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The retinoic acid-related orphan nuclear receptor �t
(ROR�t)/ROR�2 iswell knownas amaster regulator of interleu-
kin 17 (IL-17)-producing helper T (Th17) cell development. To
develop a therapeutic agent against Th17-mediated autoim-
mune diseases, we screened chemical compounds and success-
fully found that digoxin inhibited IL-17 production. Further
studies revealed that digoxin bound to the ligand binding
domain of ROR�t and suppressed Th17 differentiation without
affecting Th1 differentiation. To better understand the struc-
tural basis for the inhibitory activity of digoxin, we determined
the crystal structure of the ROR�t ligand-binding domain in
complex with digoxin at 2.2 Å resolution. The structure reveals
that digoxin binds to the ligand-binding pocket protruding
between helices H3 and H11 from the pocket. In addition,
digoxin disrupts the key interaction important for the agonistic
activity, resulting in preventing the positioning of helix H12 in
the active conformation, thus antagonizing coactivator interac-
tion. Functional studies demonstrated that digoxin inhibited
ROR�t activity and decreased IL-17 production but not ROR�
activity. Digoxin inhibited IL-17 production in CD4� T cells
from experimental autoimmune encephalomyelitis mice. Our
data indicates that ROR�t is a promising therapeutic target for
Th17-derived autoimmune diseases and our structural data will
help to design novel ROR�t antagonists.

Interleukin 17 (IL-172 also known as IL-17A) is a pro-inflam-
matory cytokine that promotes inflammation, bone loss, and
tissue damage. Many reports have implicated IL-17 in the
pathogenesis of autoimmune disease: elevated levels of IL-17 in
cerebrospinal fluid ofmultiple sclerosis (MS) patients (1, 2) and
synovial fluid of rheumatoid arthritis (RA) patients (3). In the
experimental autoimmune encephalomyelitis (EAE) mice
model, suppression of IL-17 activity reduced severity of the

symptom (4, 5). Thus, inhibiting IL-17 production has been
regarded as a good strategy to treat autoimmune diseases.
CD4�Tcells have beenwell known as themajor source of IL-17
production, although the distinct subset of IL-17 producing
CD4� T cells has long been undefined. CD4� T cells, which
produce IL-17 arise directly from naive CD4� T cells (6, 7), and
these cells are widely known as IL-17-producing helper T
(Th17) cells (6–9).
In 2006, Ivanov et al. (10) reported that retinoic acid-related

orphan nuclear receptor �t (ROR�t) was essential for Th17 dif-
ferentiation in mice. The mice lacking ROR� were less suscep-
tible to EAE (10). CD4� splenocytes fromROR��/�mice could
not induce EAE (10). Other reports showed that human Th17
cells also express ROR�t (11–15). Furthermore, recent two
reports showed inhibitory effects of digoxin towardROR�t, and
SR1001 against both ROR�t and ROR� which reduced the
severity of EAE (16, 17). Given these reports, ROR�t is thought
to be a novel, promising therapeutic target for autoimmune
diseases.
Nuclear receptors are ligand-regulated transcription factors

and composed of several functional domains (18). The N-ter-
minal domain is variable in both length and homology, and
contains a constitutively active transactivation function known
as activation function-1 (AF-1). Highly conserved DNA-bind-
ing domain at the central region recognizes specific DNA
sequences in the promoter region of the target genes. The
C-terminal ligand binding domain (LBD) is moderately con-
served and contains the ligand-dependent transactivation func-
tion (termed AF-2). Activation of gene transcription occurs
after binding of ligand to the LBD, leading to binding of coacti-
vator to the LBD.
Structural studies have indicated that ligands regulate AF-2

activity by modulating the conformation of LBDs (18). There-
fore, the three-dimensional structure of the LBD in complex
with ligand is critical for understanding the structural mecha-
nism of ligand action. Nuclear receptor LBDs adopt a canonical
antiparallel �-helical sandwich fold generally composed of 12
�-helices (H1-H12) and a small�-sheet. Agonist ligands trigger
the LBD activation function AF-2 by stabilizing a defined con-
formation in which the helix H12 packs against the LBD and
generates a hydrophobic coactivator binding surface. Antago-
nist ligands interfere with the formation of an active LBD con-
formation and coactivator recruitment. To date, hydroxycho-
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lesterols (19–21) and T0901317 (22) have been reported as a
ligand for ROR�. The analyses for x-ray crystal structures of the
ROR� LBD in complex with hydroxycholesterols and the
coactivator peptide have revealed the active conformation of
the LBD (19). However, the structural basis of antagonism for
ROR�t remains unclear.

