not enable ID1 to interact with
PXR. Therefore, the enhanced interaction of SMRT� is prob-

ably mediated directly through the ID2 motif and the 46-aa
sequence.

In the SMRT� sequence, a methionine and four consecutive
glycine residues follow the ID2 core motif immediately. Gly-
cine has no side chain and therefore can adopt different
conformations. It frequently occurs in turns of proteins and is
sometimes known as a “helix breaker.” Therefore, we re-
placed the first three glycines in the SMRT� sequence with
alanines to extend, theoretically, the length of the ID2 core-
pressor helix (Fig. 5C, SMRT� 3G/A mutant). However, this
mutation was ineffective in enhancing PXR’s interaction
with SMRT� ID1–2 (Fig. 5D), suggesting that a mere exten-
sion of the ID2 helix is not sufficient to enhance PXR inter-
action. Hence, we hypothesized that the 46-aa sequence
might participate directly in stabilizing the ID2-PXR inter-
action or by providing an additional binding surface for PXR.
The potential contribution of these 46 amino acids to PXR’s
interaction was analyzed first by deletion analysis. First, we
confirmed that deletion of the entire 46-aa insert from
SMRT� (�46 mutant) converted its PXR binding efficiency to
the level of SMRT� (Fig. 5D, left). We were surprised to find
that deletion of the first 5 (�5) or 10 (�10) amino acids of the
46-aa insert was each sufficient to reduce SMRT�’s interac-
tion to the level of SMRT�. On the other hand, deletion of the
C-terminal 36 (�36c) or 41 amino acids (�41c) had little effect
on SMRT�’s interaction with PXR. These results clearly sug-
gest that the first five amino acids (KYDQW) of the 46-aa
insert are necessary and sufficient for the preferential inter-
action of SMRT� with PXR.

To further pinpoint the exact residues that are responsible
for the enhanced SMRT� interaction with PXR, we conducted
site-directed mutagenesis on the above five amino acids. It is

Fig. 3. Transcriptional activity of PXR is prefer-
entially suppressed by SMRT�. COS-7 (A) and
human liver HepG2 (B) cells were transiently
transfected with pCMXHA-hPXR and pCYP3A4-
tk-luc reporter together with a �-galactosidase
expression vector as an internal control. Increas-
ing amounts of pCMX-FLAG-SMRT� (full-
length) or pCMX-FLAG-SMRT� (full-length)
were cotransfected as indicated (in micrograms).
After transfection, cells were refed with fresh
media containing 10 �M Rif where indicated (�)
and recovered for 16 h. Relative -fold activations
of the reporter in comparison with the control
sample without treatment or SMRT cotransfec-
tion were determined from three independent
experiments. SMRT� inhibits PXR transactiva-
tion stronger than SMRT� in both cell types in a
dose-dependent manner. C, transcriptional re-
pression by GAL4-PXR is preferentially en-
hanced by SMRT�. COS-7 cells were transfected
with GAL4-hPXR with increasing amounts (in
micrograms) of pCMX-FLAG-SMRT�/� (full-
length) construct along with the GAL4-depen-
dent MH100-tk-luc reporter and a �-galactosi-
dase control vector. SMRT� did not affect GAL4
activity, whereas it preferentially enhanced the
transcriptional repression activity of GAL-PXR.
D, Western blot analysis showing comparable
expression levels of FLAG-SMRT�/� full-length
proteins in the transfected cells.
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interesting that we found that replacement of the first three
residues from KYD to AAA was sufficient to reduce the
SMRT�-PXR interaction to the level of SMRT� (Fig. 5D,
right). Additional mutational analysis showed that the
Lys2353 to alanine mutation (K2353A) had no effect,
whereas the Tyr2354 to alanine mutation (Y2354A) com-
pletely abolished the enhanced interaction. In contrast, mu-
tation of Asp2355 to alanine (D2355A) caused a partial de-
cline in the SMRT�-PXR interaction. These results indicate
that amino acids Tyr2354 and Asp2355 are both involved and
are critical for the preferential association of SMRT� by PXR.

