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Transcriptional regulation by nuclear receptors is controlled by the concerted action of coactivator and
corepressor proteins. The product of the thyroid hormone-regulated mammalian gene hairless (Hr) was
recently shown to function as a thyroid hormone receptor corepressor. Here we report that Hr acts as a potent
repressor of transcriptional activation by RORa, an orphan nuclear receptor essential for cerebellar devel-
opment. In contrast to other corepressor-nuclear receptor interactions, Hr binding to ROR« is mediated by
two LXXLL-containing motifs, a mechanism associated with coactivator interaction. Mutagenesis of conserved
amino acids in the ligand binding domain indicates that ROR« activity is ligand-dependent, suggesting that
corepressor activity is maintained in the presence of ligand. Despite similar recognition helices shared with
coactivators, Hr does not compete for the same molecular determinants at the surface of the ROR« ligand
binding domain, indicating that Hr-mediated repression is not simply through displacement of coactivators.
Remarkably, the specificity of Hr corepressor action can be transferred to a retinoic acid receptor by exchang-
ing the activation function 2 (AF-2) helix. Repression of the chimeric receptor is observed in the presence of
retinoic acid, demonstrating that in this context, Hr is indeed a ligand-oblivious nuclear receptor corepressor.
These results suggest a novel molecular mechanism for corepressor action and demonstrate that the AF-2 helix
can play a dynamic role in controlling corepressor as well as coactivator interactions. The interaction of Hr
with RORa provides direct evidence for the convergence of thyroid hormone and ROR«a-mediated pathways in

cerebellar development.

Nuclear receptors are transcription factors that control es-
sential developmental and physiological pathways (34). The
nuclear receptor superfamily consists of receptors that bind
steroid hormones (such as estradiol and cortisone), nonsteroi-
dal ligands (such as retinoic acid and thyroid hormone), di-
verse products of lipid metabolism (such as fatty acids and bile
acids), as well a large group of receptors whose discoveries
have preceded that of their ligands, known as orphan receptors
(14). Members of this superfamily control the expression of
their target genes in a ligand-regulated fashion through inter-
action with coregulator proteins (16). Coregulators and asso-
ciated cofactors can either repress or activate gene transcrip-
tion through the recruitment of diverse functional domains and
enzymatic activities to the promoters of target genes (37).
Corepressor and coactivator binding to nuclear receptors is
thought to be mutually exclusive and regulated by ligand bind-
ing, making coregulator exchange a key feature in transcrip-
tional functions of nuclear receptors (16).

The ligand-binding domain (LBD) of nuclear receptors me-
diates the ligand-dependent transactivation function through
activation function 2 (AF-2), which serves as a binding surface
for a diverse set of coactivators (12). AF-2 is comprised of a
hydrophobic cleft formed by 3 (H3, HS, and H6) of the 11
helices constituting the LBD and a short amphipathic alpha-
helix referred to as the AF-2 helix (8). AF-2-dependent coac-
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tivators encode one or more signature motifs of a consensus
sequence LXXLL (where L is a leucine and X is any amino
acid) which also form amphipathic alpha-helices (20). The
LXXLL helix fits into the hydrophobic cleft of a liganded
receptor and this interaction is stabilized by the presence of the
AF-2 helix (39, 46, 57). Receptor-specific utilization of
LXXLL-containing motifs is dictated by adjacent amino acid
residues (9, 33, 36), and peptides containing such motifs have
been shown to antagonize the activity of nuclear receptors with
great specificity (3, 40).

Corepressors such as N-CoR and SMRT have an autono-
mous repression domain and interact with unliganded non-
steroid receptors (4, 7, 19, 22, 30, 32, 44, 47, 59) as well as to
antagonist-bound steroid receptors (25, 31, 48). Like coactiva-
tors, these proteins encode an extended amphipathic helix
whose sequence contains the residues ®XXP®P (where ® is a
hydrophobic residue and X is any amino acid) (23, 38, 41). In
a manner analogous to the LXXLL-containing motifs, muta-
tional analysis has suggested that this extended helix also
makes contacts with residues in the hydrophobic pocket but is
not dependent on the charged clamp and the AF-2 helix (38,
41). Indeed, deletion of the AF-2 helix enhances corepressor
binding (4), suggesting that the helix does not play an active
role in nuclear receptor-corepressor recognition.

RORa (retinoic acid receptor related orphan receptor o)
(NR1F1) is a constitutively active orphan nuclear receptor that
plays a vital role in cerebellar development, lipid metabolism,
and neoplasia (reviewed in reference 14). Disruption of the
rora gene in mice leads to the staggerer phenotype, which is
characterized by depletion of Purkinje cells and severe cere-
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bellar ataxia (10, 18, 35, 50). Transcription of ROR« target
genes can be regulated by passive repression. This mechanism
involves competition for binding to the same response element
with Rev-erbAa (NR1D1) and RVR (NR1D2) orphan nuclear
receptors which lack an AF-2 helix (11, 13, 43). Repression of
RORa-regulated gene expression may be functionally signifi-
cant, as generation of a null mutation in the gene encoding
Rev-ErbAa results in delayed Purkinje cell differentiation,
suggesting that inhibiting the expression of RORa-induced
genes is required for maturation of these cells (5). A third
factor known to be important for cerebellar development is
thyroid hormone (T;). T5 deficiency affects a number of de-
velopmental processes in neonatal cerebellum, including cell
migration, differentiation, and synaptogenesis (28). Thus, cer-
ebellar development is likely to be regulated through the cross
talk of T;R, RORa, and Rev-ErbAa nuclear receptors.