To develop a therapeutic agent for autoimmune diseases
such asMS that inhibit IL-17 production, we screened chemical
compounds that inhibit IL-17 production without affecting
IL-2 production in EL-4 cells. In this screening, we identified
digoxin as a suppressor of IL-17 production. Further studies
have revealed that digoxin suppresses ROR�t through binding
and antagonizingROR�t-LBD, the same as reported recently by
Litterman’s group (16). We successfully determined the crystal
structure of the ROR�t LBD in complex with digoxin at 2.2 Å
resolution and revealed the structural basis for antagonizing the
ROR�t activity by digoxin.

EXPERIMENTAL PROCEDURES

Cell Lines and Transfection—Mouse lymphoma EL-4 (23)
cells (a gift from Dr. Tsuru, National Defense Medical College)
were maintained in DMEM supplemented with 10% FBS. EL-4
cellswere transfectedwithNucleofector II (Lonza) according to
the manufacturer’s instructions.
Drug Library Screening—3 � 104 EL-4 cells were seeded in

each well of 384 well plate and incubated with the chemical
compounds from our library or vehicle (dimethyl sulfoxide;
Sigma) for 2 h. Cells were then stimulated with phorbol 12-my-
ristate 13-acetate (PMA) (25 ng/ml; Sigma) and ionomycin (125
ng/ml; Sigma) for 20 h. Subsequently, supernatants were col-
lected to determine the concentrations of IL-17A by HTRF
(Cisbio) and IL-2 byAlphaLISA (PerkinElmer) according to the
manufacturer’s protocols. The compounds which inhibited
IL-17 production without affecting IL-2 production were
selected.
Mice—C57BL/6 mice were purchased from Charles River

Japan (Tokyo, Japan). 6–12-week-old mice were used. All
experimental procedures were performed in accordance with
the in-house guideline of the Institutional Animal Care andUse
Committee in Daiichi Sankyo Co., Ltd.
TCell Differentiation—CD4� CD62L� CD44low T cells were

isolated from spleens by negative selection (R&D systems).
Cells were stimulated with 10 �g/ml plate-bound anti-CD3e
antibody (Ab) and 10�g/ml soluble anti-CD28Ab (BioLegend)
in RPMI supplemented with 10% FBS. CD4� T cells were iso-
lated by positive selection with magnetic beads (Miltenyi Bio-
tec) and stimulated with 2 �g/ml soluble anti-CD3e Ab and 1
�g/ml soluble anti-CD28 Ab (R&D systems). For Th17 differ-
entiation, cells were cultured for 3 days in the presence of 5
ng/ml recombinant humanTGF-�1 and 10 ng/ml recombinant
mouse IL-6 (R&D systems), 10�g/ml anti-interferon-� (IFN-�)
Ab, and 10 �g/ml anti-IL-4 Ab (BD Biosciences). For Th1 dif-
ferentiation, cells were cultured for 3 days in the presence of 10
ng/ml recombinant mouse IL-12 (R&D systems or Peprotech)
and 10�g/ml anti-IL-4Ab. Also, we added recombinantmouse
IL-2 (Roche Applied Science) at 50 ng/ml (naive T cells) or 5
ng/ml (CD4� T cells).

Flow Cytometry—For intracellular cytokine staining, cells
were stimulated with PMA (50 ng/ml) and ionomycin (750
ng/ml) for 6 h. After 1 h of incubation, BD Golgiplug (BD Bio-
sciences)was added and incubated for 5 h.Then, cellswere fixed,
permeabilized, and stained with PE-conjugated anti-mouse
IL-17A Ab and FITC-conjugated anti-mouse IFN-� Ab (BD Bio-
sciences). Cell sorting was performed using FACSCantoII
(BD Biosciences).
Real-time PCR—RNA was extracted with RNeasy mini kit

using DNase I (Qiagen), then cDNA was synthesized with
high capacity cDNA Reverse Transcription kits (Applied
Biosystems). TaqMan Gene Expression Assays and TaqMan
Universal PCR Master Mix with ABI prism 7700 Sequence
Detector (Applied Biosystems) were used for analysis of
cDNA by real-time PCR. The expression of each gene was
normalized to the expression of 18 S rRNA by the standard
curve method. The assay ID of primer sets were as follows:
ROR�t Mm01261022_m1; ROR� Mm01173773_m1; AhR
Mm00478932_m1; IRF4 Mn00516431_m1; IL-17A;
Mm00439619_m1; IL-17F Mm00521423_m1; IL-23R
Mm00519942_m1; 18 S rRNA 4319413.
Vector Construction—Full-length wild type mouse ROR�t

(mROR�t) and mouse ROR� (mROR�) were amplified from
cDNA of mouse splenocytes and cloned into pUNO vector
(Invivogen) or pSG5 vector (Agilent Technologies). 12 �
RORE-Luc was constructed by inserting twelve repeats of the
consensus ROR�-response element (GGTAAGTAGGTCAC)
(24) into PGVP2 vector (TOYO-B-Net). The insert was
obtained by primer ligation.
Cytokine Detection Assays—First, we transiently transfected

