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ABSTRACT 

 

Retinoic acid re ceptor-related orp han re ceptors (R ORs) re gulate a  va riety of  

physiological processing including hepatic gluconeogenesis, lipid metabolism, circadian 

rhythm and immune function.  Here we present the first high affinity synthetic ligand for 

both RORα and RORγ.  In a scr een against all forty-eight human nuclear receptors, the 

benzenesulfonamide L XR a gonist T 0901317 inhibited t ransactivation a ctivity of R ORα 

and RORγ, but not RORβ.  T0901317 was fou nd to di rectly b ind to R ORα and  R ORγ 

with h igh affinity (Ki 132 nM and 51 nM, respectively) resulting in modulation of the 

receptor’s a bility t o i nteract w ith t ranscriptional c ofactor p roteins. T 0901317 rep ressed 

RORα/γ-dependent transactivation of ROR responsive reporter genes and in HepG2 cells 

reduced r ecruitment o f the  co activator S RC2 by RO Rα a t an  end ogenous R OR t arget 

gene. Us ing s iRNA, w e d emonstrate t hat rep ression of the glu coneogenic en zyme 

glucose-6-phosphatase in HepG2 cells by  T0901317 is ROR-dependent and not due to  

the compound’s LXR activity.  In summary, T0901317 represents a novel chemical probe 

to e xamine RO Rα/γ f unction and an e xcellent s tarting po int f or de velopment o f RO R 

selective modulators. More importantly, our results demonstrate that small molecules can 

be us ed to t arget the  RORs f or t herapeutic i ntervention in m etabolic an d immune 

disorders.  
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Several members of the nuclear receptor (NR) superfamily regulate the expression 

of key genes involved in carbohydrate and lipid metabolism in response to ligands such 

as fatty acids, bile acids, cholesterol metabolites, and steroid hormones.  For example, the 

nuclear re ceptors LXRα and L XRβ ( liver X  re ceptors; N R1H3 a nd N R1H2) bi nd 

oxidized cholesterol and function as sensors for excess intracellular oxysterols (Janowski 

et a l., 1996; Kalaany et a l., 2005).  Many s tudies have demonstrated that the LXRs are 

involved in regulation of a  wide variety of physiological processes including cholesterol 

metabolism and transport, lipogenesis, gluconeogenesis, and inflammation making these 

receptors attr active tar gets f or the  de velopment o f s ynthetic l igands f or tr eatment o f 

disorders such as dyslipidemia, atherosclerosis, and diabetes (Mohan and Heyman, 2003).  

An ea rly res ult of d rug d iscovery e fforts on  LXRs w as t he d iscovery of t wo p otent 

synthetic a gonists, t he b enzenesulfonamide T 0901317 [ N-(2,2,2-trifluoroethyl)-N-[4-

[2,2,2-trifluoro-1-hydroxy-1-(trifluoromethyl)ethyl]phenyl]-Benzenesulfonamide] a nd 

the te rtiary am ine G W3965 [ 3-[3-[[[2-Chloro-3-(trifluoromethyl)phenyl]methyl](2,2 -

diphenylethyl)amino]propoxy]benzeneacetic acid hydrochloride], which have been used 

extensively t o h elp exp and ou r understanding of t he ph ysiologic rol es of t he LXRs 

(Collins et  al., 2002; Schultz et  al., 2000).  However, recently i t has been shown that in 

addition to  po tent m odulation o f t he LXRs, T 0901317 but not G W3965 is  a po tent 

agonist of both the farnesoid X receptor (FXR) and the xenobiotic receptor PXR (Houck 

et a l., 200 4; Mitro et  a l., 200 7) bringing into qu estion c onclusions d rawn from  

pharmacological studies using this compound.  

The promiscuity of T 0901317 as well as other nuclear receptor ligands indicates 

that there are privileged structures (chemotypes) that bi nd to a r ange of these receptors.  

Since it is possible to utilize these promiscuous ligands as points to initiate development 

of r eceptor s elective l igands, w e s et o ut to pr ofile the  a ctivity o f a co llection o f w ell 

characterized NR ligands against all human nuclear receptors.  Recently, our laboratory 

developed a GAL4 nuclear receptor library containing all 48 human receptors to facilitate 

selectivity profiling of putative NR modulators that emerge from HTS campaigns at the 

Scripps Research Molecular Screening Center.  In an effort to demonstrate the ut ility of  

the NR library, a co llection of 65 w ell characterized NR modulators including the LXR 

agonist T 0901317 w as as sembled.  Interestingly, when this  che mical s et was te sted 
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against the GAL4 NR library, it was discovered that in addition to its expected activity, 

T0901317 w as a po tent inhibitor o f the n uclear r eceptors RO Rα an d R ORγ (re tinoid-

related orphan receptor-alpha and -gamma; [NR1F1] and [NR1F3]) yet afforded little or 

no activity on RORβ (retinoid-related orphan receptor-beta; [NR1F2]).   

The RORs are orphan nuclear receptors for which the endogenous ligand has yet 

to be described.  As the RORs are constitutive activators of transcription in the absence of 

ligands, it has been suggested that the coactivator binding surface, or activation function 

2 (AF2), is locked in the holo-conformation (Harris et al., 2002) circumventing the need 

for ligand interaction to transactivate target genes.  However, the co-crystal structures of 

RORα LBD bo und to  cho lesterol and c holesterol s ulfate hav e bee n s olved s uggesting 

that lik e th e LXRs, th e R ORs ca n bind and may res pond t o m etabolites of c holesterol 

(Kallen et al., 2004; Kallen et al., 2002). 