A search for Ts-regulated genes in the cerebellum resulted
in the isolation of the rat hairless (hr) gene (52). hr is expressed
at high levels shortly after birth and is a direct target gene of
T,, as it has a potent T response element and is rapidly
induced even in the absence of protein synthesis (52, 54).
Multiple mutant /Ar alleles have been described that result in
the hairless phenotype both in mice (51) and in humans (1, 6).
The hr gene product (Hr) has been shown to be a corepressor
that mediates transcriptional repression by unliganded T;R
(42, 53). Hr interacts with histone deacetylases and localizes to
matrix-associated deacetylase bodies, indicating that the mech-
anism of Hr-mediated repression is similar to those of other
corepressors (42).

Given the potential cross talk between T;R and RORa in
cerebellar development, we investigated whether Hr was a
common cofactor of these regulatory pathways. Here we show
that Hr is a potent repressor of RORa transcriptional activity
and that the specificity of the interaction between Hr and
RORa is dictated by the primary structure of the AF-2 helix.
These results define a novel role for the AF-2 helix in core-
pressor/nuclear receptor interactions and suggest that Hr,
RORa, and T5R belong to a common ligand-based develop-
mental regulatory network.

MATERIALS AND METHODS

Yeast two-hybrid assay. The yeast two-hybrid assay was performed as previ-
ously described (21, 53). pLexA-Hr 568-1207, pLexA-Hr 782-1207 and
pLexA-Hr 568-784 have been described previously (42, 53). pVP16-RORa was
constructed by excising the RORa LBD from pCMXGAL4hRORa, g, by di-
gestion with EcoRI and BamHI and inserting the fragment into the EcoRI-
BamHI sites of pVP16 (21).

Plasmid construction. pCMX-VP16hRORal was made as follows: pCMX-
hRORal, described elsewhere (15), was digested with NotI/BamHI restriction
enzymes, yielding a 1.7-kb fragment (including amino acids 22 to 523) and cloned
into the NotI/BamHI sites of pPCMXVP16y containing a NotI linker. pPCMX-
Flag-hRORa1 was made by introducing by PCR EcoRI and BamHI sites at the
5" and 3’ ends, respectively, of RORa (amino acids 1 to 523) and cloning into
pCMX-FLAG vector. pPCMXGAL4hRORa; g, which encodes amino acids 270
to 523, was constructed by cloning in frame an EcoRV/BamHI fragment from
pCMXhRORal downstream of the GAL4 DNA-binding domain (DBD) se-
quence. pPKShRORal, g, was constructed by cloning the same EcoRV/BamHI
fragment into pBluescript KS II (Stratagene, La Jolla, Calif.). pKS-RORq; g
was used as a template for site-directed mutagenesis, generating the following
LBD mutants: C288F, W320A, C323A, E329A, A330T, V335R, K339A, 1353A,
K357A, L361F, V364G, F365Y, M368A, A371G, Y380A, D382V, G395D,
F399Y, H484A, L488A, F491A, F503A, L506R, Y507A, E509K, and L510A.
Mutations were verified by sequencing followed by subcloning of the EcoRV-
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BamHI fragment into the pCMX-hRORa1 backbone. pPCMX-RORaAAF2 was
generated by mutating ES09A, L510A, F511A, and T512A residues of helix 12.
pCMX-RORaV335R/AAF2, K339A/AAF2, 1353A/AAF2, and K357A/AAF2
were generated by subcloning a 509-bp Xbal/BamHI fragment encoding the
mutated H12 into the pPCMX-RORa cleft mutant backbone.

The mouse RORB and RORy cDNAs were isolated from a brain and skeletal
muscle Agtll cDNA library (Clonetech), respectively. Both pCMXmROR and
pCMXmRORYy were generated by subcloning EcoRI fragments containing the
full-length cDNAs for both RORB and RORY, respectively, into pCMX expres-
sion vector.

pRKS5-myc-rhr has been described elsewhere (42). pRKS-myc-rhr was used as
a template for site-directed mutagenesis using Pfu polymerase (Stratagene),
generating Hr,,; (L586A), Hr,,,, (L589A, L590A), Hr,,; (L781A, L782A), Hr,,,,
(I820A, 1821A), Hr,,5 (L589A, L590A, L781A, L782A), Hr,,,, (L586A, L781A,
L782A), Hr,,; (L589A, L591A, I820A, I821A), and Hr,g (L781A, L782A,
1820A, 1821A). These and all subsequent mutations were verified by sequencing.
To generate pPCMXGAL4-Hrsgg 1597, @ 2.21-kb HindIII fragment from rat Hr
was blunted using Klenow, and BamHI linkers were added and ligated into the
BamHI site pPCMXGAL4. pCMXGAL4-Hrsgg 754 Was constructed by digesting
PCMXGALA-Hrsgg. 1207 With Nhel, isolating the vector fragment, and religating,
resulting in the deletion of the Hr sequences downstream of the Nhel site at
position 2732 of the cDNA. pCMX-HrR'P encompassing amino acids 568 to 784
was generated by adding by PCR Asp718 and BamHI restriction sites at the 5’
and 3’ ends of this region, respectively, followed by subcloning into the pCMX
backbone.

