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T0901317 is a potent synthetic ligand for liver X receptor (LXR, NR1H2/3), a member of the nuclear
receptor superfamily that functions as a transcription factor. However, T0901317 has been also re-
ported to modulate the activity at least four other nuclear receptors (NRs), acting as agonists for farne-
soid X receptor (FXR, NR1H4) and pregnane X receptor (PXR, NR1I2) and as antagonists for androgen
receptor (AR, NR3C4) and retinoid-related orphan receptor-a (ROR-a, NR1F1). We report here that
T0901317 can also function as an inhibitor for constitutive androstane receptor (CAR, NR1I3). Since
CAR is a major player of xenobiotic and cholesterol metabolism in the liver, along with PXR, FXR
and LXR, which are reported to be regulated by T0901317, this further complicates the interpretation
of potential results with T0901317 in liver cells.
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Introduction

LXRa/B (Liver X Receptor a/@3, NR1H3/2) belongs to the
nuclear receptor (NR) superfamily and heterodimerizes with
retinoid X receptor (RXR) to regulate target genes’ tran-
scription [8,23]. LXR functions as a lipid sensor and modu-
lates homeostasis of cholesterol by induction of genes to reg-
ulate cholesterol metabolism and hepatic lipogenesis [18].
Because of importance of cholesterol in cardiovascular dis-
ease, the LXRs and their endogenous oxysterol ligands have
been extensively studied [5,89]. T0901317, (N-(2,2,2-trifluo-
roethyl)-N-[4-[2,2,2-trifluoro-1-hydroxy-1-(trifluoromethyl)
ethyl]phenyl]-benzenesulfonamide), is well-known as a po-
tent synthetic agonist ligand of LXR a/B [18]. However,
T0901317 has been also reported to bind to other NRs
and/or to activate or inhibit their transactivation activity.
For example, T0901317 functions as an agonist for farnesoid
X receptor (FXR, NR1H4) and activate FXR more potently
than its natural ligand [7]. T0901317 also binds to and acti-
vate pregnane X receptor (PXR, NR1I2) and induces tran-
scription of its target genes at similar potency as LXR [15].
In addition, T0901317 was recently showed to inhibit trans-

activation activities of androgen receptor (AR, NR3C4) and
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Constitutive androstane receptor (CAR), T0901317, liver X receptor (LXR), PGC-la,

retinoid-related orphan receptor-a (ROR-a, NR1F1) by com-
petitive inhibition of their respective ligands, di-
methyl-nortestosterone or 25-hydroxycholesterol, [1,13].

Constitutive androstane receptor (CAR, NR1I3) regulates
xenobiotic degradation in the liver along with pregnane X
receptor (PXR, NR1I2). Although exogenously expressed
CAR constitutively activates its target genes without any
added ligand [3], endogenous CAR in the liver translocates
from the cytoplasm to nucleus in response to direct agonist
ligands such as 1, 4-bis-[2-(3,5,-dichloropyridyloxy)|benzene
(TCPOBOP), and indirect activators such as phenobarbital
[12].

We have found that T0901317 can also inhibit CAR trans-
activation, and that addition of co-activator, peroxisome pro-
liferator-activated receptor gamma coactivator-la (PGC-1a)
restores CAR'’s activity even in the presence of T0901317.
Our data complement previous results on T0901317’s ability
to regulate the activity of other NRs and raise additional
question on the interpretation of studies carried out with
T0901317 in liver cells.

