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M embers of the nuclear receptor
(NR) superfamily display a con-
served domain structure with

highly conserved DNA-binding and ligand-
binding domains. Members of this family in-
clude the receptors for the steroid hor-
mone, thyroid hormone, as well as for bile
acids and oxysterols. Although many of the
48 NRs found in the human are character-
ized as ligand-activated transcription fac-
tors, a significant number of these proteins
still have uncharacterized ligands. The reti-
noic acid receptor-related orphan receptors
� and � (ROR� and ROR�) are two of these
orphan receptors that have been demon-
strated to play important roles in regulation
of metabolism and immune function (1, 2).

Cholesterol and cholesterol sulfate have
been suggested to be natural ligands for
ROR� (3, 4), and our recent work identified
various oxysterols that bind to both ROR�

and ROR� with high affinity and regulate
their activity (5, 6). There is some contro-
versy as to the nature of the constitutive ac-
tivity of the RORs observed in cell-based as-
says. Our data indicates that RORs display
the constitutive activity in biochemical as-
says under conditions where the receptor
would be expected to have no endogenous
ligand present (denatured and refolded re-
ceptor) (5), but others have suggested that
endogenous oxysterol ligands may copurify,
leading to the observed constitutive activity
(7). Although the physiological significance
of these natural ligands for the RORs is un-
clear, the potential utility of synthetic li-
gands that modulate the activity of these re-

ceptors is apparent. For example, loss of
ROR� in the staggerer mice results in mice
resistant to weight gain and hepatic steato-
sis when placed on a high fat diet (8). ROR�

has been shown to be involved in develop-
ment of Th17 cells that are implicated in
autoimmune diseases, and loss of ROR�

yields animals that are resistant to develop-
ment of these diseases (9, 10). ROR� has
been shown to be required for normal bone
development and staggerer mice lacking
functional ROR� are osteopenic (11), sug-
gesting that ROR� agonists may have utility
in the treatment of osteoporosis.

We recently identified the first synthetic li-
gand that binds to and modulates the activ-
ity of ROR� and ROR�, T0901317 (T1317)
(Figure 1, panel A) (12). T1317 was originally
identified as a liver X receptor agonist (LXR),
an NR that serves as a physiological recep-
tor for oxysterols (13). We later showed that
T1317 showed a degree of promiscuity and
also activated another NR that serves as a
receptor for bile acids, FXR (14). In an NR
specificity screen examining the activity of
T1317 at all 48 NRs, we noted that T1317
displayed inverse agonist activity on ROR�

and ROR� (12). Since both RORs and LXRs
bind to oxysterols with high affinity, it is not
unexpected that they may also display
cross-reactivity with regard to synthetic li-
gands; however, our data indicate that
T1317 serves as a very efficacious agonist
of LXR while performing as an inverse ago-
nist on RORs. Clearly, T1317 does not dis-
play the appropriate pharmacological
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ABSTRACT The retinoic acid receptor-related
receptors (RORs) are members of the nuclear re-
ceptor (NR) superfamily of transcription factors.
Several NRs are still characterized as orphan re-
ceptors because ligands have not yet been iden-
tified for these proteins. Here, we describe the
identification of a synthetic ROR�/ROR� ligand,
SR1078. SR1078 modulates the conformation of
ROR� in a biochemical assay and activates ROR�

and ROR� driven transcription. Furthermore,
SR1078 stimulates expression of endogenous
ROR target genes in HepG2 cells that express
both ROR� and ROR�. Pharmacokinetic studies
indicate that SR1078 displays reasonable expo-
sure following injection into mice, and consistent
with SR1078 functioning as a ROR�/ROR� ago-
nist, expression of two ROR target genes,
glucose-6-phosphatase and fibroblast growth
factor 21, were stimulated in the liver. Thus, we
have identified the first synthetic ROR�/� ago-
nist, and this compound can be utilized as a
chemical tool to probe the function of these re-
ceptors both in vitro and in vivo.

LETTER

www.acschemicalbiology.org VOL.5 NO.11 • ACS CHEMICAL BIOLOGY 1029



profile to be used as a chemical tool to
probe ROR function since it displays signifi-
cant activity on LXR and FXR. However, we
believed the benzenesulfonamide scaffold
to be a suitable initiation point for develop-
ment of the first selective ROR ligands.