pCMXhRARa and pCMXhRXRa were described elsewhere (56). pCMX-
hRARa-R was constructed by site-directed mutagenesis using Pfu polymerase of
pCMXhRARa template, introducing a 5-amino-acid change in the AF-2 helix:
1410Y, Q411K, M413L, L414F, and E414T. These were verified by sequencing,
followed by subcloning of a 286-bp Smal fragment encoding the mutations into
the pCMXhRARa backbone. Reporter constructs ROREa2;TKLuc,
UAS,TKLuc, and TREpal;TKLuc were previously described (15, 55). pCMX-
HA-RARa-R and pCMX-HA-RARa« were constructed by the following method.
Hemagglutinin (HA) tag (CYPYDVPDYASLEF)-annealed oligonucleotides
flanked by Clal and EcoRI at the 5" and 3’ end, respectively, were cloned
between the Clal/EcoRI sites of pCMX, yielding pCMX-HA. Amino acids 2 to
462 of pCMXhRARa and pCMXhRARa-R was amplified by PCR. EcoRI and
BamHI sites were introduced at the 5" and 3’ ends, respectively, followed by
subcloning into the pCMX-HA vector.

The receptor interacting domains (RID) of the steroid receptor coactivator
(SRC) family members were amplified by PCR using Pfu polymerase and oligo-
nucleotides that introduce a BamHI and an EcoRI site on the 5’ and 3’ ends,
respectively, followed by subcloning into the BamHI/EcoR1I sites of the pGEX2T
vector. pGEX2TmSRClag;, includes amino acids 565 to 787, pGex2T
mGRIP1g;p includes amino acids 563 to 767, and pGEX2Tmp/CIPg,, includes
amino acids 547 to 785. pRKSmyc-rHr and pRKSmyc-rhr,, ;. were digested
with HindIII and Sacl restriction enzymes, generating an 891-bp fragment, en-
coding amino acids 568 to 864; blunted using Klenow; and ligated into pGEX2T
vector digested by Smal, yielding pGEX2T-rHrssg 754 and pGEX2T-rHr ;s
The RID of SMRT (amino acids 1080 to 1495) was amplified by PCR and cloned
into the BamHI-EcoRI site of pGEX-2T vector, yielding pGEX2T-SMRTg
(provided by M. Latreille, McGill University).

Protein expression and GST pull-down assays. The various bait constructs
were transformed in Escherichia coli DHSa. GSTSRClagp, glutathione S-trans-
ferase (GST)-GRIPlgyp, GST-P/CIPg;p, GST-Hr, GST-Hr,,; s, and GST-
SMRTg;p, protein expression was induced with 0.5 mM isopropylthiogalactopy-
ranoside (IPTG) at 37°C for 3 h. Bacterial extracts were prepared by sonication
in a 1% Triton-X phosphate-buffered saline solution. The amount of bacterial
extract used in each experiment was determined based on a Coomassie stained
sodium dodecyl sulfate (SDS)-10% polyacrylamide gel, used to determine equal
protein expression. The bacterial extracts were bound to 30 pl of a 50% slurry of
glutathione-Sepharose beads (Pharmacia Biotech) in NET-N buffer (150 mM
NaCl, 1 mM EDTA, 50 mM Tris-HCI [pH 8.0], 1.0% TritonX-100, 1 pM
leupeptin, 0.1 mM phenylmethylsulfonyl fluoride) for 30 min of mild rotation at
4°C. The beads were then washed twice in GST-binding buffer (20 mM HEPES
[pH 7.9], 150 mM KCl, 0.1% 3-{[3-cholamidopropyl]dimethyl-ammonio}-1-pro-
panesulfonate [CHAPS], bovine serum albumin [20 wl/ml], 0.1 mM phenylmeth-
ylsulfonyl fluoride, 1 mM leupeptin). Five microliters of in vitro-translated
[3*S]methionine-labeled proteins, using T\ T rabbit reticulocyte lysate (Promega,
Madison, Wis.), was added to the beads in a final volume of 150 ul of GST-
binding buffer and incubated for 1 h 30 min at 4°C with mild rotation. The
complexes were washed twice in GST-binding buffer. They were then resus-
pended in 1X SDS sample buffer and boiled for 5 min prior to loading on an
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SDS-10% polyacrylamide gel. The gels were fixed in 25% isopropanol/10%
acetic acid, followed by treatment with the fluorographic reagent Amplify (Am-
ersham Life Science), dried and exposed.

Cell culture and transient transfection. Cos-1 cells obtained from the Amer-
ican Type Culture Collection were cultured in Dulbecco’s minimal essential
medium containing penicillin (25 U/ml), streptomycin (25 U/ml), and 10% fetal
calf serum at 37°C with 5% CO,. Twenty-four hours prior to transfection the
cells were split and seeded in 12-well plates. The cells were transfected with
FuGENE 6 transfection reagent (Roche Diagnostics), following protocol sup-
plied by the manufacturer, and harvested 24 h after transfection. Typically, 0.05
wg of receptor plasmid, 0.5 pg of pRKS-mycrhr, 0.5 ng of reporter plasmid, and
0.25 pg of internal control pCMVBGal were transfected per well. For the mam-
malian two-hybrid assay, 0.2 ug of pPCMXVP16hRORal, 0.01 pg of pCMX-
GALA4-rHr, 0.5 ng of pPCMX-UAS, TKLuc, 0.25 pg pof CMVBGal, and pBlue-
script KS plasmid were added to a total of 1 wg DNA per well. For transfection
of RARa/RARa-R, the cells were seeded in Dulbecco’s minimal essential me-
dium supplemented with 10% charcoal-dextran-treated fetal calf serum 24 h
prior to transfection. Four hours after transfection, the cells were washed twice
with 1X phosphate-buffered saline and fresh medium was added containing
ethanol (vehicle) or all-trans retinoic acid (at-RA) to final concentration of 10~#
M. Cells were then harvested 16 h later and assayed for luciferase and B-galac-
tosidase. Per well, 0.05 ug of pPCMXhRARo/hRARa-R and pPCMXhRXRa, 0.25
pg of pRKS-mycrhr, 0.5 pg of TREpal;TKLuc, and 0.25 pug of pPCMVBGal were
transfected.