EL-4 cells with plasmids encodingmROR�t, mROR�, or mock.
These cells were incubated with digoxin for 1–4 h, then stim-
ulated with PMA (50 ng/ml) and ionomycin (250 ng/ml) for
20–24 h. CD4�T cells fromEAE-inducedmicewere incubated
with digoxin for 1–4 h, then stimulated with 1 �g/ml soluble
anti-CD3e Ab and 1 �g/ml soluble anti-CD28 Ab for 24 h.
NaiveCD4�Tcells were incubated inTh17- or Th1- polarizing
conditions in the presence or absence of digoxin for 72 h. Sub-
sequently, supernatants were collected to determine the con-
centrations of IL-17A by HTRF and IFN-� by AlphaLISA
(PerkinElmer) according to the manufacturer’s protocols.
Reporter Assay—EL-4 cells were co-transfected with PGV-

P2-RORE vector and plasmids encoding mROR�t, mROR� or
mock. Cells were incubated with digoxin and incubated for
24 h. Luciferase activity was measured using Bright-Glo Lucif-
erase Assay System (Promega).
EAE Induction—Male C57BL/6mice was immunized subcu-

taneous with 200 �g of MOG35–55 peptide emulsified in a total
of 100 �l of incomplete Freund’s adjuvant containing 450 �g of
Mycobacterium tuberculosis H37 Ra on day 0, supplemented
with intravenous injection of 100 ng of pertussis toxin. The
spleen of EAE-induced mice was collected on day 9.
Expression and Purification of the ROR�t LBD Region—The

human ROR�t LBD (residues 265–507) was expressed with an
N-terminal histidine tag and a thrombin cleavage site in E. coli
BL21 (DE3) by using pET-15b vector (Novagen). The cells were
grown in 2xYT at 37 °C up to 1.0OD, then inducedwith 0.1mM

isopropyl-�-D-thiogalactopyranoside (IPTG). The incubation
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was continued overnight at 16 °C. Cells were resuspended in 20
mM Tris-HCl (pH 7.0), 0.5 M NaCl, 25 mM imidazole, 5 mM

DTT, and Roche EDTA-free protease inhibitor mixture, fol-
lowed by sonication. The lysate was centrifuged at 40,000 � g.
for 30min at 4 °C, and the supernatant was loaded on aHisTrap
nickel affinity column (GE Healthcare). The column was
washed with 20 mM Tris-HCl (pH 7.0), 0.5 M NaCl, 25 mM

imidazole, 5 mM DTT, and the protein was eluted with a gradi-
ent of 25–500mM imidazole. Fractions containing ROR�t were
pooled and the His6 tag was removed by thrombin digestion
overnight at 4 °C, dialyzed against 20mMTris-HCl (pH 7.0), 0.5
M NaCl, 25 mM imidazole, 5 mMDTT and followed by a second
nickel affinity column chromatography. Flow-through frac-
tions were pooled and dialyzed against 20 mM Tris-HCl (pH
7.0), 0.1 M NaCl, 5 mM DTT. The ROR�t LBD without His tag
was further separated by ion exchange chromatography using a
HiTrap SP HP column (GE Healthcare). Subsequent gel filtra-
tion was performed on a HiLoad 16/60 Superdex 75 column
(GE Healthcare) using elution buffer 10 mM HEPES (pH 7.5),
0.15MNaCl, 5mMDTT.The purified proteinwas concentrated
to 9mg/ml and stored at �80 °C until used for binding assay or
crystallization.
Binding Assay—5 nM Fluorescein-labeled LXR agonist

T0901317, also known as the ROR� inverse agonist recently
(22), was incubated with the ROR� LBD for 4 h at 4 °C in the
presence of various concentration of testing compounds. Fluo-
rescent polarization signals (mP) weremeasuredwith EnVision
(PerkinElmer). Each value of fluorescent polarization samples
in the presence of testing compounds were normalized by sub-
tracting the value in the absence of testing compounds, and
shown as �mP.
Statistical Analysis—All analyses for statistically significant

differences were performed with the 2-tailed paired Student’s t
test. p-Values less than 0.05 were considered significant. All
error bars shown in the figures in this article are S.D.
Crystallization, Data Collection, Structure Determination,

and Refinement—Crystals were obtained at 22 °C with the
vapor-diffusionmethod in sitting-drops containing 2�l of pro-
tein-digoxin solution and 1 �l of reservoir solution (1.2 M