Using the T1317 as an initial scaffold,
we synthesized an array of compounds and
assessed their activity at ROR�, ROR�, FXR,
LXR�, and LXR�. One compound of particu-
lar interest was the amide SR1078 (Figure 1,
panel A), which displayed a unique pharma-

cological profile indicating a high potential
to be used as a chemical probe for assess-
ment of ROR function. The synthetic scheme
for SR1078 is shown in Figure 1, panel B
(15). This compounds was initially identi-
fied on the basis of its ability to inhibit the

Figure 1. Identification of a selective ROR�/� synthetic ligand, SR1078. A) Comparison of the chemical structure of T0901317 (T1317) to SR1078.
B) Biochemical coactivator interaction assay examining the ability of the ROR� LBD to interact with the LXXLL domain peptide derived from the
TRAP220 coactivator protein. AlphaScreen technology was used for this assay. Increasing levels of SR1078 result in a conformational change that
results in a dose-dependent decrease in recruitment of the peptide. C) Cotransfection assays in HEK293 cells demonstrate ROR�/ROR� selectiv-
ity. Gal4 DBD-NR LBD chimeric receptors were transfected into cells along with a luciferase reporter responsive to Gal4. ROR�, ROR�, LXR�, LXR�,
and FXR chimeric receptors were examined. SR1078 (10 �M) resulted in reduced activity of ROR� and ROR� but had no effect on LXR�, LXR� or
FXR activity. * indicates p � 0.05.
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constitutive activity of ROR�/�. In a bio-
chemical coactivator interaction assay
using AlphaScreen technology, increas-
ing doses of SR1078 resulted in a
concentration-dependent reduction in the
ability of ROR� to recruit the TRAP220 coac-
tivator LXXLL NR box (Figure 1, panel B). In a
cell-based chimeric receptor Gal4 DNA-
binding domain–NR ligand binding domain
cotransfection assay, SR1078 significantly
inhibited the constitutive transactivation ac-
tivity of ROR� and ROR� but had no effect
on the activity of FXR, LXR�, and LXR�

(Figure 1, panel C). These data clearly dem-
onstrate that we developed a compound
that selectively targeted ROR� and ROR�

and no longer functioned as a LXR/FXR
agonist.

To examine the activity of SR1078 in
more detail, we performed additional co-
transfection assays where we transfected
cells with full-length ROR� or ROR� and lu-
ciferase reporter genes driven by promoters
derived from known ROR target genes. Two
distinct reporter constructs were utilized:
one driven by the glucose-6-phosphatase

(G6Pase) promoter and one driven by the
fibroblast growth factor-21 (FGF21) pro-
moter. Both of these genes have been
shown to be direct target genes of ROR and
have characterized ROR response elements
within their promoters (5, 16, 17). Unexpect-
edly, we noted that SR1078 functioned as
a ROR agonist, not inverse agonist, when
used in the context of the full-length recep-
tors. As shown in Figure 2, panel A, in a
ROR� cotransfection assay, treatment of
cells with SR1078 resulted in a significant
increase in transcription. Similarly, in the
ROR� cotransfection assay, SR1078 treat-
ment resulted in a stimulation of ROR�-
dependent transcription activity (Figure 2,
panel B). In both cases, these effects were
clearly mediated by ROR since the effect was
lost when the RORE was mutated in the
G6Pase promoter. Consistent with the
G6Pase data, when the FGF21 promoter
was used in the cotransfection assay,
SR1078 behaved as a ROR�/� agonist
stimulating ROR activity (Figure 2, panel C).
With both ROR� and ROR� using either pro-
moter, we noted that the effects of SR1078

were dose-dependent as shown in Figure 3,
panels A–D. Transcription was stimulated
at concentrations of 2–5 �M and above. The
lack of correlation between recruitment of a
cofactor peptide and agonist versus antago-
nist activity in cell-based assays has been
observed previously with REV-ERB�, where
the natural ligand heme causes displace-
ment of the cofactor peptide but the ligand
acts like an agonist in cells (18, 19).

To confirm that SR1078 is indeed an ago-
nist in a more “physiological” context, we
tested its activity in an assay that detects its
effect on the expression of actual target
genes in a target cell line expressing endog-
enous levels of ROR� and ROR�. HepG2
cells were treated with SR1078 for 24 h fol-
lowed by assessment of G6Pase and FGF21
gene expression. As shown in Figure 4,
panel A, SR1078 treatment resulted in a sig-
nificant 3-fold increase in FGF21 mRNA ex-
pression. G6Pase mRNA expression was
also significantly stimulated �2-fold by
SR1078 treatment (Figure 4, panel B). These
data support the results from the cotransfec-
tion data indicating that SR1078 functions