Immunoprecipitation and Western blotting. Cos-1 cells were transiently trans-
fected with 5 ug of pPCMX-FlagRORa, pPCMX-HAhRAR«, pCMX-HAhRARa-
RpRKS5-mycrHr as described above. Cells were lysed in IP buffer (1% NP-40,
10% glycerol, 150 mM NaCl, 50 mM Tris-HCI [pH 7.5]) supplemented with
protease inhibitor cocktail (Complete Mini EDTA-free; Roche Diagnostics).
Lysates were incubated with either Flag antibody (Sigma), HA antibody (Upstate
Biotechnology), or Hr antibody (MD9-Hr) overnight at 4°C, with gentle rotation.
Proteins were collected on either protein A- or protein G-Sepharose for 3 h at
4°C with mild rotation and then washed three times with low-salt buffer (1%
NP-40, 50 mM Tris-HCI [pH 8.0]). Immunoprecipitates were resolved by SDS-
polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane,
and immunoblotted with Flag antibody, HA antibody (Covance), or Hr antibody.
Proteins were visualized with the POD chemiluminescence kit following manu-
facturer’s instructions (Roche Diagnostics). Immunoblotting for detection of Hr
mutant proteins was similarly done using lysates from transiently transfected
Cos-1 cells and immunoblotting with Hr antibody.

RESULTS

RORa« shares functional and structural determinants with
classic nuclear receptors. The amino acid residues involved in
forming the hydrophobic cleft required for coactivator inter-
action are highly conserved among members of the nuclear
receptor superfamily. Formation of this hydrophobic cleft is
also dependent on the AF-2 helix. Recently, resolution of the
crystal structure of RORB LBD demonstrated that the mem-
bers of the ROR family share the same canonical fold de-
scribed for other nuclear receptors, with an additional 2 alpha-
helices (49). The presence of a functional ligand binding
pocket (LBP), a hydrophobic cleft and AF-2 helix at the sur-
face of RORB LBD is maintained. We first used site-directed
mutagenesis to assess the involvement of these determinants in
RORa constitutive transcriptional activity and their interac-
tion with the three members of the SRC family of coactivators.
Residues were targeted according to previous functional anal-
yses of nuclear receptor/coactivator interaction demonstrating
the importance of specific conserved residues in these interac-
tions (Fig. 1A). As shown in Fig. 1B, mutation of residues
participating in the formation of the hydrophobic cleft resulted
in complete loss of RORa transcriptional activity when as-
sayed by transient transfection with a reporter plasmid consist-
ing of the monomeric RORE linked to the basal thymidine
kinase promoter. The loss of RORa transcriptional activity is
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correlated with loss of interaction with members of the SRC
family of coregulators as measured in a GST pull-down assay
(Fig. 1C). These results extend observations previously made
using mutant Gal4dDBD-RORa chimeras and GRIP-1 (2) to
the native RORa and all members of the SRC family. ROR«
differs from other nuclear receptors with respect to the impor-
tance of K357 in H4. This residue has been shown to be
required for the formation of a functional coactivator surface
(12). Mutation of K357A does not affect ROR« transcriptional
activity (Fig. 1B), and interaction with SRC family members
remains unhindered (Fig. 1C). This is in agreement with data
provided by the ROR crystal structure, in which this residue
was not shown to make contact with SRC LXXLL helix.

X-ray structure analyses complemented by extensive muta-
tional studies of nuclear receptor LBDs have defined the de-
terminants required for high-affinity ligand binding (reviewed
in reference 58). By analogy with data derived from analysis of
RAR<y and RORR, we have generated a set of RORa mutants
carrying point mutations that, in the context of RARy and
RORB, either abolish or significantly diminish the ability to
recognize their cognate ligands, thus hampering their ability to
transactivate (Fig. 1A). As seen in Fig. 1D, for 12 of 19 mutant
receptors transcriptional activity was diminished by more than
50%. All mutant receptors were expressed at similar levels as
measured by Western blot analysis (data not shown). These
results strongly suggest that the transcriptional activity of
RORa is regulated by a ligand present endogenously in cul-
tured cells. This data also lends support to the differences
within the ligand binding pocket (LBP) of ROR family mem-
bers. Particularly, residues A330, L361, and F399 are required
for ligand binding for both RORP and RARy (Fig. 1A) but are
not required for ligand binding by ROR«, leading to transac-
tivation levels equivalent to wild type (Fig. 1D). In general,
RORa, RORB, and RORYy likely share the same overall struc-
ture, but significant differences within the LBP would allow
each receptor to discriminate their respective ligands.