Materials and Methods

Cell culture, transfection and material

The human hepatoma HepG2 cell line was cultured in
DMEM with 10% FBS at 37°C in CO; incubator. For transient
transfection, HepG2 cells were seeded at 5X10* cells/well
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of 48-well plates one day before transfection and transfected
with DNA mixtures consisting of indicated amounts of
(NR1)s.TK-luc reporter [6], plasmids expressing mCAR
and/or other proteins, and pRL-TK (Promega, WI, USA) us-
ing Lipofectamine2000 (Invitrogen, CA, USA). The DNA
amount used for transfection was kept constant for each
well. Charcoal-stripped serum was used to remove lipids
which might function as ligands and to maximize ligand ef-
fect during transfection, and the specific ligand was added
6 hours after transfection. Cells were incubated for 42 hours
further and harvested for luciferase assay. T0901317 and
TCPOBOP were purchased from Sigma (MO, USA). Each
experiment was repeated at least three times as triplicate

unless otherwise indicated.

Luciferase assay

Luciferase assay was carried out with the dual luciferase
assay kit (Promega, WI, USA) as previously described [10].
All data were normalized by renilla luciferase activity to
compensate transfection efficiency of each sample. The re-
sults were shown as relative activities compared to the vec-
tor control. The experiments were repeated three times with
triplicate and all data was combined and averaged. The re-
sult was shown as average values with standard error of
the means (SEM). (**: p<0.01, **: p<0.001 by ANOVA with
Turkey’s post-hoc test.).

RT-PCR

The HepG2 cells were transfected with plasmids express-
ing CAR and treated with 5 uM of T0901317 for 2 days, har-
vested and used for synthesis of cDNA for RT (reverse tran-
scription)-PCR (polymerase chain reaction) analysis. Total
RNAs were isolated from cells using Trizol (Invitrogen, CA,
USA) following the manufacturer’s instruction. Single
stranded ¢cDNAs were synthesized from total RNAs by
SuperScript II reverse transcriptase (Invitrogen, CA, USA)
and used as templates for synthesis of double stranded
cDNAs using ExTaq polymerase (Takara, Japan). The PCR
was carried out at 95°C for 5 min, 33 cycles of 95°C for 30
sec, 60°C for 30 sec, and 72°C for 30 sec followed by 72°C
for 10min with a CYP2B6 specific primer set (CYP2B6 sense:
5 AGACACCATGCATGGT GCACGC; CYP2B6 antisense: 5’
CCATAACAGCATCA GGAGIG) using My Cycler Thermal
Cycler System (Biorad, CA, USA).

Results

T0901317 inhibits CAR'’s transcriptional activity

To test whether T0901317 affects CAR'’s transactivation ac-
tivity, we transiently transfected human hepatoma HepG2
cell line with plasmids expressing murine CAR (mCAR)
with (NR1)sTK-luc plasmids, luciferase reporters harboring
CAR’s binding sites [6]. The transfected cells were treated
T0901317 and their luciferase activity was compared to cells
treated with DMSO which was used to dissolve ligand. Fig.
1A showed that T0901317 moderately inhibits CAR'’s trans-
activation activity in a dose-dependent manner. Although
human CAR (hCAR) and mCAR share higher sequence ho-
mology and several characteristics, hCAR was also reported
to show marked pharmacological differences from mCAR
[17,22]. For example, hCAR was not activated by TCPOBOP
which is an agonist for mCAR [17,22]. Therefore, we tested
whether T0901317, like TCPOBOP, exhibits biochemical dif-
ferences between mCAR and hCAR. Fig. 1 showed that
T0901317 inhibits both mCAR and hCAR although the in-
hibition is weaker in hCAR than in mCAR (Fig. 1A & 1B).
We tested ligand activity of T0901317 using LXRa, a receptor
whose ligand is T0901317. As shown in Fig. 1C, T0901317
could activate LXRa at 0.1 uM, which proved that T0901317
that we used was an active chemical.

Next, we tested dose effect of T0901317 on CAR’s trans-
activation activity with or without 1 uM of TCPOBOP, an
agonist for mCAR. Fig. 2 showed that T0901317 at 9 uM
completely inhibits mCAR's activity regardless of presence
of 1 yM TCPOBOP. However, 0.5 and 1 pM of T0901317
exhibited no effect on CAR’s activity when 1 uM of
TCBOPOP was present although they showed approx-
imately 20% of inhibition in the absence of TCBOPOP.
Generally, presence of 1 tM of TCPOBOP decreased overall
inhibitory effect of T0901317, suggesting their competition
for binding to mCAR (Fig. 2).