The RORs have emerged as attractive drug targets for the treatment of metabolic 

disorders a nd in flammatory d isease.  He re we d emonstrate, for t he fi rst t ime, th at a  

synthetic ligand can bind directly to and modulate the transcriptional activity of RORα 

and RORγ.  T0901317 was found to directly bind to RORα and RORγ with high affinity 

(Ki 132 nM and 51 nM, respectively) resulting in modulation of the receptor’s ability to 

interact w ith tr anscriptional co factor pr oteins. T 0901317 r epressed RO Rα/γ-dependent 

transactivation of ROR responsive reporter genes and in HepG2 cells reduced recruitment 

of the coactivator SRC2 by RORα at an endogenous ROR target gene. Using siRNA, we 

demonstrate th at rep ression of th e glu coneogenic en zyme glu cose-6-phosphatase in 

HepG2 c ells b y T0901317 is ROR-dependent and not du e t o the c ompounds L XR 

activity.   

In s ummary, T0 901317 r epresents a n ovel c hemical p robe t o exa mine RO Rα/γ 

function. A lso, this compound, w ith a chemically tr actable scaf fold, r epresents an  

excellent s tarting po int f or m edicinal c hemistry to wards the  de velopment o f RO R 

selective modulators.  Mo re importantly, our results demonstrate for the  first time that 

small molecules can be  used to target the RORs for potential therapeutic intervention in 

metabolic and immune disorders.  
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 Materials and Methods 
 

Reagents.  T 0901317 [N-(2,2,2-trifluoroethyl)-N-[4-[2,2,2-trifluoro-1-hydroxy-1-

(trifluoromethyl)ethyl]phenyl]-Benzenesulfonamide] w as pu rchased from Si gma. 25 -

hydroxycholesterol was pur chased f rom MP  Biomedicals.  Rad ioligand 25-[26,27-3H]-

hydroxycholesterol was from PerkinElmer Life and Analytical Sciences (Waltham, MA).  

Fifty-five endogenous and synthetic ligands from the Sigma Nuclear Receptor Signaling 

Ligand set (L02218, Sigma Aldrich) were used to build the 65 compound chemical set 

run ag ainst the  Gal4NR library.  For li gand bin ding s tudies, RORα li gand-binding 

domain ( amino aci ds 304–556) w as P CR am plified and cloned i nto a pGEX-2T (G E 

Healthcare) e ncoding an N -terminal GST-Tag f ollowing the  m anufacturer ins tructions. 

The protein was induced with 1 m M IPTG in BL 21 gold (DE3) cells (Invitrogen), and 

purified by  af finity chr omatography with P rotino G ST/4B co lumn ( Macherey-Nagel) 

followed  by  s ize exclusion chromatography with HiLoad 26/60 Superdex 200 column 

(GE H ealthcare).  Th e p rotein w as elu ted, c oncentrated, an d st ored i n 2 0 m M Tr is 

(pH=8.0), 150  m M N aCl, 2m M D TT, a nd 10 % gly cerol.  For AlphaScreen s tudies, 

recombinant H is-RORα-LBD pr otein and Biotin-RIP140 box B pe ptide containing the 

LYYML motif were gifts from Eli Lilly and Company.  The histidine (Nickel) detection 

kit was purchased from Perkin Elmer. 

GAL4 NR Library compound pro filing.  T he GAL4 NR l ibrary was buil t by 

replacing the e ndogenous N -terminus a nd D NA-binding domain ( DBD) o f al l 48 

receptors with a GAL4 DBD. The fusion constructs consist of the GAL4 DBD, the hinge 

domain and LBD (and F domain if applicable) of the human receptors. The library was 

plated in triplicate on 384-well plates and HEK293T cells were reverse transfected with 

the well-specific construct and the UAS luciferase reporter pGL4.31 (Promega, Madison, 

WI) using Fugene6 transfection reagent (Roche Applied Sciences) in a final volume of 40 

μl. Co ntrol w ells co ntained co nstructs e ncoding f or t he G AL4 D BD al one ( pBind) o r 

GAL4 fused to VP16 were also analyzed. After 24 ho urs, optimized compounds (2 μM 

final concentration) or DMSO were added to the plates and allowed to incubate for 20 

hours pr ior to  ad dition o f 40 μl Br iteLite ( Perkin El mer, W altham, MA) to  m easure 

luciferase act ivity.  Co mpounds t hat at tenuate t he G AL4-VP16-dependent l uciferase 
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activity in t he po sitive co ntrol w ere co nsidered pr omiscuous o r cy totoxic. Ea ch 

compound w as eva luated u sing t wo p lates of t he GAL 4 NR li brary p roviding s ix 

replicates a nd w as av eraged f or l uciferase an d compared to  D MSO only co ntrols. 

Compounds with mean signals three s tandard deviations from the DMSO controls were 

considered hits in this assay.   

Radioligand Re ceptor B inding Assa y.  F orty-five o r nine ty nano grams o f 

purified GST-RORα  or G ST-RORγ was incubated with various concentrations of [3H]-

25-hydroxycholesterol in as say buf fer ( 50 m M H EPES, pH 7. 4, 0 .01% bo vine s erum 

albumin, 1 50 m M N aCl an d 5 m M Mg Cl2) to  de termine the  Kd va lue.  N on-specific 

binding w as de fined i n t he abs ence o f pr otein as  w ell as  ex cess o f co ld 25-

hydroxycholesterol and were shown to be identical.  The assays were terminated by rapid 

filtration through pre-soaked Whatman GF/B f ilters (0.5% PEI in P BS) in M ultiscreen 

plates (M illipore) a nd w ere washed (3  x 0 .1 ml) w ith i ce-cold a ssay b uffer. T he 

radioligand binding r esults w ere anal yzed us ing G raphPad P rism s oftware. F or the  

competition assay, various concentration of T0901317 were incubated with receptor in  

the presence of 3 nM of [3H]-25-hydroxycholesterol. 