Hr is a repressor of orphan nuclear receptor RORa. Hr is a
newly identified nuclear receptor corepressor that has been
shown to interact specifically with T;R (42, 53). While the Hr
protein does not share sequence identity with previously char-
acterized nuclear receptor corepressors, it encodes four nu-
clear receptor interaction motifs (Fig. 2A). Two motifs have
the coactivator LXXLL-containing consensus sequence, and
two include the sequence ®XXPd, which is thought to medi-
ate corepressor interaction. Since RORa and T;R may be part
of a common regulatory pathway controlling cerebellar devel-
opment, we investigated whether Hr could also modulate
RORa transcriptional activity. As shown in Fig. 2B, coexpres-
sion of Hr and RORa« leads to nearly complete inhibition of
the potent constitutive transcriptional activity displayed by
RORa. Given the high degree of identity and functional sim-
ilarity between members of the ROR family (14), we next
tested whether Hr could inhibit the activity of the RORP and
v isoforms. Hr antagonizes the transcriptional activity of
RORP and RORYy (Fig. 3B), indicating that Hr is a corepres-
sor of all ROR isoforms and that Hr interaction determinants
are likely conserved within the family.

The presence of nuclear receptor interaction motifs within
Hr and the ability to repress transcriptional activity by all ROR
isoforms indicated that Hr might interact with the ROR LBD.



MoL. CELL. BIOL.

mutation
mutation

MORAITIS ET AL.

6834

g

RORa
K339A | 4
E500K |##

GST
.20¢%

nwod

. -
K357A | @ (.

VOIS
60S3
H9051
V.LSEM
YESEl

VBEEM
HSEEA

OHOH
XWwo

1 1 1 1
o =] o
w o m
" i o

AuAioe ©HOH%

200

200

Aynnoe ©HOY %



VoL. 22, 2002

To assess this possibility, we first generated a chimeric protein
in which the DNA binding domain of the yeast Gal4 transcrip-
tion factor was linked to the LBD of RORa (Fig. 2C). When
transiently expressed in Cos-1 cells with a Gal4UASLuc re-
porter plasmid, the Gal4-RORa™®P chimera displays consti-
tutive transcriptional activity as potent as the activity generated
by the native receptor. Similarly, the transcriptional activity of
the Gal4-RORa"®P chimera is completely abolished by Hr,
demonstrating that repression is mediated through the LBD
and is independent of the reporter gene used in the assay.

We next tested whether the region of Hr encoding the nu-
clear receptor interaction motifs was sufficient to promote Hr/
RORa interaction. Figure 3A depicts the result of a yeast
two-hybrid experiment in which fragments of Hr were fused
with the LexA DBD and the activation function of VP16 was
fused to RORa. Both the carboxy-terminal fragment
(Hr>°81297y and an internal fragment (Hr °®*7%%) interact with
RORa. Surprisingly, Hr***7®* contains the two coactivator
interaction LXXLL motifs, while the noninteracting fragment
(amino acids 782 to 1207) contains the two corepressor motifs
previously shown to mediate interaction with T;R (42). Anal-
ysis of Hr-ROR interaction in a mammalian two-hybrid exper-
iment gave similar results (Fig. 3B). Fragments of the Hr
protein were fused to the Gal4 DBD while the activation func-
tion of VP16 was fused to RORa. The resulting constructs
were cotransfected in Cos-1 cells together with a Gal4 up-
stream activation sequence reporter and interaction was mea-
sured by luciferase assay. As shown, both the carboxy-terminal
Hr fragment (amino acids 568 to 1207) and the smaller internal
fragment (amino acids 568 to 784) interact with RORa in
mammalian cells. These results indicate that it may be the
coactivator binding motifs and not the corepressor interaction
motifs that play a role in Hr-RORa interaction.

Direct interaction between RORa and Hr was tested using
GST pull-down experiments. As shown in Fig. 3C, native
RORa interacts very weakly with Hr but strongly with SRC-1.
However, it has been observed that interaction between nu-
clear receptors and corepressors such as SMRT and N-CoR is
enhanced upon inactivation of the AF-2 helix (4). We thus
generated an AF-2 helix-deficient form of RORa and tested its
ability to bind to Hr in vitro. The AF-2 helix-deficient ROR«
mutant displays a complete reversal in binding activity: strong
interaction with Hr and a total loss of its ability to bind SRC-1.
We next tested whether Hr interacts with RORa in vivo. As
shown in Fig. 3D, Flag-tagged RORa coimmunoprecipitates
with Hr in transiently transfected Cos-1 cells. Although the
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AF-2 helix hinders Hr binding in vitro, this is not the case in
vivo, where interaction between RORa and Hr occurs. This
suggests that a third component required for Hr binding is
missing in the in vitro system. One explanation for this phe-
nomenon is that posttranslational modification of RORa may
influence the dynamics of the AF-2 helix, promoting interac-
tion with Hr. There are three species detected by the Flag
antibody, which may represent posttranslationally modified
forms of RORa. A second possibility is that a third protein
acting as a bridging factor is required as a ternary partner for
RORa-Hr interaction.

Repression of RORa activity by Hr is dependent on two
LXXLL motifs. While the above results indicate that Hr-
RORa binding is mechanistically similar to that of a classic
nuclear receptor-corepressor interaction, based on our dele-
tion analysis (Fig. 3A), its interaction with RORa appears to
be dictated through coactivator-like recognition motifs. To test
this hypothesis, we introduced a series of point mutations in
three of the nuclear receptor recognition motifs (Fig. 4A) and
assayed the ability of the mutated Hr to repress RORa tran-
scriptional activity in Cos-1 cells. All mutants were expressed at
similar levels as shown by the Western blot (Fig. 4B, lower
panel). As shown in Fig. 4B (upper panel), mutations of the
proximal leucine residue (Hr™') and two distal leucine resi-
dues (Hr™?) in the first LXXLL motif leads to an ~50% loss
in Hr repressive activity. Likewise, mutation of the two distal
leucine residues in the second LXXLL motif (Hr™?) also re-
sults in a sharp diminution of Hr activity. In contrast, muta-
tions within the ®XX®d motif (Hr™*) have no deleterious
effect on Hr function. However, the ability of Hr to repress
RORa activity was completely lost when combinations of mu-
tations in both LXXLL were introduced in Hr (Hr™ and
Hr™®). Combinations of mutations in either LXXLL motif
together with the ®XX®® motif (Hr™” and Hr™®) resulted in
Hr mutants with activity similar to that of the individual
LXXLL mutants. Finally, the GST pull-down experiment
shows that the levels of in vivo activity displayed by Hr mutants
correlate well with their RORa binding activity in vitro (Fig.
4C). Unexpectedly, these results demonstrate that the repres-
sive activity of Hr is dependent on the presence of the two
LXXLL motifs rather than the ®XX®PP motifs.