Figure 2. SR1078 is a ROR�/� agonist. A) Cotransfection of HEK293 cells with ROR� and a reporter consisting of the G6Pase promoter upstream
of a luciferase reporter gene. Addition of 10 �M SR1078 results in stimulation of transcription. This effect is dependent on the RORE since no ac-
tivity was noted in a reporter that is identical except for the deletion of the RORE (G6Pasemt::luc). B) Cotransfection of HEK293 cells with ROR� and
a reporter consisting of the G6Pase promoter upstream of a luciferase reporter gene. Addition of 10 �M SR1078 results in stimulation of tran-
scription. This effect is dependent on the RORE since no activity was noted in a reporter that is identical except for the deletion of the RORE
(G6Pasemt::luc). C) Cotransfection of HEK293 cells with ROR� or ROR� and a reporter consisting of the FGF21 promoter upstream of a luciferase re-
porter gene. Addition of 10 �M SR1078 results in stimulation of transcription. * indicates p � 0.05.
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as a ROR agonist, unlike its precursor
T1317, which functions as an inverse ago-
nist in these same assays.

We examined the pharmacokinetic prop-
erties of SR1078 in mice and noted signifi-
cant in vivo exposure. Plasma concentra-
tions reached 3.6 �M 1 h after a 10 mg kg�1

i.p. injection of SR1078 and sustained lev-
els of above 800 nM even 8 h after the
single injection (Figure 4, panel C). These
levels were sufficient to perform a proof-of-
principle experiment to determine if SR1078
treatment would stimulate ROR target gene
expression in an animal model. Mice were
treated with SR1078 (10 mg kg�1 i.p.), and
2 h after the injection the livers were har-
vested and mRNA purified for assessment
of G6Pase and FGF21 gene expression. As
shown in Figure 4, panels D and F, the ex-
pression of both FGF21 and G6Pase

was significantly stimulated by SR1078
treatment versus vehicle control.

In summary, we report the identification
of a synthetic ligand for ROR� and ROR� that
functions as an agonist in the context of
the full-length receptors. Thus, SR1078 rep-
resents the first synthetic ligand that is able
to function as an ROR agonist. In cotransfec-
tion assays, SR1078 activates the transcrip-
tion driven by ROR target gene promoters in
a RORE-dependent manner. Furthermore,
treatment of cells that express ROR� and
ROR� endogenously with SR1078 results in
stimulation of expression of ROR target
genes. It is worth noting that this compound
activates the receptor beyond the level of
its constitutive activity that is normally ob-
served. The fact that the initial lead com-
pound, T1317, functions as a ROR�/� in-
verse agonist and SR1078 functions as a

ROR�/� agonist indicates that it is possible
to develop synthetic ligands that will either
suppress the constitutive activity of the re-
ceptors or further activate the receptors. Our
work leading to the identification of SR1078
also demonstrates that it is possible to de-
velop ROR-selective synthetic ligands that
lack activity at related receptors such as LXR
and FXR. This degree of promiscuity that is
displayed by T1317 limits the ability to uti-
lize this particular compound as a chemical
tool to probe the function of the RORs. Addi-
tionally, we show that SR1078 displays
pharmacokinetic properties that allow it to
be used in vivo, and as would be expected
for a ROR�/� agonist, administration of this
compound to mice results in an increase in
expression of ROR target genes in the liver.
This proof-of-principle study demonstrates
that additional experiments are warranted
to examine the pharmacological profile of
this compound in vivo.

METHODS
Synthesis and Physical Characterization of

SR1078. Under argon, to a solution of 4-(1-hydroxy-
1-trifluoromethyl-2,2,2-trifluoroethyl)aniline
(1.5 M in THF, 128 �L, 0.193 mmol) in CH2Cl2
(275 �L) were successively added at RT N,N-
diisopropylethylamine (37 �L, 0.212 mmol) and
4-(trifluoromethyl)benzoyl chloride (30 �L,
0.193 mmol). The mixture was stirred for 8 h and
concentrated under reduce pressure. The crude
residue was directly purified by column chroma-
tography on silica gel without any workup by hex-
ane/AcOEt (8/2) to obtain 59 mg (71%) of SR1078
as a white powder: FTIR 3404, 3214, 1671, 1602,
1529, 1417, 1322, 1272, 1206, 1190, 1176,
1138, 1117, 1065, 1016, 973, 964, 948, 902,
857, 830, 765, 752, 737, 704, 692 cm�1; 1H NMR
(400 MHz, (CD3)2SO) � 7.68 (d, J 	 8.2 Hz, 2H),
7.89–7.96 (m, 4H), 8.16 (d, J 	 8.2 Hz, 2H),
8.66 (s, 1H), 10.67 (s, 1H); 13C NMR (100 MHz,
(CD3)2SO) � 120.12 (2C), 125.4 (q, J 	 4.0 Hz, 2C),
125.8, 127.3 (2C), 128.7 (2C), 131.5 (q, J 	
31.9 Hz, 1C), 138.4, 140.4, 164.7. There are four
carbons missing for the description of SR1078.
They correspond to the three carbons of the (1-
hydroxy-1-trifluoromethyl-2,2,2-trifluoroethyl) moi-
ety and the (trifluoromethyl)benzene. The fluorine
coupling with these carbons give multiplets that
are very difficult to see on the 13C spectrum even
with a prolonged number of scans. MS (ES�)
m/z 	 430 (found for C17H10F9NO2 � H
). Mp 	
169 °C.