Expression of SMRT Isoforms in Human Tissues and
Cancer Cells. To shed light onto the potential physiological
relevance of the SMRT isoforms, we decided to compare the
relative expression levels of SMRT� versus SMRT� in vari-
ous human tissues and cancer cell lines. Paired normal ver-
sus tumor cDNAs from various human tissues and cDNAs
generated from established cell lines were amplified by real-

time PCR using a set of primers that specifically amplify
either SMRT� or SMRT�. Dissociation curve analysis showed
a specific peak at the predicted melting temperature of each
amplified PCR product. Electrophoresis on a 1.8% agarose
gel confirmed the specificity of the same PCR product with
one single band at the expected size. In this experiment, we
found that SMRT� is the predominant form expressed in
both normal and tumor tissues of the breast, kidney, and
prostate (Fig. 6, A and B). In particular, the normal prostate
seems to express the highest level of SMRT� (Fig. 6B). It is
interesting that although SMRT� remained the dominant
form in the tumor samples of liver, SMRT� was more abun-
dant in normal liver tissue (Fig. 6B). In addition, SMRT� is
also the major form expressed in several established cell lines
(Fig. 6C).

Discussion
The xenobiotic receptor PXR plays an important role in the

metabolism of many prescribed drugs by controlling the ex-
pression of many drug-metabolizing enzymes in liver. In this
study, we compared the roles of two different SMRT isoforms,
� and �, in regulating PXR activity. We found that PXR
preferentially interacts with the � isoform in a ligand-resis-
tant manner and that SMRT� represses PXR activity more
efficiently compared with SMRT�. We further uncovered the
amino acid residues that are responsible for PXR preferential
binding to SMRT�. In addition, we found that SMRT� is the
dominant isoform expressed in several human tissues and
cancer cell lines, suggesting an important role for SMRT� in
regulating PXR activation.

There are two distinct corepressor motifs in the SMRT
sequence that exhibit different binding affinities toward dif-
ferent NRs. For instance, TR interacts with both the up-
stream ID1 motif and the downstream ID2, whereas RAR
interacts primarily with ID1, although PXR and RXR appar-
ently prefer the ID2 (Ghosh et al., 2002; Johnson et al., 2006).
Because the SMRT�-specific 46-aa sequence is located imme-
diately after the ID2 LxxIIxxxL core motif, it is reasonable to
speculate that this 46-aa sequence might affect the binding of
ID2 to other proteins. Our data suggest that the 46-aa se-
quence does not contain additional interacting surface for
PXR and does not enable PXR-ID1 interaction (Fig. 5). It is
interesting that SMRT� reportedly interacted better with
TRs on DNA in vitro (Goodson et al., 2005). Although this
difference was not seen in our assay (Fig. 1), it remains
possible that the presence of DNA might influence SMRT
isoform preference. However, if TR does possess differential
affinity toward SMRT isoforms, the difference may not be as
profound as that for PXR. Our previous structural modeling
of the PXR LBD-SMRT ID2 complex (Wang et al., 2006) was
unable to address the involvement of the 46-aa insert be-
cause of its length and distance from the ID2 core motif.
Future improvement in our modeling system will be infor-
mative to predict any molecular interaction with PXR involv-
ing the 46-aa sequence.

In contrast to ligand-reversible association of SMRT� with
PXR, SMRT� retains a strong interaction with PXR in the
presence of PXR ligands (Fig. 2). It is known that certain NR
variants possess ligand-irreversible association with SMRT
(Tagami et al., 1998). Our current data further suggest that
different SMRT isoforms may have different affinity toward

Fig. 4. SMRT� and SMRT� possess comparable intrinsic repression activi-
ties. A, transcriptional repressions by GAL4-SMRT� (full-length) and GAL4-
SMRT� (full-length) are comparable. HEK293 cells were transfected with
increasing amounts of GAL4 DBD or GAL4 DBD fusions of either full-length
SMRT� (GAL4-SMRT�) or full-length SMRT� (GAL4-SMRT�), together
with a GAL4-dependent MH100-tk-luc reporter. The relative percentages of
luciferase activity in comparison with GAL4 DBD alone (set as 100%) were
determined from three independent experiments. B, SMRT� colocalizes with
SMRT� and HDAC4. COS-7 cells were transiently transfected with EGFP-
SMRT� (full-length) in combination with FLAG-SMRT� (full-length) or
FLAG-HDAC4. Transfected cells were fixed and immunostained with anti-
FLAG monoclonal antibody and rhodamine-conjugated secondary antibody
and visualized in comparison with the EGFP-SMRT� signals. Cell nuclei
were stained with 4,6-diamidino-2-phenylindole.
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the same receptor. In addition to the ligand-irreversible ef-
fect, several other possibilities may also explain the prefer-
ential inhibition of PXR by SMRT�. For example, in the
presence of SMRT�, rifampicin might be unable to produce a
conformational change in PXR that is required to release the
corepressor. On the other hand, SMRT� might prevent ri-
fampicin from binding to PXR. It is equally possible that the
presence of SMRT� might interfere with the ability of PXR to
recruit coactivators.