sodium formate, 3% (v/v) 2-methyl-2,4-pentanediol, 0.1 M

HEPES (pH 7.5)). Crystals were cryoprotected by equilibration
in the reservoir solution containing 20% glycerol, then flash-
cooled into the liquidN2 stream at 100 K. X-ray diffraction data
were collected at the beamline AR-NW12 at Photon Factory,
Tsukuba, Japan, then integrated and scaled using the program
HKL-2000 (25). The structure was solved bymolecular replace-
ment with the program PHASER (26) using the crystal struc-
ture of the ROR� LBD (Protein Data Bank (PDB) accession
code 3L0L) (19) without the ligand, peptide, and water mole-
cules as a search model. The model was rebuilt manually
with the program COOT (27) and refined with the program
REFMAC (28). The stereochemical quality of the model was
assessedwith the programPROCHECK (29). Structure analysis
was performed using the programs in the CCP4 suite (30). Fig-
ures were prepared with the programPyMol (31). The statistics
of the diffraction data and structure refinement are summa-
rized inTable 1. The atomic coordinates have been deposited in
the PDB (accession code: 3B0W).

RESULTS

Digoxin Inhibited the Differentiation into Th17 Cells in Vitro—
EL-4 cells produce IL-17 and IL-2 in response to PMA plus
ionomycin treatment. To identify the small molecules that
could inhibit IL-17 production, we have screened more than
700 compounds whose targets are already known and found
digoxin as a candidate compound. Digoxin inhibited IL-17 pro-
duction without affecting IL-2 production (data not shown).
We next isolated CD4� CD62L� CD44low naive T cells and
cultured them under Th17- or Th1-polarizing conditions to
evaluate the effect of digoxin on the differentiation toward
Th17 cells. Digoxin suppressed the generation of Th17 cells at
the concentration of 10 �M. The IL-17 production during dif-
ferentiation was also suppressed (Fig. 1). Interestingly, the gen-
eration of Th1 cells and the IFN-� production during differen-
tiation were not suppressed by digoxin, indicating that the
inhibitory activity of digoxin is specific to Th17-differentiation.
We obtained similar results using CD4� T cells (supplemental
Fig. S1A). Expression levels of IL-17A, IL-17F, and IL-23 recep-

FIGURE 1. Digoxin suppressed differentiation to Th17 cells in vitro. Flow cytometry of intracellular IL-17 and IFN-� (left panels) and cytokine production
(right panels) during differentiation. Naive CD4� T cells isolated from the spleens of C57BL/6 mice were cultured under Th1- (left upper panels) or Th17- (left lower
panels) polarizing conditions in the presence or absence of digoxin. After 3 days in culture, supernatants were collected and cells were restimulated with PMA
and ionomycin. Cytokine productions were assessed by intracellular staining (left panels, one representative of three data sets.). Concentrations of IL-17 and
IFN-� in supernatants were also determined by HTRF (for IL-17) and AlphaLISA (for IFN-�) (right panels, data were shown as the mean � S.D. of triplicate samples.
***, p � 0.001). All experiments were repeated at least once.
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tor (IL-23R) mRNAs were kept much lower in digoxin-treated
cells (supplemental Fig. S1B). The expression levels of ROR�t
(10), ROR� (32), IRF-4 (33), and AhR (34) were up-regulated
and no substantial difference in mRNA expression levels have
been observed regardless with or without digoxin treatment
(supplemental Fig. S1C). These results suggest that digoxin had
an inhibitory activity on Th17 differentiation without affecting
the expression levels of ROR�t, ROR�, IRF-4, and AhR in vitro.
Binding Assay and Crystal Structure Determination—ROR�t

is known as a key regulator of Th17 differentiation. To deter-
mine whether digoxin binds and inhibits ROR�t activity, we
performed a competitive binding assay. As shown in the sup-
plemental Fig. S2, digoxin competed with labeled T0901317 in
a dose-dependent manner indicating that digoxin binds to
ROR� LBD directly.

To gain structural insights into the mechanism of action, we
determined the crystal structure of the ROR�t LBD in complex
with digoxin at 2.2 Å resolution (Rcryst � 0.212, Rfree � 0.249)
(Fig. 2, A and B). The results of the crystallographic refinement
are summarized in Table 1. The nomenclature of the secondary
structure elements is based on the RXR LBD crystal structure
(35). The final model in the asymmetric unit contains two pro-
tein molecules (monomer A: residues 265–479 and monomer
B: residues 265–481), two digoxin molecules, and 73 water
molecules. Both LBDs are very similar with root mean square
deviations (rmsd) of 0.27 Å for 212 C� atoms and were treated
identically in this report except where noted otherwise.
Overall Structure—The ROR�t-LBD presents the canonical

fold for the nuclear receptor LBDs (Fig. 2C) (36). Whereas the
electron densities are excellent quality from residue 265 to res-