AlphaScreen.  The assays were performed in triplicate in white opaque 384-well 

plates (Perkin E lmer). The f inal volume was 20 μL fo r g eneration of c ompound d ose-

response curves (0.02 uM to 8 uM). All dilutions were made in as say buffer (100 mM 

NaCl, 25 mM Hepes, 0.1% BSA, pH 7.4). The final DMSO concentration was 0.25%. A 

mix of 1 2 u L of His-RORα-LBD (75 nM) , be ads (30 μg/mL o f each), and 4 μL o f 

increasing concentrations of compound (0.02 μM to 8 μM) were added to the wells, the 

plates were sealed and incubated for 1h at room temperature in the dark. After this pre-

incubation step, 4 μL of Biotin-RIP140B (25 nM) was added, the plates were sealed and 

further in cubated f or 2 h at  r oom t emperature i n th e d ark.  Th e p lates were r ead on  

PerkinElmer Envision 2104 and data analyzed using GraphPad Prism software (La Jolla, 

CA). 

Cell culture and transcriptional Assays.  RIP140 modulation of RORα activity - 

Luciferase re porter as says were cond ucted us ing a p Bind G al4-tagged RO Rα LB D 

construct, U AS luciferase r eporter and pSport6 f ull le ngth RI P-140 co transfected i nto 

HEK293T cells.  Reverse transfections were performed in bulk using 1x106 cells in 6 cm 
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plates, 3 μg of  to tal D NA in a 1 :1:1 r atio o f r eceptor, r eporter and co repressor 

respectively, and F uGene6 ( Roche) in a 1:3 D NA: l ipid r atio.  A s co ntrols, s eparate 

transfections co ntaining e ither r eporter o nly or  r eceptor/reporter were pe rformed us ing 

pBind o r pS port6 e mpty v ectors in pl ace o f r eceptor and co repressor, r espectively. 

Following 24 ho ur bul k transfection, ce lls f rom dif ferent tr ansfection co nditions w ere 

counted a nd plated i n 384 w ell pl ates at a de nsity o f 10,0 00 cells/well.  Following 

additional 2 4 hour incubation, l uciferase le vels were as sayed by  o ne-step ad dition o f 

20μL BriteLite (Perkin Elmer) and read using an Envision multilabel plate reader (Perkin 

Elmer). Da ta was n ormalized t o lu ciferase si gnal from  U AS luciferase r eporter/pBind 

control e mpty ve ctor a nd displayed a s fold  c hange ove r U AS lu ciferase re porter.  

Unpaired t-tests were performed on all data sets and significance of differences between 

Gal4RORα and Gal4RORα/RIP140 was determined at p<0.001. 

RORα modulation of  glucose 6-phosphatase wild-type and mutant reporters - For 

the glucose 6-phosphatase promoter, wild type promoter or  RORE mutant were used to 

transfect HEK293T cells with SRC-2 as  co-activator in t he presence or absence of full 

length R ORα a nd w ere tr eated as  de fined i n f igure l egends ( Chopra e t al ., 2 008). 

Similarly, fo r Cyp7B1, th e w ild t ype or  R ORE m utant p romoters w ere transfected in  

HEK293T cells in the presence or absence of full length RORα.  The Cyp7B1 promoter 

constructs w ere a g ift f rom D r. W en X ie ( University o f P ittsburgh) a nd h ave be en 

previously described (Wada et al., 2008). 

RORα modulation of IL-17 reporter in - HEK293 ce lls were g rown in 96 well 

plates (1 x 10 6/well) and were tr ansiently tr ansfected using Lipofectamine (Invitrogen) 

following the  m anufacturer's pr otocol. Cells were tr ansfected w ith a to tal o f 200 ng of 

DNA/well consisting of t he pGL4 mIL-17 firefly luciferase reporter construct, the pGL4 

mIL-17 + CN S-5 f irefly luciferase reporter construct, or the pGL4 mIL-17 2kB RORE 

mutant (100 ng/well) ( Addgene, C ambridge, M A), a n -actin p romoter Renilla luc iferase 

reporter (50ng/well), and either control vector alone or t he test DNA (full-length RORα 

or full length RORγ at 5 0ng/well). The IL-17 reporters have been previously described 

(Zhang e t al ., 2 008) a nd w ere o btained f rom A ddgene ( Cambridge, MA ).  Ce lls were 

treated w ith T 0901319 f or 2 4 hours an d t hen l ysed and r ead us ing the  D ual-Glo 
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Luciferase assa ys s ystem (Pro mega) 4 8 h ours aft er t ransfection.  T hese re sults we re 

normalized (FireFly:Renilla ratio). 