To shed light into the relative importance of SMRT iso-
forms on regulating PXR activity, we compared the expres-
sion of SMRT� versus SMRT� in various human tissues and
cancer cell lines (Fig. 6). We were surprised to find that
SMRT� was found at higher levels than SMRT� in most
tissues and cell lines, especially in the normal prostate. It is

remarkable that SMRT� was found in higher levels in the
normal liver sample (Fig. 6, A and B). Although both SMRT�
and SMRT� are ubiquitously expressed and the amount of
SMRT� in normal liver tissue is slightly lower than in other
tested tissues, the amount of SMRT� in normal liver tissue is
much higher compared with other tissues. It is important to
note that human PXR is most abundantly expressed in liver
and intestine (Blumberg et al., 1998; Lehmann et al., 1998).
Because the interaction between PXR and SMRT� is sensi-
tive to PXR ligand-induced dissociation, and SMRT� is more
abundant than SMRT� in normal liver tissue, it is possible
that the PXR-SMRT� interaction may be more relevant for
the inductive response of PXR activation by ligands in the
liver. Furthermore, we speculate that the relatively more
abundant SMRT� in other tissues and cancerous samples

Fig. 5. Molecular determinants of SMRT� prefer-
ence for PXR binding. A, sequence of the SMRT�-
specific 46 amino acids is shown at the top with the
flanking SMRT� sequences shown at the bottom.
This SMRT�-specific sequence is inserted after
glycine at position 2352 after the distal ID2 core-
pressor motif (underlined). The numbers indicate
amino acid positions. B, the ID2 motif mutation in
SMRT� disrupts PXR interaction. The wild-type
(WT) GST-SMRT� S1/2 and its site-directed mu-
tants, mID1 (V2142A/I2143A), mID2 (I2345A/
I2346A), mID1–2 (V2142A/I2143A, I2345A/
I2346A), m3 (S2285E/K2286E/K2287E), and m4
(L2467A/I2468A), were tested for binding with 35S-
labeled hPXR and hRAR� in a GST pull-down
assay. Right, Coomassie blue-stained GST pro-
teins. The mID2-containing mutants (mID2 and
mID1–2) show decreased binding to PXR,
whereas only mID1-containing mutations (mID1
and mID1–2) affect their interactions with
RAR�. C, sequence comparison of the SMRT�-
specific 46-aa insert and its mutants. The solid
line on top marks the 46-aa sequence. Dashed
lines represent deletions. The alanine substitu-
tions in the SMRT� 3G/A and the KYD, K2353A,
Y2354A, and D2355A mutants of SMRT� are
italicized. The plasmid pACT-SMRT� ID1–2 was
used as a template to construct these mutants
used in the following assays. D, yeast two-hybrid
assays showing interactions of PXR with
SMRT�-specific 46-aa-related mutants. Yeast
Y190 cells were cotransformed individually with
pGBT-hPXR and indicated pACT-SMRT�/�
ID1–2 wild-type and indicated mutant con-
structs.
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and cell lines might play a role in limiting PXR activation in
these other tissues, because the PXR-SMRT� interaction is
stronger and more resistant to ligand-induced dissociation.

PXR coordinately regulates drug clearance in response to a
wide variety of xenobiotic compounds; thus, reducing PXR
activity may diminish drug clearance and increase the po-
tency of therapeutic drugs, causing dangerous drug-drug in-
teraction. There has been a great amount of interest in drug
discovery with an emphasis on understanding structure-
function relationship for attenuating drug-mediated PXR ac-
tivation (Gao et al., 2007; Ung et al., 2007). The fact that the
key amino acids of the SMRT�-specific 46-aa insert is located
within the first 5 amino acids, which is only 2 residues away
from the ID2 core sequence, may provide a novel therapeutic
target using an extended ID2 motif via a peptide interference
mechanism. Indeed, the SMRT corepressor motif has been
designed as a peptide to occupy the lateral groove of BCL6
and compete with corepressor binding (Polo et al., 2004).
These peptides not only attenuate BCL6-mediated transcrip-
tional repression but also reactivate the expression of BCL6
target genes, resulting in the disruption of endogenous BCL6
repression complexes. Thus, this current study may provide a
molecular basis for rational drug designs aimed at enhancing
the efficacy of therapeutic drugs by inhibiting PXR-mediated
drug metabolism.
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