FIGURE 2. Structure of the ROR�t LBD in complex with digoxin. A, chemical structure of digoxin with numbering. B, �A-weighted 2Fo-Fc electron density
map shown as a dark blue mesh around digoxin. The protein is drawn as a stick model and digoxin is depicted as a ball-and-stick model. Contour level is 1.2 �.
C, schematic representation of the ROR�t LBD (dark blue) with digoxin. The secondary structure assignment, and the N and C termini are labeled. Bound digoxin
is depicted as a CPK model with carbon atoms in cyan and oxygen atoms in red. D, superposition of two ROR�t LBDs in the asymmetric unit of the crystal. The
protein is drawn as a cartoon model with molecule A and molecule B colored in pink and dark blue. Digoxin is shown as a stick model with carbons in orange for
monomer A and carbons in cyan for monomer B. The structures of a lactone group, central steroidal core and digitoxose X of digoxin are superposed well. The
conformation of digitoxose Y and Z are significantly different.
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idue 479 or residue 481, residues from aC-terminal part of H11
to H12 could not be modeled because no clear electron density
was observed for this region. There are residual electron densi-
ties in the region around helices H3 and H4 (supplemental Fig.
S3), which is the binding site for coactivator or corepressor
peptides as well as helix H12 in some nuclear receptor struc-
tures (37). This region with residual densities is located
between two LBDs in the asymmetric unit, related by 2-fold
noncrystallographic symmetry. Residues from the C-terminal
part of H11 to H12 of the ROR�t LBD in complex with digoxin
are most likely to be highly mobile and randomly oriented. In
addition, it is probable that a small part of helix H12 frommol-
ecules in the crystal is located in the region near helices H3 and
H4.
Digoxin in the Ligand-binding Pocket—The crystal structure

has showed that digoxin is bound in the ligand-binding pocket
of the ROR�t LBD (Fig. 2C). The average B values for digoxin
(61.2 Å2 for the A chain and 59.3 Å2 for the B chain) are higher
than the average B values for the protein (54.2 Å2 for the A
chain and 56.1 5 Å2 for the B chain). The structures of a lactone
group, central steroidal core, and digitoxose X of digoxin
between A and B chains have almost the same conformation
and are superposed well. However, the conformations of digit-
oxose Y and Z are significantly different (Fig. 2D) because digi-
toxose Y and Z protrudes between helices H3 and H11 and
interacts the neighboring molecule in the crystal, suggesting
that digitoxose Y and Z of digoxin are flexible in the complex
structure. The average B values of the atoms of digitoxose X, Y,
and Z are 57.0 Å2, 77.4 Å2 and 91.3 Å2 for the A chain, and 59.0
Å2, 75.2 Å2 and 80.0 Å2 for the B chain, respectively. However,
both average B values of the lactone and steroidal core from the

A andB chains are 47.6Å2, which is the smaller value compared
with those of the protein. Therefore, it is likely that the lactone
group, central steroidal core and digitoxoseXof digoxin bind to
ROR�t with specific interaction in the cavity of the protein,
whereas both digitoxose Y and Z are flexible outside the pro-
tein. Inside the ligand pocket, digoxin forms extensive hydro-
phobic and hydrophilic interactions with ROR�t, including
three direct hydrogen bonds, two hydrogen bonds though
water molecules, and 43 van der Waals contacts (Fig. 3). The
O12, O23, and O3X atoms of digoxin make direct hydrogen
bond interaction with O-Phe377 in �-strand 1 (s1), NH1-
Arg367 in helix H5 and NE2-His479 in helix H11, respectively.
TheO12 andO14 atoms of digoxinmake hydrogen bond inter-
action mediated through water molecules with N-Glu379 in
loop s1-s2 and O-Val361 in H5, respectively. The following
amino acid residues have a non-hydrogen atom closer than 4 Å
to digoxin: Gln-286, Leu-287, Leu-292, Trp-317, Cys-320, Ala-
321, Ala-327, Val-361, Arg-364, Met-365, Arg-367, Ala-368,
Val-376, Phe-377, Phe-378, Phe-388, Leu-396, His-479.
Comparison of the Digoxin-bound and the Agonist-bound

LBDs—To better understand the structural basis of the digoxin
antagonism, we compared the structures of the ROR�t LBD
with digoxin and with the agonist 25-hydroxycholesterol (PDB
accession code: 3L0L) (19) (Fig. 4A). The overall structures of
the digoxin-bound and hydroxylcholesterol-bound LBDs are
similar from H1 to H11 with rmsd of 0.67 Å for 214 C� atoms.
Within the ligand-binding pocket, digoxin induces the confor-
mational changes of the side chain atoms of Leu-287 in loop
H1-H2 to create necessary space for the lactone group of
digoxin. In addition, Leu-324 has a different rotamer for the
accommodation of the steroidal core of digoxin.More dramatic
differences caused by the digoxin binding to the ROR�t LBD

TABLE 1
Data collection and refinement statistics

Data collection statistics
Wave length (Å) 1.000
Space group P61
Cell dimension
a � b (Å) 98.7
c (Å) 129.2