Since Hr binds to RORa« via LXXLL motifs, a mechanism
shared by coactivators such as SRC-1, repression of RORa
activity by Hr may occur by occluding coactivator binding. To
test whether Hr LXXLL motifs and SRC LXXLL motifs share
the same determinants at the surface of the RORa LBD, we

FIG. 1. RORa shares common structural and functional determinants with classic nuclear receptors. (A) Primary sequence of RORB, RORa,
and RARYy ligand binding domains. Amino acids involved in the LBP identified by crystallographic analysis are highlighted in red. Amino acids
essential for AF-2 activity and known to participate in ligand binding targeted for site-directed mutagenesis are circled and boxed, respectively.
The respective amino acid change is indicated below the sequence. The secondary structure is represented by black bars for the «-helices and
arrows for the B-sheets. (B) RORa hydrophobic cleft mutants (V335R, K339A, and I353A) and AF-2 helix mutants (L506R, ES09K, and L510A)
are transcriptionally inactive in transfected Cos-1 cells, with the exception of the cleft mutant K357A. Normalized values are calculated in terms
of percent ROR« activity with respect to wild type. These results are the average of three independent experiments. (C) Binding of ROR« and
hydrophobic cleft (K339A, K357A) and AF-2 helix (E509K) mutants to SRC proteins. GST-SRC1aR"™, GST-p/CIPR'P, and GST-GRIP1®™ fusion
proteins were coupled to Sepharose beads incubated with **S-labeled RORa, RORa®**%* RORa***74, and RORa™"X., The input lane (i)
represents 10% of total lysate included in the binding reaction. (D) Cos-1 cells were cotransfected with RORa LBP mutants and RORE«2;-TkLuc
reporter. Normalized luciferase values are expressed as percent activity with respect to wild-type RORa. These results are the average of three
independent experiments.
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FIG. 2. Hr represses ROR transcriptional activation. (A) Sche-
matic representation of the Hr protein containing two LXXLL motifs
(LXD1 and LXD?2) and two ®XXd®P motifs (PxD1 and &xD2). The
numbers above indicate amino acid positions. (B) Hr represses RORa,
-B, and -y constitutive transcriptional activities. Cos-1 cells were co-
transfected with hRORa, mRORB, mRORY, and RORE«a2;-TKLuc
in the absence (open bars) or the presence (black bars) of Hr. (C) Hr
represses RORa activity on a heterologous promoter through its LBD.
Schematic representation of the Gal4-RORaLBD. Numbers above
indicate the amino acid positions. Cos-1 cells were cotransfected with
Gal4-RORaLBD, Hr, and UAS,TKLuc. Normalized values are pre-
sented in relative luciferase units (RLU). A representative experiment
of three independent experiments is shown. Error bars represent the
standard deviation between duplicate samples.

generated constructs containing both mutations in the hydro-
phobic cleft and the AF-2 helix and tested their ability to
interact in vitro with Hr in a GST pull-down assay (Fig. 4D).
Mutation of residues (V335, K339, and 1353) which are impor-
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tant for SRC-1 binding did not affect binding of Hr. This
suggests that although Hr and SRC share similar recognition
helices, they do not compete for the same molecular determi-
nants at the surface of the RORa LBD. We next used a
putative dominant negative Hr construct containing only the
RID and cotransfected it with both wild-type Hr and RORa.
Hr®'™® did not affect RORa transcriptional activity but did
hinder Hr repression. This demonstrates that Hr®™ indeed
acts as a dominant negative for Hr action, and importantly, it
does not displace endogenous coactivators.