Co-expression  of  co-activator ~ PGCla  abolishes
effect of T0901317

CAR was reported to be activated by recruiting of co-
activators such as steroid receptor coactivator-1 (SRC-1 [2])
and PGC-1a [19]. Especially, androstanol, another inhibitor
of CAR, was shown to inhibit CAR’s binding to coactivator
SRC-1 [3]. We reasoned that, if T0901317 also inhibits CAR’s
binding to co-activators like androstanol, addition of co-acti-
vator might alleviate T0901317’s inhibitory activity on CAR’s
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Fig. 1. T0901317 inhibits CAR’s transactivation activity. (A,B)
HepG2 cells were transfected with (NR1)s-TK-Luc,
pRL-TK and mCAR (A) or hCAR (B). T0901317 was
treated at indicated concentration and DMSO was used
as vehicle. (C) To prove our T0901317 is active ligand
for LXR, the same HepG2 cells were transfected with
(LXRE)s-TK-Luc, pRL-TK and plasmids expressing LXR
a and indicated concentrations of T0901317 were treated.
For LXR transfection, the experiments were performed
twice in triplicate and other experiments were carried
out three times in triplicate. For all experiments, 100 ng
of reporter, 200 ng of receptor and 25 ng of pRL-TK
plasmids were used. pRL-TK was used to normalize
transfection efficiency. **p<0.01, ***p<0.001 for the in-
dicated pairs.

transactivation activity. We chose PGC-1a as a co-activator
to test and transiently transfected HepG2 cells with plasmids
expressing PGC-1a at increasing amount in our assay system
with either DMSO or T0901317.

Fig. 3 shows that transfection of plasmid expressing
PGC-la completely removed inhibitory effect on CAR'’s
transactivation activity caused by T0901317 (Fig. 3, compare
data obtained from transfections with 0 and 500 ng of PGC-1
a). As expected, co-transfection of increasing amount of
PGC-1a further enhanced CAR'’s transactivation activity in

a dose-dependent manner, in the presence of DMSO which
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Fig. 2. Increased amounts of T0901317 exhibit progressive in-
crease of inhibitory activity against CAR’s trans-
activation activity. T0901317 was treated to cells trans-
fected with mCAR, (NR1)s-TK-Luc and pRL-TK from 0.5
M to 9 pM with or without 1 pM of TCPOBOP.
Luciferase assay was carried out after 48 hr incubation.
Three separate experiments were done with triplicate
and their average values with SEM were shown. **p<
0.01, **p<0.001 for the indicated pairs.
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Fig. 3. Expression of PGC-la removes inhibitory effect of
T0901317 on CAR’s transactivation activity. HepG2
cells seeded at 48 well plates were transfected with
75 ng of (NR1)s-TK-Luc, 25 ng of pRL-TK, 100 ng of
mCAR and indicated amounts of PGC-1a. DMSO or
1 uM of T0901317 was treated at 6 hr after
transfection. Luciferase assay and data analysis were
done as Fig. 2. *p<0.01, **p<0.001 for the indicated
pairs.

was used as vehicle (Fig. 3).