Resolution range 40.00–2.2 (2.28–2.2)a
Observed reflections 413,006
Unique reflections 36,249
Average redundancy 11.4 (11.5)
Average I/�(I) 44.9 (4.6)
Completeness (%) 99.8 (100.0)
Rmerge 0.056 (0.470)

Refinement statistics
Resolution range 20.00–2.2 (2.26–2.2)
Rfactor 0.212 (0.238)
Free R factor 0.249 (0.302)

No. of atoms
Protein 3,516
Ligand 110
Waters 73

R.m.s. deviations
Bonds (Å) 0.011
Angles (°) 1.258

Average B-factors (Å2)
Protein 55.1
Ligand 60.2
Waters 41.4

Ramachandran plot
Most favored 383 (94.8%)
Allowed 19 (4.7%)
Generous allowed 0 (0%)
Disallowed 2 (0.5%)

a Values in parentheses are for the highest-resolution shell.

FIGURE 3. Details of the binding model of digoxin to the ROR�t LBD. Res-
idues of the ROR�t involved in the binding of digoxin are shown as a stick
model and digoxin is drawn as ball-and-stick. Hydrogen bonds are marked as
dotted lines.
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occurs in the C-terminal part of the LBD. Digoxin induces the
conformational change of the side chain of His-479 in H11,
forming a hydrogen bond between the O3X atom of digitoxose
X in digoxin and NE2-His479. As a result, digoxin disrupts
polar interaction observed in the agonist-bound ROR�t LBD,
involvingHis-479 inH11, Tyr-502 inH11� and Phe-506 inH12,
which would be important to stabilize the active conformation
of helix H12 (Fig. 4B). Furthermore, digitoxose X and Y of
digoxin points toward helix H12 and exits the binding pocket
between H3 and H11. The superposition of these two struc-
tures has showed that there is a steric clash between digitoxose
Z in the digoxin-bound LBD and helix H11 in the hydroxycho-
lesterol-bound LBD structures. In addition, digoxin binding
induces a different side chain conformation of Trp-317 in H3.
As a consequence, a displacement of Phe-498 in loopH11�-H12
occurs to avoid a steric clash with Trp-317, which would also
cause the large movement of H12. Thus, digoxin prevents the
positioning of helix H12 in the active conformation as observed
in the ROR�t LBD complexes with the agonists.
Digoxin Inhibited the Activity of ROR�t but Not ROR� in T

Cells—We next examined whether digoxin could inhibit the
activity of ROR�t in cells. As there was no report regarding cell
lines that produce IL-17 in ROR�t-dependent manner, we ini-
tially screened cell lines that could be used tomonitor the activ-
ity of ROR�t. We transfected mROR�t expression vector in
several T cell lines and found that EL-4 cells responded to
mROR�t overexpression for up-regulation of IL-17A and
IL-23R mRNA expression. When cells were stimulated with
PMA and ionomycin, significant levels of IL-17A, IL-17F, and
IL-23R were observed in EL-4 cells transfected with mROR�t
expression vector, while a smaller effect was seen without the
stimulation (Fig. 5A).

Then, we investigated the effect of digoxin toward IL-17 pro-
duction using EL-4 cells transfected with mock, mROR�t, or
mROR� plasmid. While mROR�t or mROR� expressing EL-4
cells produced a large amount of IL-17 compared with mock
transfectants (data not shown), digoxin suppressed ROR�t-in-
duced IL-17 production in a dose-dependent manner (Fig. 5B),
but not IL-2 production (data not shown). Interestingly,
digoxin had no effect on ROR�-induced expression of IL-17
(Fig. 5B), suggesting that digoxin specifically inhibited ROR�t
activity in cells. The IL-17 expression ofmock-transfected EL-4
cells was also inhibited by digoxin (Fig. 5B), indicating that
digoxin inhibited the activity of endogenous ROR�t in EL-4
cells. Indeed, the production of IL-17 by EL-4 cells in response
to PMA plus ionomycin or anti-CD3e Ab plus anti-CD28 Ab
were decreased when the expression of ROR�t was down-reg-
ulated with small interfering RNA (data not shown).
This prompted us to investigate whether digoxin could

inhibit the transcriptional activity of ROR�t. We performed
reporter assays with 12 � RORE-Luc that contained twelve
repeats of ROR binding elements at the promoter region (24).
Consistent with the results above, the expression of exogenous
mROR�t or mROR� enhanced the luciferase reporter activity
in EL-4 cells (data not shown). Again, digoxin suppressed the
luciferase activity in a dose-dependent fashion in cells trans-
fected with mROR�t but not ROR� (Fig. 5C). Together, these
results indicate that digoxin inhibits the transcriptional activity
of ROR�t but not ROR� in T cells, resulting in the suppression
of Th17 differentiation and IL-17 production.
Digoxin Inhibited IL-17 Production fromDifferentiated Th17