Reduction of Endogenous Gene Expression by Small Interference RNAs. To  

reduce endogenous ROR expression, HepG2 cells were seeded into a 12-well plate (2.5 x 

105/well) and transfected the next day with s mall inte rference RNAs ( siRNAs) against 

human RORα (#L-003440-00-0005) and RORγ (#L-003442-00-0005; Dharmacon RNA 

Technologies, Lafayette, C O) a t 50  nM follo wing t he in structions for Dh arma-FECT 1 

transfection r eagent.  Forty-two h ours p ost t ransfection, c ells w ere t reated with veh icle 

(DMSO) or T0901319 (10 μM) for 6 hours.  Ce lls were harvested and t otal RNA was 

isolated. Quantitative RT-PCR was performed to analyze mRNA levels of human RORα, 

RORγ, GAPDH, a nd G6Pase us ing S YBR G reen te chnology. T he pr imers us ed f or 

quantitative PCR analysis are: human RORα, GTAGAAACCGCTGCCAACA (Forward) 

and A TCACCTCCCGCTGCTT (Reverse); hum an RO Rγ 

CCCCTGACCGATGTGGACT ( Forward) a nd C AGGATGCTTTGGCGATGA 

(Reverse); h uman G6Pase   T CATCTTGGTGTCCGTGATCG ( Forward) a nd 

TTTATCAGGGGCACGGAAGTG (R everse); GA PDH 

TGCACCACCAACTGCTTAGC (For ward) a nd GG CATGGACTGTGGTCATGAG 

(Reverse). 

ChIP/re-ChIP.  HepG2 cells were infected with Flag-RORα adenovirus for 24 

hours and then treated with vehicle (DMSO) or T1317 (10 μM) for another 24 hours. Re-

ChIP assays were performed by using the kit from A ctive Motif®. Anti-FLAG (Sigma) 

antibody was used to do the first immunoprecipitation for all the samples.  T he second 

immunoprecipitaion was performed by using anti-mouse IgG (Millipore), anti- RNA Pol 

II (Millipore) or a nti-SRC2 ( Bethyl Lab). T he G6Pase primers us ed in P CR w ere 

CCCTGAACATGTTTGCATCA ( forward) an d CATTCCTTCCTCCATCCTCA 

(Reverse). 
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Results 

 
Using a cell-based GAL4-NR LBD co-transfection assay we found that T0901317 

(2 μM) was a po tent r epressor o f both G AL4-RORα and G AL4-RORγ (Figure 1 ).  

Interestingly, T0901317 inhibited the constitutive transactivation activity of both GAL4-

RORα a nd G AL4-RORγ w ith l ittle o r no  act ivity o n G AL4-RORβ (Figure 1 ). W e 

observed that 1 μM T0901317 repressed RORα by almost 70% and approximately 90% 

at 10 μM ( see Figure 1  insert).  I n c ontrol c ells t ransfected with GAL4-VP16 and the 

UAS reporter, no  repression of GAL4-VP16 transactivation of the  luciferase gene was 

observed s uggesting th at t he rep ression in duced by T0901317 i s not a  res ult of n on-

specific luc iferase effec ts or c ellular toxicity (data not shown). As i llustrated in  Figure 

2A an d B, t reatment of  c ells exp ressing G AL4-LXRα, GAL 4-RORα or  GAL 4-RORγ 

with in creasing c oncentrations of  T0 901317 d emonstrated an  exc ellent d ose-response, 

with a n e stimated EC50 o f 0.25 μM ( LXRα) a s w ell a s es timated I C50s o f 2. 0 μM 

(RORα) and 1.7 μM (RORγ), respectively.  

In o rder to  de termine if  the  repression o f RO Rα by  T0901317 is due to  dir ect 

binding to the receptor, we carried out a competitive radioligand binding assay.  Previous 

studies using mass s pectroscopy in dicated that 25-hydroxycholesterol bi nds to  RO Rα 

(Bitsch e t al ., 2003) a nd w e de veloped a r adioligand b inding as say us ing [ 3H]-25-

hydroxycholesterol. We de monstrate tha t 2 5-hydroxycholesterol bin ds t o RO Rα an d 

RORγ with a K d value of 3.3±0.89 nM and 5.1±0.71 respectively as determined from a 

saturation binding c urve ( Figure 3A an d 3C ).  More i mportantly, T 0901317 d ose-

dependently c ompeted with [ 3H]-25-hydroxycholesterol f or RO Rα and RORγ b inding 

with an approximate IC50 of 254 nM and 81 nM (Ki 132 nM and 51 nM respectively) 

(Figure 3B and 3D). 

The activ ity o f nucl ear r eceptors ca n be  m odulated by  l igand-induced c ofactor 

protein interaction where, for example, agonist recruits coactivator protein and antagonist 

either bl ocks coactivator i nteraction o r f acilitates the r ecruitment o f co repressor.  

Corepressors such as NCoR1, NCoR2, and RIP140 have been shown to interact with the 

RORs ( Jetten, 2009).  RI P140, al so kno wn as  N RIP1 ( Nuclear r eceptor in teracting 
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protein 1), is a nuclear protein that has been shown to specifically interact with the AF2 

domain of nuclear receptors and repress their activity.  A screen of peptides derived from 

the NR boxes of c oactivators and corepressors using Luminex technology revealed that 

two N R bo x pe ptides r epresentative o f the  l igand-dependent nuclear r eceptor bi nding 

domain of RIP140 (RIP140-B and RIP140-9) interacted strongly with the RORs (data not 

shown).  Using AlphaScreen technology, we sought to determine the ability of T0901317 

to m odulate rec eptor-corepressor i nteraction.  T he i nteraction of th e NR  b ox p eptide, 

RIP140-B, with the His tagged LBD of RORα was monitored in response to increasing 

concentrations of T 0901317.  A s s hown i n Figure 4A , T 0901317 modulated th e 

interaction o f RI P140-B w ith RORα in a dose-dependent f ashion.  I n the  a bsence o f 

receptor the  A lphascreen counts ar e at baseline. T he A lphaScreen data a long w ith t he 

radioligand binding results demonstrate that T0901317 binds di rectly to RORα and  can  

induce a conformational change in the LBD that modulates interaction with the NR box 

peptide derived f rom t he r epressor R IP140.  W e the n s ought to confirm t he a bility o f 

RIP140 to repress RORα activity in cells.  In co-transfection studies, full length RIP140 

effectively re presses the  tr ansactivation ac tivity o f Gal4RORα on  t he UA S luciferase 

reporter (Figure 4B).     