Discussion

Although T0901317 has been widely used as a synthetic
ligand for LXRa/(3, recent studies revealed that T0901317
also functions as an agonist or antagonist for other NRs. For
example, T0901317 is also reported as an agonist for farne-
soid X receptor (FXR, NR1H4, [7]) and pregnane X receptor
(PXR, NR1I2, [14]) and as an antagonist for androgen re-
ceptor (AR, NR3C4, [1]) and retinoid-related orphan re-
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ceptor-a (ROR-a, NR1F1, [13]). With our addition of CAR
in the group of NRs whose activities are affected by
T0901317, most of important hepatic NRs regulating xeno-
biotic and cholesterol metabolism are now belong to this
group. CAR, PXR, FXR and LXR are relatively close related
and are known to exhibit several similar features [5]. All
are mainly expressed in liver and function in metabolism
of xenobiotic and cholesterol. They bind to lipid ligands,
sometimes endogenous lipid, at relatively low affinity at mi-
cromolar range. In addition, they also share bile acid as
activators. Bile acid was reported as a ligand for FXR [4]
and PXR [20], and as an activator for CAR [16]. The addition
of T0901317 as a CAR inhibitor, further complicates the in-
terpretation of studies using T0901317. GW3965, another
synthetic LXR ligand [11] shows improved specificity rela-
tive than T0901317 since it does not bind to PXR [15] and
may provide a superior alternative for LXR studies.

CAR and PXR share overlapping roles in xenobiotic me-
tabolism [17] and LXR and FXR regulates hepatic
lipogenesis. All of these NRs function as lipid-sensor [5].
Therefore, information that T0901317, a well- known LXR
ligand, actually functions as agonist for PXR and FXR and
inhibitor for CAR requires caution in interpreting results of
T0901317 studies in cells of the liver and other tissues or
cells where these receptors are coexpressed.

To validate our result, we performed real time PCR analy-
sis of CYP2B6, a typical target gene of CAR [21], using
mRNAs isolated from HepG2 cells transfected with CAR
and treated with 5pM of T0901317 for two days. However,
we could not observe any detectable decrease in CYP2B6
mRNA level by T0901317 treatment (data not shown) al-
though CAR over-expression itself increased CYP2B6 mRNA
level. This was reasonable since CYP2B6 has been also re-
ported to be activated by FXR and PXR, other hepatic nu-
clear receptors whose agonist included T0901317 [14].
Therefore, treatment of T0901317 to HepG2 cells caused to
activate both FXR and PXR and, at the same time, to in-
activate CAR, which might result in both activation and re-
pression of expression of CYP2B6, respectively. The result
might be no detectable decrease in CYP2B6 expression by
T0901317 treatment, as we observed.

However, our assay using the reporter containing NR1
site which is a CAR binding site originated from the CYP2B6
promoter [6], clearly indicated that T0901317 functions as
an antagonist for CAR.

Acknowledgements

This work was supported by the financial supports from
Inje University, Korea (IRGB, Inje FIRST program to W Seol).
We would like to thank Dr. David Moore (Baylor College,
TX, USA) for reading manuscript and critical discussion and
members of our laboratory in IBST for their help and

discussion.

References

1. Chuu, C. P, R. Y. Chen, R. A. Hiipakka, J. M. Kokontis,
K. V. Warner, J. Xiang, and S. Liao. 2007. The liver X re-
ceptor agonist T0901317 acts as androgen receptor antago-
nist in human prostate cancer cells. Biochem Bigphys. Res.
Commmun. 357, 341-346.

2. Dussault, I, M. Lin, K. Hollister, M. Fan, J. Termini, M. A.
Sherman, and B. M. Forman. 2002. A structural model of
the constitutive androstane receptor defines novel inter-
actions that mediate ligand-independent activity. Madl. Cell
Biol. 22, 5270-5280.

3. Forman, B. M., I. Tzameli, H. S. Choi, ]J. Chen, D. Simha,
W. Seol, R. M. Evans, and D. D. Moore. 1998. Androstane
metabolites bind to and deactivate the nuclear receptor
CAR-beta. Nature 395, 612-615.

4. Goodwin, B., S. A. Jones, R. R. Price, M. A. Watson, D. D.
McKee, L. B. Moore, C. Galardi, J. G. Wilson, M. C. Lewis,
M. E. Roth, P. R. Maloney, T. M. Willson, and S. A. Kliewer.
2000. A regulatory cascade of the nuclear receptors FXR,
SHP-1, and LRH-1 represses bile acid biosynthesis. Mal Cel/
6, 517-526.