Cell Culture and Cotransfections. HEK293 cells
were maintained in Dulbecco’s modified Eagle’s

Figure 3. SR1078 dose-dependently activates ROR� and ROR� directed transcription. HEK293
cells were cotransfected with full length ROR� (A and C) or ROR� (B and D) along with the
FGF21 (A and B) and G6Pase (C and D) reporter as described in Figure 2. In all cases, SR1078 in-
duced expression of the target gene reporter dose-dependently with significant activation
occurring in the range of 2–5 �M. * indicates p � 0.05.
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medium (DMEM) supplemented with 10% (v/v) fe-
tal bovine serum at 37 °C under 5% CO2. HepG2
cells were maintained and routinely propagated in
minimum essential medium supplemented with
10% (v/v) fetal bovine serum at 37 °C under
5% CO2. In experiments where lipids and sterols
were depleted, cells were maintained on charcoal-
treated serum (10% (v/v) fetal bovine serum) and
treated with 7.5 �M lovastatin and 100 �M meva-
lonic acid. Twenty-four hours prior to transfection,
HepG2 or HEK293 cells were plated in 96-well
plates at a density of 15 � 103 cells per well.
Transfections were performed using Lipofect-

amineTM 2000 (Invitrogen). Sixteen hours post-
transfection, the cells were treated with vehicle or
compound. Twenty-four hours post-treatment, the
luciferase activity was measured using the Dual-
GloTM luciferase assay system (Promega). The val-
ues indicated represent the means � SE from
four independently transfected wells. The experi-
ments were repeated at least three times. The ROR
and reporter constructs have been previously de-
scribed (5, 12).

cDNA Synthesis and Quantitative PCR. Total RNA
extraction and cDNA synthesis as well as the QPCR
were performed as previously described (18, 20).

Coactivator Interaction Assay. The AlphaScreen
assays were performed as previously described
(12, 21–23). Assays were performed in triplicate
in white opaque 384-well plates (Greiner Bio-One)
under green light conditions (�100 lx) at RT. The fi-
nal assay volume was 20 �L. All dilutions were
made in assay buffer (100 mM NaCl, 25 mM
Hepes, 0.1% (w/v) BSA, pH 7.4). The final DMSO
concentration was 0.25% (v/v). A mix of 12 �L of
GST-ROR�-LBD (10 nM), beads (12.5 �g/mL of
each donor and acceptor), and 4 �L of increasing
concentrations (210 nM to 50 �M) of compound
SR1078 was added to the wells, and the plates
were sealed and incubated for 1 h. After this pre-
incubation step, 4 �L of Biotin-TRAP220-2 peptide
(50 nM) was added, and the plates were sealed
and further incubated for 2 h. The plates were read
on PerkinElmer Envision 2104, and data were ana-
lyzed using GraphPad Prism software (GraphPad
software).

Animal Studies. Plasma levels of SR1078 were
evaluated in C57BL6 mice (n 	 3 per time point)
administered by i.p. injection. After 1, 2, 4, and
8 h, blood was taken. At the 2 h time point, liver
was taken for target gene analysis. Plasma was
generated using standard centrifugation tech-
niques, and the plasma and tissues were frozen
at �80 °C. Plasma and tissues were mixed with
acetonitrile (1:5 (v/v) or 1:5 (w/v), respectively),
sonicated with a probe tip sonicator, and analyzed
for drug levels by liquid chromatography/tandem
mass spectrometry. All the procedures were con-
ducted in the Scripps vivarium, which is fully ac-
credited by the Association for Assessment and
Accreditation of Laboratory Animal Care, and were
approved by the Scripps Florida Institutional Ani-
mal Care and Use Committee.
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