Specificity of Hr nuclear receptor targets is conferred by the
AF-2 helix. RORa« is closely related to RARa, yet Hr does not
bind RARa (42, 53). Given that coactivator-type binding mo-
tifs mediate RORa binding, we hypothesized that the specific-
ity of Hr for ROR« is conferred by the AF-2 helix. Previous
observations that the C-terminal domain of ROR is func-
tional in the context of the RARa LBD (17) suggested that a
RARa/RORa chimera could constitute a useful tool to test
this idea. Thus, to determine if Hr binding could be transferred
to a heterologous receptor, we generated a RARa mutant
receptor in which the primary amino acid sequence of the AF-2
helix was changed to that of ROR«, a change of only 5 amino
acids (RARa-R) (Fig. 5A). We first tested whether the
RARa-R chimeric protein retained the transcriptional prop-
erties of wild-type RARa. Using an in vitro GST pull-down
assay, we showed that the RARa-R chimera is able to bind
SRC-1 in a ligand-dependent fashion as well as its wild-type
RAR« counterpart (Fig. 5B). Similarly, the RARa-R chimera
interacts with SMRT in the absence of retinoic acid and this
interaction is abolished by the addition of ligand (Fig. 5C).
These observations not only demonstrate that the RARa-R
mutant is functional but, perhaps more importantly, that the
AF-2 helix of RORa functions properly in the context of a
liganded receptor, adding support to the hypothesis that
RORa activity is indeed regulated by an endogenous ligand.
Next, we tested the chimeric receptor for transcriptional activ-
ity. As expected, RARa activated gene transcription in re-
sponse to at-RA in a transient-transfection assay (Fig. 5C).
This response was not affected by the presence of Hr. Strik-
ingly, RARa-R showed retinoic acid-dependent transcrip-
tional activity, and cotransfection of Hr dramatically decreased
the transcriptional activity of RARa-R. Finally, we show that
the observed repression of the modified RARa-R is due to
recruitment of Hr. As shown in Fig. 5E, the complex immu-
noprecipitated with the Hr antibody contains RAR«-R but not
wild-type RARa. The specificity of interaction between Hr and
RARa-R is further highlighted by the observation of a slight
decrease in interaction between these two proteins in the pres-
ence of retinoic acid, possibly reflecting a competition between
Hr and coactivator complexes. These results clearly demon-
strate that the specificity of Hr interaction with nuclear recep-
tors resides within the AF-2 helix. Furthermore, these data also
show that unlike other corepressors whose interaction with
nuclear receptors is disrupted upon ligand binding (4, 22), Hr
repression of RARa-R activity occurs in the presence of li-
gand. These results suggest that Hr function is unhindered by
the presence of ligand in the context of the AF-2 helix of
RORa, and thus Hr constitutes a distinct type of nuclear re-
ceptor corepressor.
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DISCUSSION

Nuclear receptors are transcriptional regulators capable of
both activating and repressing specific gene networks in re-
sponse to developmental and physiological cues. The choice
between activation and repression is thought to depend on
specific, mutually exclusive interactions with coactivators and
corepressors. These interactions take place through common
surface determinants in the receptor LBD and are tightly reg-
ulated by ligand binding (reviewed in reference 16). This pro-
posed mode of action constitutes an elegant and simple mo-
lecular mechanism through which a family of ligand-dependent
transcription factors can efficiently and precisely control the
expression of target genes.

The existence of constitutively active orphan nuclear recep-
tors whose activity might be continuously stimulated by the
presence of ubiquitous ligands (reviewed in reference 14) sug-
gests that this class of nuclear receptors may utilize related but
distinct molecular mechanisms to regulate their transcriptional
functions. Here, we describe the functional interaction be-
tween RORa, a constitutively active orphan nuclear receptor,
with a novel corepressor, the Hr protein. This study shows a
novel function for Hr as a potent ligand-oblivious nuclear
receptor corepressor. Strikingly, these results demonstrate that
the targets of nuclear receptor corepressors can be specified by
determinants encoded within the AF-2 helix.

Hr is a bifunctional corepressor. Despite its lack of se-
quence identity with previously described corepressors such as
SMRT and N-CoR, Hr has been shown to function as a nuclear
receptor corepressor (42, 53). Hr interacts directly and specif-
ically with T;R and can mediate transcriptional repression of
unliganded T;R. Interaction with T;R is mediated by two
OXXPP-containing domains, and Hr likely mediates tran-
scriptional repression through associated histone deacetylase
activity (42). These data suggest that in the context of T;R, Hr
functions in a manner similar to SMRT and N-CoR.

The finding that Hr, the same protein that can mediate
ligand-independent repression by T5R, can also influence the
activity of a constitutively active orphan receptor indicates that
Hr can serve multiple roles in mediating transcriptional repres-
sion. Evidence that RORa may bind to an as-yet-unknown
ligand suggests that Hr interacts with ligand-bound RORaq,
exactly the opposite of its mechanism of action on T;R. This
assumption is clearly validated by the observation that Hr
represses transcriptional activation by the retinoic acid-acti-
vated chimeric RARa-R protein (Fig. 5). Thus, Hr is a bifunc-
tional corepressor, which can interact with different classes of
nuclear receptors through distinct, well-conserved interaction
domains: with T;R through ®XX®PP motifs (42) and with
RORa via two LXXLL motifs (Fig. 4).

The interaction of Hr with RORa through coactivator type
binding motifs suggests that Hr might compete for coactivator
binding. However, our results show that Hr interaction with
RORa does not require the same molecular determinants on
the surface of the LBD. In addition, expression of the minimal
region of Hr shown to bind RORa does not hinder transcrip-
tional activation as would be expected if Hr interaction dis-
placed coactivator binding. Thus, repression of ligand bound
RORa by Hr is not due to mere competition or occlusion of
the coactivator binding site, but instead likely occurs through
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FIG. 4. Hr repression requires intact LXXLL motifs. (A) Schematic representation of the Hr protein. Hr,,;-Hr_ 4 encoding point mutations
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expression vectors, as shown at the bottom of the panel. Extracts were immunoblotted with Hr antibody. (C) Hr repression correlates with RORa
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between duplicate samples. This is one representative experiment of three.

one or more of the independent repression domains previously
defined in Hr (42).

The AF-2 helix dictates corepressor binding specificity. Bio-
chemical and X-ray crystallographic studies have shown that
the AF-2 helix plays a crucial role in controlling the assembly
of nuclear receptors and coactivator proteins (9, 39, 46, 57).