5. Handschin, C. and U. A. Meyer, 2005. Regulatory network
of lipid-sensing nuclear receptors: roles for CAR, PXR, LXR,
and FXR. Arch Biochem Bigphys. 433, 387-396.

6. Honkakoski, P., I. Zelko, T. Sueyoshi, and M. Negishi. 1998.
The nuclear orphan receptor CAR-retinoid X receptor heter-
odimer activates the phenobarbital-responsive enhancer
module of the CYP2B gene. Mdl. Cell Biol. 18, 5652-5658.

7. Houck, K. A, K. M. Borchert, C. D. Hepler, J. S. Thomas,
K. S. Bramlett, L. F. Michael, and T. P. Burris. 2004. T0901317
is a dual LXR/FXR agonist. Mol. Genet. Metah 83, 184-187.

8. Janowski, B. A., P. J. Willy, T. R. Devi, ]. R. Falck, and D.
J. Mangelsdorf. 1996. An oxysterol signalling pathway medi-
ated by the nuclear receptor LXR alpha. Nature 383, 728-731.

9. Jaye, M. 2003. LXR agonists for the treatment of
atherosclerosis. Curr. Opin. Investig. Drugs 4, 1053-1058.

10. Jeong, H., M. S. Kim, S. W. Kim, K. S. Kim, and W. Seol.
2006. Regulation of tyrosine hydroxylase gene expression
by retinoic acid receptor. /. Neurochem 98, 386-394.

11. Joseph, S. B., E. McKilligin, L. Pei, M. A. Watson, A. R.
Collins, B. A. Laffitte, M. Chen, G. Noh, J. Goodman, G.
N. Hagger, J. Tran, T. K. Tippin, X. Wang, A. ]. Lusis, W.
A. Hsueh, R. E. Law, J. L. Collins, T. M. Willson, and P.



12.

13.

14.

15.

16.

17.

Tontonoz. 2002. Synthetic LXR ligand inhibits the develop-
ment of atherosclerosis in mice. Proc. Natl. Acad Sci. USA
99, 7604-7609.

Kawamoto, T. T. Sueyoshi, I. Zelko, R. Moore, K
Washburn, and M. Negishi. 1999. Phenobarbital-responsive
nuclear translocation of the receptor CAR in induction of
the CYP2B gene. Mol Cell Biol. 19, 6318-6322.

Kumar, N,, L. A. Solt, J. J. Conkright, Y. Wang, M. A. Istrate,
S. A. Busby, R. D. Garcia-Ordonez, T. P. Burris, and P. R.
Griffin. 2010. The benzenesulfoamide T0901317 [N-(2,2,2-
trifluoroethyl)-N-[4-[2,2,2-trifluoro-1-hydroxy-1-(trifluorom
eth yl)ethyl]phenyl]-benzenesulfonamide] is a novel retinoic
acid receptor-related orphan receptor- alpha/gamma
inverse agonist. Mol Pharmacol 77, 228-236.

Martin, P., R. Riley, D. J. Back, and A. Owen. 2008.
Comparison of the induction profile for drug disposition
proteins by typical nuclear receptor activators in human
hepatic and intestinal cells. Br. J. Pharmacal. 153, 805-819.
Mitro, N., L. Vargas, R. Romeo, A. Koder, and E. Saez. 2007.
T0901317 is a potent PXR ligand: implications for the biol-
ogy ascribed to LXR. FEBS Lett. 581, 1721-1726.

Moore, L. B, ]. M. Maglich, D. D. McKee, B. Wisely, T. M.
Willson, S. A. Kliewer, M. H. Lambert, and ]. T. Moore,
2002. Pregnane X receptor (PXR), constitutive androstane re-
ceptor (CAR), and benzoate X receptor (BXR) define three
pharmacologically distinct classes of nuclear receptors. Mol
Endbcrinol. 16, 977-986.