 Recently, it h as be en s hown th at G6Pase g ene e xpression is  r egulated by  

RORα along with the co-activator SRC2 (Chopra et al., 2008). Therefore, we examined 

the ability of T0901317 to modulate a G6Pase reporter in a RORα-dependent fashion in 

the presence of  the co-activator SRC2.  A s expected, co-transfection of  RORα st rongly 

stimulated the  G6Pase r eporter ge ne and as  s hown in Figure 5A , T 0901317 dose-

dependently repressed the G6Pase promoter activity with approximately 31% repression 

at 10μM.  In the absence of RORα or presence of a G6Pase promoter-reporter containing 

a mutation of RORE binding site, the repressive effect of T0901317 was eliminated (data 

not shown) suggesting strongly that t his effect was mediated via RORα.  Similarly, we 

analyzed yet another RORα responsive gene, the cytochrome p450 7B1 (Cyp7B1) (Wada 

et al., 2008).  Again co-transfection of RORα stimulated Cyp7B1 reporter gene activity 

by m ore than  8-fold a nd T 0901317 dose-dependently r epressed the  Cyp7B1 p romoter 

activity with approximately 35% repression at 10μM (Figure 5B).  Th e repressive effect 
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of T0901317 was nearly abolished in th e absence of R ORα or w hen the RORE binding 

site of the Cyp7B1 promoter was mutated (data not shown).  

In o rder to  e xamine the  RO Rα/γ com ponent of T 0901317 pharmacology, we  

identified a target gene that is regulated by RORα and RORγ but not LXR.  I L-17 is  a 

well-characterized t arget gene fo r RORα and RORγ, harbors an essential RORE in the 

promoter (Yang et al., 2008; Zhang et al., 2008) and displays no responsiveness to LXR 

(data not s hown).  H EK293 ce lls w ere tr ansfected w ith a n I L-17 pr omoter-driven 

luciferase reporter containing the RORE and these cells were treated with compound or 

DMSO for 24 h.  A s shown in Figure 6, T0901317 was able to repress activation of t he 

IL-17 pr omoter in duced by  e ither RO Rα or R ORγ i n a dose-dependent f ashion. 

Unfortunately, t here a re n o g ood T- cell d erived c ell li nes t hat a re r eadily a ble t o b e 

transfected and  th ere a re n o c ell li nes d erived f rom Th 17 cells t hat exp ress s ignificant 

levels of RORα/RORγ.  However, as previously reported HEK293 cells have been shown 

to be a good model to study ROR-dependent regulation of the IL-17 promoter (Ichiyama 

et al., 2008). 

With the recent finding that the gluconeogenic enzyme G6Pase gene expression is 

regulated by  RO Rα  ( Chopra et  al., 200 8) w e exa mined th e ab ility of  T0 91317 to 

suppress endogenous G6Pase expression in HepG2 cells and to determine if the effects of 

T091317 o n G6Pase ar e RO R-dependent.  T herefore we m onitored m RNA le vels o f 

G6Pase before and after knockdown of endogenous RORα and RORg by s iRNA.  As 

shown in Figure 7A, expression of en dogenous G6Pase was reduced in HepG2 cells by 

treatment with T091317 (10 μM). Transfection of these cells with a non-targeting siRNA 

did not i nterfere with t he ab ility o f T 091317 to  r educe e xpression o f G6Pase.  

Transfection with the non-targeting siRNA did not have an effect on expression levels of 

either RO Rα or R ORγ ( data not s hown).  T reatment o f H epG2 ce lls w ith s iRNAs 

targeting RORα and RORγ reduced expression of both receptors by more than 60% while 

having no  e ffect o n GAPDH expression l evels ( data no t s hown).  In agr eement w ith 

previous studies (Chopra et al., 2008), reduction of expression levels of RORα and RORγ 

reduced th e exp ression of  G6Pase ( Figure 7A ). More im portantly, the a bility o f 

T0901317 to repress G6Pase expression in HepG2 cells was lost when the RORs were 
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knocked do wn ( Figure 7A ). Th ese r esults demonstrate th at T09 1317 modulation of  

G6Pase is ROR-dependent and not related to the compounds LXR activity as previously 

suggested.   