Cells—Differentiated Th17 cells express ROR�t together with
ROR� that has similar DNA-binding specificity. As digoxin
only inhibited the activity of ROR�t, we next examined the

FIGURE 4. Superposition of the ROR�t LBDs in complex with digoxin and with the agonist. A, digoxin induces a conformational change of Trp-317. The LBD
(dark blue) with digoxin and the LBD (white) with the agonist hydroxycholesterol are depicted as a cartoon model. The coactivator SRC2 peptide is colored in
red. Residues of ROR�t involved in the binding of digoxin are shown as a stick model, and the corresponding residues in the agonist-bound LBD are also
depicted. B, digoxin disrupts cation-� interaction observed in the agonist-bound ROR�t LBD. Cartoon representation of the helix H11 (dark blue) of the
digoxin-bound ROR�t LBD and helices H4, H11, and H12 (pink) of the hydroxycholesterol-bound ROR�t LBD are shown. The SRC2 peptide is colored in red.
Residues His-479, Tyr-502, and Phe-506 involved in the cation-� interaction in the agonist-bound ROR�t LBD (carbon, magenta) are shown as a stick model. The
side chain atoms of His-479 (carbon, dark blue) are moved and make a hydrogen bond with digoxin. Digoxin (carbon, cyan) and hydroxycholesterol (carbon,
pink) are shown as a ball-and-stick model.
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ability of digoxin tomodulate IL-17 production, the function of
differentiated Th17 cells. CD4� T cells in spleens from MOG-
immunized EAE-induced mice were incubated with various
concentrations of digoxin, and then stimulated with anti-CD3e
Ab and anti-CD28 Ab. Digoxin suppressed IL-17 production in
the stimulated cells in a dose-dependentmanner, but not IFN-�
production at all (Fig. 6). Digoxin also inhibited MOG-medi-
ated IL-17 production from CD4� T cells in spleens of MOG-
immunized mice co-cultured with � -irradiated antigen pre-
senting cells (data not shown). These data suggest that the
suppression of ROR�t-activity leads to inhibiting the IL-17 pro-

duction from differentiated Th17 cells in response to stimulus,
as well as to inhibit the differentiation toward Th17 cells.

DISCUSSION

ROR�t has been known as a master regulator in Th17 differ-
entiation, and thought to be a promising therapeutic target for
autoimmune diseases. We have screened chemical compounds
for the inhibitors of IL-17 production and found that digoxin
had an activity to inhibit ROR�t. Recently, Littman’s group
have also reported that digoxin is an antagonist for ROR�t (16).
Consistent with the report, we found that digoxin inhibited
Th17 differentiation and the ROR�t-reporter activity by
directly binding to ROR�t but not inhibited ROR� activity. In
addition to these findings, we determined the crystal structure
of the ROR�t LBD in complex with digoxin, which revealed the
structural basis of digoxin for the antagonizing ROR�t activity.
Moreover, our functional assay showed that digoxin inhibited
IL-17 production in T cells from EAE mice.
Transcriptional activity of nuclear receptors is regulated by

their interactions with co-activators such as steroid receptor
coactivator (SRC) family of proteins. Coactivator contains an
LXXLL motif that forms �-helix and binds into a hydrophobic
cleft on the surface of the receptor, which is stabilized by the
complex formation with agonist in the active LBD structure. In
the ROR�t LBD, when complexedwith hydroxycholesterol and
the coactivator SRC2 peptide, the SRC2 peptide binds to the
cleft formed by helices H3, H4, and H12 (19). Some ligands,
such as rogiglitazone, directly contact and stabilize helixH12 of
the respective receptor, placing it in the agonist conformation
(38). However, hydroxycholesterols stabilize the ROR�t helix
H12 through indirect cation-� interaction, involving residues

FIGURE 5. ROR�t overexpression induces the expression of IL-17A, IL-17F, and IL-23R in EL-4 cells. A, EL-4 cells were transfected with control (Mock) or
mROR�t expression vector (ROR�t) followed by stimulation with PMA and ionomycin (PMA/ionomycin) or no stimulation (NT). mRNA expression of the
indicated genes were analyzed by real-time PCR. Repeated experiments gave similar results. B, EL-4 cells were transiently transfected with control (Mock),
mROR�t (ROR�t), or mROR� expression vector (ROR�), then stimulated with PMA/ionomycin in the presence of indicated concentrations of digoxin for 24 h.
IL-17 concentrations of supernatants were determined by HTRF. Data were shown as the mean � S.D. of quadruplicate samples measuring % of DMSO-treated
control. ** and ††, p � 0.01, *** and †††, p � 0.001 compared with each DMSO-treated control. Repeated experiments gave similar results. C, EL-4 cells were
transiently transfected with mROR�t or mROR� together with 12 � RORE-Luc luciferase construct. Then, cells were incubated in the presence of the indicated
concentrations of digoxin for 24 h. Luciferase activity was analyzed. Data were shown as the mean � S.D. for triplicate samples measuring % of DMSO-treated
control. ***, p � 0.001 compared with each DMSO-treated control. All experiments were repeated at least once.