Moore, L. B, D. J. Parks, S. A. Jones, R. K. Bledsoe, T. G.
Consler, J. B. Stimmel, B. Goodwin, C. Liddle, S. G.
Blanchard, T. M. Willson, ]. L. Collins, and S. A. Kliewer,
2000. Orphan nuclear receptors constitutive androstane

18.

19.

20.

21.

22.

23.

Journal of Life Science 2011, Vol. 21. No. 4 485

receptor and pregnane X receptor share xenobiotic and
steroid ligands. /. Biol Chem 275, 15122-15127.

Schultz, J. R, H. Tu, A. Luk, J. J. Repa, J. C. Medina, L.
Li, S. Schwendner, S. Wang, M. Thoolen, D. J. Mangelsdorf,
K. D. Lustig, and B. Shan. 2000. Role of LXRs in control
of lipogenesis. Genes Dev: 14, 2831-2838.

Shiraki, T., N. Sakai, E. Kanaya, and H. Jingami. 2003.
Activation of orphan nuclear constitutive androstane re-
ceptor requires subnuclear targeting by peroxisome pro-
liferator-activated receptor gamma coactivator-1 alpha. A
possible link between xenobiotic response and nutritional
state. /. Biol Chem 278, 11344-11350.

Staudinger, J. L, B. Goodwin, S. A. Jones, D. Hawkins-
Brown, K. I. MacKenzie, A. LaTour, Y. Liu, C. D. Klaassen,
K. K. Brown, J. Reinhard, T. M. Willson, B. H. Koller, and
S. A. Kliewer, 2001. The nuclear receptor PXR is a lithocholic
acid sensor that protects against liver toxicity. FProc Natl
Acad Sci. USA 98, 3369-3374.

Sueyoshi, T., T. Kawamoto, 1. Zelko, P. Honkakoski, and
M. Negishi. 1999. The repressed nuclear receptor CAR re-
sponds to phenobarbital in activating the human CYP2B6
gene. [ Biol Chem 274, 6043-6046.

Tzameli, 1., P. Pissios, E. G. Schuetz, and D. D. Moore. 2000.
The xenobiotic compound 1,4-bis[2-(3,5-dichloropyridyloxy)]
benzene is an agonist ligand for the nuclear receptor CAR.
Mol. Cell Biol 20, 2951-2958.

Willy, P. J., K. Umesono, E. S. Ong, R. M. Evans, R. A.
Heyman, and D. ]. Mangelsdorf. 1995. LXR, a nuclear re-
ceptor that defines a distinct retinoid response pathway.
Genes Dev. 9, 1033-1045.

%2 : Constitutive androstane receptor (CAR)2| A& X{sHH|ZA{2] T0901317

2stsl - Melr|%

REEETIEEECEEE RS

T0901317->

LA AAJAS] liver X receptor (LXR, NR1H2/3)¢] 7Z&Eset 4 7=

olg. e,

T0901317-> farnesoid X receptor (FXR, NR1H4)9} pregnane X receptor (PXR, NR112)ol| o3l 2H-8-% 2 (agonist)
=, androgen receptor (AR, NR3C4)9} rertinoid-related orphan receptor-a (ROR-a, NR1F1)ell tjal] Z3A|

(antagonist 2 283191, LXRSI ] Aol the 4% 954

T09013170] & t}&
34tk CARE ©]m] T09013179] 93 7]%5¢]

T0901317% o] 43 AP ARNES U w) A%
F 0 4Nk B Slvle.

el ofu]

Al disl 2 2=
8 4=8-A] 2 constitutive androstane receptor (CAR, NR113)oll tfa] As|#A =2 715 8-S &
z4€0T

£A3IYa Husolt $d=

242172 PXR, FXR, LXR¥} B &0 7t A A A o] &3}
ZH2HEY AR S Tt 9§ StEE T09013179] <J3] CARY &0 2H T+ AR, ZHA| 2o A

EASE oF A5eA Gude GE 1 s