Finally, the  abil ity o f T0901317 to  m odulate RO Rα r ecruitment o f th e p16 0 

coactivator SRC-2 to the G6Pase promoter was assessed using a se quential ChIP assay 

(ChIP/reChIP).  Treatment with T0901317 did not affect the level of RORα occupancy of 

the G6Pase p romoter (Figure 7B ); however, in the  r eChIP us ing the  S RC-2 a ntibody 

substantial decrease in the amount of SRC-2 occupancy was noted in the presence of the 

T0901317.  Th ese results demonstrate t hat T090 1317 decreases t he abi lity of  RORα to 

recruit SRC-2 coactivator to the G6Pase promoter and thus decreases the expression of 

the gene. 
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Discussion 

 The fi rst ROR (R ORα) w as d iscovered in the e arly 19 90s b ased o n s equence 

similarities to the retinoic acid receptor (RAR) and the retinoid X receptor (RXR), hence 

the n ame “ retinoic a cid re ceptor-related orp han re ceptor” (B eckerandre e t a l., 1 993; 

Giguere et al., 1994), soon followed by the identification of RORβ and RORγ (Carlberg 

et al., 1994; Hirose et al., 1994).  Each ROR gene generates multiple isoforms as a result 

of alternative promoter usage and s plicing.  In humans four forms of RORα have been 

detected (α1-α4) yet only α1 and α4 are found in the mouse (Jetten et  al., 2001).  Tw o 

forms of R ORβ are f ound in  the m ouse (β1 an d β2) but  on ly β1 is  present in humans 

(Jetten et al., 2001).  Two forms of RORγ are found in human and mouse (γ1 and γ2) with 

the γ2 form often referred to as RORγt as it is primarily expressed in the immune system.  

This isoform has garnered much attention lately due to its role in Th17 cells (Jetten et al., 

2001; Miller and Weinmann, 2009).  All three isoforms display a high degree of sequence 

similarity yet surprisingly, as we demonstrate here, T0901317 can modulate the activity 

of b oth RORα and R ORγ but n ot t hat of R ORβ, suggesting t he p ossibility for 

development of synthetic molecules that would be ROR isoform selective modulators. 

The three RORs display distinct patterns of exp ression suggesting non-redundant 

functions. R ORα is exp ressed in  the li ver, s keletal m uscle, sk in, lun gs, ad ipose t issue, 

kidney, th ymus an d b rain (Ha milton et  a l., 199 6; S teinmayr et  a l., 1998), while R ORβ 

expression i s restricted to the central nervous system (Andre et  a l., 1998a; Andre et  al., 

1998b).  RORγ is highly expressed in the thymus, however, significant expression is also 

found in the l iver, skeletal muscle, adipose tis sue and kidney (Medvedev e t al ., 1996).  

All R ORs rec ognize a nd bi nd to s pecific s equences of DNA  t ermed R OR res ponse 

elements ( ROREs) a s monomers and  th ese R OREs typically c onsist of  a n A GGTCA 

“half site” with a 5’ AT-rich extension (Carlberg et al., 1994; Giguere et al., 1994; Hirose 

et al., 1994).  When bound to their element within the promoter of a target gene, all three 

RORs constitutively recruit coactivators such as the p160 coactivator SRC2 resulting in 

constitutive activation of transcription of their target genes (Atkins et al., 1999).   

A role for RORα in regulation of metabolic pathways was revealed by studies in 

the staggerer (RORαsg/sg) mouse.  This natural mutant mouse strain carries an intragenic 
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insertion within the RORα gene that results in a frameshift and a premature stop codon 

rendering RORα inactive (Hamilton et al., 1996).  Detailed examination of the staggerer 

mouse revea led a lterations in li pid metabolism evidenced by low levels of t otal plasma 

cholesterol, tr iglycerides, apo CIII (an a polipoprotein inv olved in tr iglyceride r ich 

metabolism), HDL, a nd a poA1 (t he ma jor a polipoprotein in HDL) (Mamontova e t a l., 

1998).  Staggerer mice are less susceptible to hepatic steatosis and have a reduced body 

fat index relative to wild-type mice despite higher food consumption (Lau et al., 2008).  

The size of both brown and white adipose cells are smaller in these animals and hepatic 

triglyceride co ntent i s l ower (L au et al ., 2008).  Co nsistent w ith this phenotype, the  

animals are less susceptible to high-fat diet induced obesity and hepatic steatosis (Lau et 

al., 2008). 

RORγ null m ice exh ibit n ormal levels  of p lasma ch olesterol a nd t riglycerides 

(Kang et  a l., 20 07).  A n in teresting metabolic phenotype was r evealed when staggerer 

mice were crossed with RORγ null mice effectively creating a RORα/γ double knock-out.  

Although n either i ndividual s train showed s ignificant a lterations in  p lasma glu cose 

levels, the double knock-out was hypoglycemic illustrating a r ole for these receptors in 

maintaining glucose homeostasis (Kang et al., 2007).  T his study also demonstrated that 

RORα a nd RORγ d isplay s ignificant r edundancy in  f unction, w hich is  c onsistent w ith 

plasma glucose levels remaining unaffected unless both receptors are lost.  More recently 

a role for R ORα in regulation of glucose metabolism was characterized when Chopra et 

al. found that loss of th e p160 family coactivator SRC-2 (steroid receptor coactivator-2) 

in mice l ed to  a phenotype s imilar to v on G ierke’s dis ease, w hich is  a ssociated w ith 

severe hypoglycemia and abnormal accumulation of glycogen in the liver  (Chopra et al., 

2008).  Loss of expression of the enzyme glucose-6-phosphatase (G6Pase) is responsible 

for 80% o f the diagnosed von Gierke’s disease cases. Importantly, SRC-2 was required 

for RORα to regulate this gene in a normal manner (Chopra et al., 2008). 

Both RORα and RORγ regulate key physiological pathways and are also involved 

in pathogenic processes.  RORα regulates lipid and glucose metabolism and is believed 

to play a r ole in protection against development of atherosclerosis (Jetten, 2009).  T his 

receptor also is cr itical for normal function of the mammalian clock and is involved in 

modulation of i mmune function (Jetten, 2009; Yang et  a l., 2008).  T he most prominent 
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role for R ORγ is regulation of im mune function, especially in development of th e Th17 

cells that  are believed to  play an  important role in autoimmunity (Ivanov e t al ., 2007). 