FIGURE 6. Digoxin inhibits IL-17 production but not IFN-� production
from CD4� T cells derived from EAE mice. CD4� T cells from MOG-immu-
nized mice (Day 9) were stimulated with 1 �g/ml of soluble anti-CD3e Ab and
1 �g/ml of soluble anti-CD28 Ab for 24 h. Cytokine concentrations of the
supernatants were determined by HTRF (for IL-17, open circles) and AlphaLISA
(for IFN-�, closed squares). Data were shown as the mean � S.D. for quadru-
plicate samples measuring % of DMSO-treated control. **, p � 0.01, ***, p �
0.001 compared with each DMSO-treated control. All experiments were
repeated at least once.
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His-479, Tyr-502, and Phe-506, as similarly observed in LXR
(39) and VDR (40). The crystal structure analysis in this study
has revealed that digoxin binds to the same cavity as agonist and
disrupts this key cation-� interaction important for the active
conformation (Fig. 4B). Mutational studies on ROR� have
described that themutations of H484W inH11 (corresponding
to His-479 in ROR�t) and Y507F in H12 (corresponding to
Tyr-502 in ROR�t) significantly reduced the transcriptional
activity of ROR� (41). Moreover, the volume of digoxin is too
large to be contained within the buried binding site. As a con-
sequence, Helix-12 is displaced to allow the bulky extension to
protrude between helices H3 andH11 from the cavity (Fig. 2C).
In the antagonist-bound LBD structure of ER� and of RAR�,
the helix H12 packs on the groove formed byH3 andH4, due to
the amphipathic character of H12 (42–44). In contrast, the
binding of the antiestrogen ICI 164384 to the ER� LBD com-
pletely abolishes the association between H12 and the remain-
der of the LBD thus H12 cannot adopt a defined position (45).
The helix H12 of ROR�t in complex digoxin appears to exist as
a dynamic ensemble of conformations and/or in the position
near helices H3 and H4, resulting in the incomplete formation
of the binding surface for the LXXL motifs of the coactivator.
Consequently, it is likely that antagonism of digoxin originates
from the disruption of the key interaction critical for the ago-
nistic activity and the presence of a large extension of digoxin
that sterically prevents the proper LBD-coactivator interface
being formed.
One of the reasons why it had been difficult to demonstrate

the role of ROR�t in IL-17 production is that there was no cell
line that produce IL-17 in ROR�t-dependent manner.
Although ectopic expression of ROR�t in mouse and human
CD4� naive T cells induced IL-17 expression (15, 46–48), no
direct evidence has been reported due to the difficulty to dis-
tinguish its effect on the IL-17 production from the Th17 dif-
ferentiation. In this study, we found that EL-4 cells transfected
with ROR�t produced elevated levels of IL-17 compared with
mock transfectants. Similar findings were also recently
reported by Solt et al. (17) during preparation of our manu-
script. In our results using EL-4 cells, ROR� as well as ROR�t
promoted IL-17 production. However, digoxin only inhibited
ROR�t-mediated IL-17 production but not in ROR�-express-
ing cells (Fig. 5B).
ROR� is a closely related family member of ROR�t which is

also expressed in differentiated Th17 cells. Unlike ROR�t and
ROR�, the expression of ROR� is ubiquitous with various roles
including lipid metabolism, smooth muscle differentiation,
bone metabolism, cerebellar development, and smooth muscle
differentiation. Actually, Solt et al. revealed that SR1001, a dual
antagonist against ROR�t and ROR�, reduced severity of EAE
(17). Thus, from the drug discovery point of view, it is an earnest
issue whether inhibiting ROR�t alone would be sufficient for
suppressing IL-17 production. Indeed, our data using CD4� T
cells from EAE mice showed that ROR�t supression was effec-
tive in blocking IL-17 expression (Fig. 6).
The expression level of IL-23R was also enhanced during

Th17 differentiation. This enhancement was also suppressed
completely by digoxin, indicating the importance of ROR�t in
IL-23R expression (supplemental Fig. S1B). Signals from

IL-23R are thought to be essential to maintain Th17 cells (48).
Thus, ROR�t-antagonist could inhibit a Th17-mediated
response completely by suppressing multiple steps such as
Th17-differentiation, IL-17 production from differentiated
Th17 cells and the maintenance of Th17 cells.
In summary, we identified digoxin as a ROR�t antagonist and

showed that ROR�t-specific antagonists could be a promising
therapeutic agent against Th17-derived autoimmune diseases.
The crystal structure of the ROR�t LBD in complex with
digoxin also provides the basis for drug design to obtain more
potent molecules of this potential new drug target.
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