The AF-2 helix participates in the formation of a charged
clamp defined by highly conserved residues among nuclear
receptors, suggesting a shared structural role for the AF-2 helix
in the common mechanism for coactivator binding with nuclear
receptors. This study reveals for the first time that the AF-2
helix can also mediate binding between a corepressor and a
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nuclear receptor. Indeed, introduction of the AF-2 helix se-
quence of RORa within the otherwise-intact RAR«, a change
of only 5 amino acids, allowed Hr to repress the transcriptional
activity of the mutant RARa (Fig. 5). Thus, the primary amino
acid sequence of the AF-2 helix can dictate binding specificity
between a corepressor and a nuclear receptor. This observa-
tion implies that nuclear receptor AF-2 helices, although
highly conserved, encode unique determinants that dictate co-
regulator interactions. This mechanism parallels the code em-
bedded within the LXXLL and ®XX®® motifs that confers
interaction specificity to coactivators and corepressors (3, 9, 23,
36, 38, 40, 41, 45).

We have shown that in vitro, the RORa LBD is in an active
conformation, favoring coactivator interaction and exerting an
inhibitory influence on Hr binding. This implies that the AF-2
helix masks the molecular determinants required for Hr bind-
ing, which may be otherwise unveiled in the presence of the
corepressor under the appropriate conditions. For example, a
tertiary protein may be necessary to anchor the AF-2 helix
away from the surface of the LBD and allow Hr binding.
Alternatively, phosphorylation may also be an important com-
ponent influencing the dynamics of the AF-2 helix and enhanc-
ing Hr binding, thus shifting ROR« into a repressed state. It
has previously been shown that the affinity of peptides encod-
ing LXXLL motifs for ROR« is increased in the presence of
Ca®"/calmodulin-dependent protein kinase IV (27).

Convergence of ROR and Hr function in vive. The func-
tional significance of the interaction between Hr and RORa«a
described in this study is clearly demonstrated by the degree to
which Hr can repress RORa-mediated transcriptional activa-
tion and is likely to be of biological importance. Mutations in
the gene encoding ROR« result in the staggerer phenotype,
which is characterized by severe ataxia and defects in both
Purkinje and granule cells (10, 18, 35, 50), suggesting that
RORa is necessary for Purkinje cell survival. Interestingly,
although Ar is abundantly expressed in cerebellar granule cells,
it is not present in Purkinje cells (52). This predicts that in
Purkinje cells in which RORa activity is essential for survival,

FIG. 5. ROR«a AF-2 helix dictates specificity of Hr repression func-
tion. (A) Schematic representation of RORa and RARa, whose AF-2
helix is represented by a solid and an open box, respectively. RARa-R
is a chimeric RARa encoding the RORa AF-2 helix. For GST pull-
down assays, *°S-labeled RARa and RARa-R were incubated with
GST, GST-SRC1®'® (B), or GST-SMRTR'P (C) in the absence (eth-
anol) or the presence of 10 °M at-RA. Input (i) represents 10% of the
labeled protein used in a binding reaction. (D) Cos-1 cells were co-
transfected with TREp;-TkLuc, pCMX (control), hRARa/hRXRa
(RAR@), or hRARa-R/hRXRa (RARa-R) in the absence (—) or the
presence (+) of Hr. Cells were treated with ethanol (open bars) or
with 107® M at-RA (closed bars). Normalized values are expressed in
relative luciferase units (RLU). Error bars represent the standard
deviation between duplicate samples. This is a representative experi-
ment of a total of three independent experiments. (E) Hr interacts
with RARa-R. Cos-1 cells were transiently transfected with pRKS-
myc-rthr, pCMX-HA-RARa-R, or pCMX-HA-RARa. Cells were
treated with ethanol (=) or 107® M at-RA (+). Cell lysates were
subjected to immunoprecipitation (IP) with HA antibody, Hr antibody,
or rabbit immunoglobulin G (as negative control), followed by immu-
noblotting with anti-HA or anti-Hr. The input lanes (i) represents 40%
of lysate used in each IP.
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the receptor can function optimally. Given the developmental
and tissue-specific expression of Hr (1, 52) and members of the
ROR family (14), Hr likely acts as a developmental and tissue-
specific inhibitor of ROR family members in which the level of
Hr expression regulates the amount of ROR activity. More
importantly, the expression of Hr is hormonally regulated (52),
providing a means to control RORa activity in response to
exogenous stimuli. Notably, T also influences cerebellar de-
velopment, predicting the convergence of ROR and thyroid
hormone signaling pathways during the development of the
cerebellum (18). These results provide the first direct evidence
linking Ts;-dependent and ROR-dependent developmental
processes.

Conclusion. The identification of Hr as a potent repressor of
RORa transcriptional activity and the investigation into the
molecular mechanisms regulating the interaction between the
two proteins have revealed significant new insights into how
RORa regulates gene expression. We have shown that RORa
constitutive activity is likely dependent on the presence of an
endogenous ligand and that a new class of nuclear receptor
corepressors, represented here by Hr, can modulate that ac-
tivity. More importantly, we have demonstrated that the inter-
action between Hr and nuclear receptors also requires specific
determinants encoded within the AF-2 helix, a surprising find-
ing in view of the results of previous studies attributing an
inhibitory role to the AF-2 helix in nuclear receptor-coregula-
tor interactions. Finally, the observation that Hr inhibits the
transcriptional activity of a liganded receptor (RAR«a-R) sug-
gests that this repression mechanism is likely to be shared by
other members of the nuclear receptor family. The mechanism
is also likely to be of physiological importance, as transcrip-
tional repression in the absence or presence of ligand consti-
tutes an essential molecular pathway through which nuclear
receptors control development and homeostasis (24, 26, 29).
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