RORγ also helps coordinate lipid and glucose metabolism in concert with RORα (Jetten, 

2009; K ang et  a l., 2007).  R ORα an d R ORγ h ave al so be en im plicated in bone 

development and cancer (Jetten, 2009).  Thus, the development of small molecule ligands 

that modulate the activity of t hese two orphan receptors has held significant interest for 

those pu rsuing th e role of R ORα/γ in the  ar eas of metabolic d iseases, au toimmunity, 

osteoporosis and cancer.  Ou r fi nding that T0901317 binds directly t o both RORα and 

RORγ an d m odulates t heir t ranscriptional a ctivity p rovides t he f irst s tep t owards 

development of chemical tools to  de termine the ab ility to  pharmacological target these 

receptors for these diseases. 

 The pharmacology of T0901317 has been characterized in detail in the literature 

with m uch o f i ts a ctivity attr ibuted t o act ivation o f LXRα and L XRβ ( Michael et  a l., 

2005).  However, we previously described that this compound also activates FXR (Houck 

et al., 2004) and it was later reported that it also activated PXR (Mitro et al., 2007).  This 

degree of receptor promiscuity that provided us a critical advantage for identification of a 

synthetic li gand for a n orph an nuclear re ceptor c reates d ifficulties for i nterpretation of 

results o btained w ith t his co mpound e specially in anim al m odels.  For example, 

T0901317 has been used to show that activation of LXR may lead to decreased severity 

of e xperimental au toimmune e ncephalomyelitis ( Hindinger e t al ., 2006) by de creasing 

Th17 function (Xu et al., 2009).  Based on our results, these effects may be due to the 

ability o f T0901317 to  suppress t he activity o f RO Rα and RORγ tha t are re quired for  

Th17 cell proliferation and IL-17 production.   

It is unclear what the relative contribution of inhibition of RORα/γ activity is to 

the pharmacology to the array of animal studies examining the role of T0 901317 on lipid 

and glu cose m etabolism. Ou r res ults p resented h ere d emonstrate t hat th e T 0901317 

effects on  r epression of  G 6Pase a re i n f act R OR-dependent an d n ot a r esult of  t he 

compounds LXR activity. 
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Conclusion 

 

Retinoic a cid re ceptor-related orp han re ceptors (R ORs) re gulate a  va riety o f 

physiological processing including hepatic gluconeogenesis, lipid metabolism, circadian 

rhythm and immune function.  H ere we demonstrate that T0901317 represents the f irst 

synthetic ligand for RORα and RORγ and this compound is a potent inverse agonist of 

these two orphan nuclear receptors.  T his was demonstrated by competitive radioligand 

binding as say and cell-based as says w here T0901317 r epressed RO Rα/γ-dependent 

transactivation o f r eporter ge nes dr iven by  the  RO R r esponsive pr omoters f rom the 

glucose-6-phosphatase (G6Pase) and cytochrome p450 7b1 (Cyp7b1) genes.  M oreover, 

repression o f G6Pase b y T0901317 was re lieved f ollowing kno ckdown o f bo th RO Rs 

concluding t hat th is co mpounds e ffects o n th is g luconeogenic e nzyme ar e RO R-

dependent. Finally, we show that T0901317 reduces recruitment of t he p160 coactivator 

SRC-2 by RORα at the G6Pase promoter thus providing a mechanism for control of this 

important enzyme by the RORs.  

The pharmacology of T0901317 has been extensively s tudied in animal models 

with the compound exhibiting acceptable pharmacokinetic properties.  More importantly, 

the b enzenesulfonamide s caffold is  a menable t o a  m odular s ynthetic ch emistry 

optimization (Mi chael et  a l., 2 005).  Therefore, T0901317 rep resents a  nove l c hemical 

tool to examine RORα/γ function and our findings offer an excellent starting point for the 

design of potent and selective ROR ligands with potential application in the treatment of 

metabolic and immune disorders. 
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FIGURE LEGENDS  

 

Figure 1.   Gal4 Nuclear Receptor Profiling of T0901317. RO Rα an d RO Rγ 

transactivation are repressed by T0901317 in a GAL4 NR library selectivity panel.  Gal4 

NR clones were reverse transfected with a U AS reporter construct into HEK293T cells.  

After 24 ho urs, the LXRα agonist T0901317 (2 μM final concentration) or DMSO was 

added and in cubated for 20 h ours.  T he lu ciferase a ctivity of ea ch construct w as 

measured an d normalized t o t he m ock ( vector a lone), t hen th e f old c hange i n s ignal 

compared to D MSO is calculated ( n=6). Inset s hows H EK293T tr ansfected ce lls were 

separately tre ated w ith e ither 1 o r 10  μM T 0901317 or veh icle fo r 2 0 hr fo llowed b y 

luciferase activity measurement (data shown is m ean ±SEM, n = 6).  H orizontal dashed 

lines represent +/- 5 standard deviations of the control (mock transfected). 

 

Figure 2.  Dose response curves for trans-activation of LXRα and –suppression of RORα 

and RORγ by T0901317.  293T cells were cotransfected with UAS-luciferase and  Gal4-

LXRα (A) or G al4-RORα/γ ( B) an d a nd w ere tr eated w ith v arious co ncentration o f 

T0901317 for 20  hr followed by luciferase activity measurement.  R elative change was 

determined by no rmalizing to  control vector tr eated with vehicle. Each data point was 

performed in 8 replicates and represented as mean ±SEM, n = 8. 

 

Figure 3.   Radioligand binding assay with GST-RORα and GST-RORγ.  Saturation 

curves for [ 3H]-25-hydroxycholesterol was g enerated w ith 4 5ng o f G ST-RORα (A ) o r 

90ng GST-RORγ (C) of  in the assay buffer as mentioned in Ma terial and Methods. Kd 

value was 3.3nM and 5.1nM for GST-RORα and GST-RORγ respectively. Competition 

assay w as p erformed t o d etermine Ki value of T0901317 for R ORα and  G ST-RORγ. 

Increasing co ncentrations o f T 0901317 w ere incu bated w ith 3 nM o f [ 3H]-25-

hydroxycholesterol and 45 ng of GST-RORα or 90ng GST-RORγ. Estimated IC50 value 

for T0901317 was 254nM and 81 nM for GST-RORα and GST-RORγ respectively. Data 

shown a re re presentative re sults from t wo i ndependent e xperiments performed i n 

duplicates. The results were analyzed using GraphPad Prism software.   
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Figure 4.  RORα is repressed by RIP140 and T0901317 modulates RORα interaction 

with RIP140. A) Increasing concentrations of T0901317 were incubated with RORα (75 

nM) an d 30 μg/mL of  AlphaScreen b eads f or 1h  at r oom t emperature in  the dark as  

described in Materials and Methods.  The Biotin-RIP140B peptide (25 nM) was added to 

each w ell a nd th e p lates w ere i ncubated in the da rk for a n additional 2 h at  room  

temperature. Re presentative da ta a re s hown as  m ean ±  S .D. o f 3  inde pendent 

experiments.  B)  Cell-based luciferase r eporter as says m easuring e ffects of R IP140 on 

RORα dependent transactivation. HEK293T cells were reverse transfected with 3μg of 

total DNA  c omprised of e ither U AS lu ciferase re porter only, Gal4RORα an d U AS 

luciferase re porter or G al4RORα, UAS lu ciferase re porter a nd fu ll-length R IP140.  

Following bul k tr ansfections, ce lls were r e-plated an d as says co nducted i n 3 84 w ell 

format w ith n= 6.  Da ta w as n ormalized t o lu ciferase si gnal from UA S/pBind ve ctor 

control.  Differences in transactivation between Gal4RORα and Gal4RORα/RIP140 were 

determined to be significant with p<0.001(***) as determined by unpaired t-test.   

 

Figure 5 . Modulation of RORα mediated Glucose-6-Phosphatase (G6Pase) promoter 

activity and CYP7B1 promoter activity by T0901317.  293T cells we re c o-transfected 

with pS 6 control pl asmid o r pS6 containing f ull l ength RORα al ong w ith G6Pase 

promoter (A) or CYP7B1 promoter (B) as detailed in Material and Methods. SRC-2 as a 

coactivator w as al so co -transfected with G6Pase promoter. D ose-response c urve was 

determined by treating the transfected cells with varying concentrations of T0901317 for 

20 h. L uciferase activ ity w as m easured a nd r elative cha nge w as d etermined by  

normalizing to  ce lls treated with vehicle only. Each d ata point was performed in e ight 

replicates and represented as mean ±SEM, n=8. 

 

Figure 6 .  T0901317 Suppresses RORα and RORγ mediated IL-17 transcription. 

HEK293 cells were transiently transfected with the IL-17-dependent reporter construct, 

renilla l uciferase, and vectors containing f ull-length RORα (R ORα), fu ll-length R ORγ 

(RORγ), or empty vector alone (endogenous).  Twenty-four hours later cells were treated 

with D MSO o r i ncreasing co ncentrations o f T 0901317.  T wenty-four ho urs po st-
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treatment, I L-17 act ivity was de termined by  du al l uciferase as say.  The data  ar e 

normalized to the vehicle (DMSO) treated cells.  

 

Figure 7.   Modulation of endogenous G6Pase mRNA expression and endogenous 

Glucose-6-Phosphatase (G6Pase) promoter activity by T0901317 in HepG2 cells. (A) 

Expression of end ogenous G6Pase in H epG2 cells was r educed by tr eatement w ith 

siRNA ag ainst both h uman RORα an d RO Rγ. s iRNA o ligos ag ainst RO Rs w ere 

transfected i nto H epG2 ce lls at 5 0nM. F orty-two ho urs po st transfection ce lls were 

treated f or 6 h w ith e ither v ehicle (DMSO) o r T091317 ( 10 μM).  T otal R NA was 

prepared f rom these cells and su bjected t o RT-PCR to measure th e mRNA levels.  ( B) 

Sequential c hromatin immunoprecipitation ( ChIP/reChIP) as say il lustrating t hat 

T0901317 (10 μM) treatment reduces the ability of RORα to recruit SRC-2 to a G6Pase 

gene pr omoter.  H epG2 ce lls o verexpressing F lag-tagged RO Rα w ere tr eated w ith 

vehicle (DMSO) or 10 μM T0901317 for 24 h followed by sequential ChIP.  T he f irst 

immunoprecipitation w as pe rformed us ing α-Flag anti body and  the  se cond 

immuneprecipitation was performed using α-SRC-2 antibody. Mouse IgG was used as a 

negative control and anti-RNA pol II antibody was used as a positive control. 
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