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ABSTRACT

Rev-erbA a and RVR/Rev-erb 3/BD73 are orphan steroid
receptors that have no known ligands in the ‘classical
sense’. These ‘orphans’ do not activate transcription,

but function as dominant transcriptional silencers. The
thyroid hormone receptor (TR) and the retinoic acid
receptor (RAR) act as transcriptional silencers by
binding corepressors (e.g. N-CoR/RIP13 and SMRT/
TRAC-2) in the absence of ligands. The molecular
basis of repression by orphan receptors, however,
remains obscure, and it is unclear whether these
corepressors mediate transcriptional silencing by
Rev-erbAa and RVR. Recently, two new variants of
N-CoR have been described, RIP13a and RIP13 Al. The
characterisation of these splice variants has identified

a second receptor interaction domain (ID-Il), in addi-
tion to the previously characterised interaction domain
(ID-1). This investigation utilised the mammalian two
hybrid system and transfection analysis to demon-
strate that Rev-erbA a and RVR will not efficiently
interact with either ID-1 or ID-Il separately from RIP13a
or RIP13A1. However, they interact efficiently with a
domain composed of ID-I and ID-Il from RIP13a.
Interestingly, the interaction of Rev-erbA o and RVR is
strongest with ID-I and ID-1l from RIP13 Al. Detailed
deletion analysis of the orphan receptor interaction
with RIP13/N-CoR rigorously demonstrated that the
physical association was critically dependent on an
intact E region of Rev-erbA a and RVR. Over-express-
ion of the corepressor interaction domains (i.e. domi-
nant negative forms of N-CoR/RIP13) could alleviate
orphan receptor-mediated repression of  trans -activation
by GALVP16. This demonstrated that these regions
could function as anti-repressors. In conclusion, these
data from two independent approaches demonstrate
that repression by Rev-erbA o and RVR is mediated by
an interaction of ID-1 and ID-Il of N-CoR, RIP13aand Al
with the putative ligand binding domain of the orphan
receptors.

INTRODUCTION

Members of the steroid/thyroid hormone nuclear receptor (NR)
superfamily bind specific DNA elements and function as ligand
activated transcription factord,?). This group includes the
‘orphan receptors’ which have no known ligands in the ‘classical
sense’ and appear to be the ancient progenitors of this receptor
superfamily. The Rev-erb family of proteins are orphan members
of the receptor superfamily. Two isoforms of the Rev-erb family
have been isolated from mammalian genotypes, RevaefB)A
[also known as Ear-4)] and RVR ) [also known as Rev-gBb
(6,7) and BD73 @)]. Major differences between the two isoforms
occur within the hyper-variable A/B and D regions of the proteins
(8). Both isoforms are expressed in a wide range of tissues and are
present in all major organs. Rev-etbMRNA is upregulated
during adipocyte differentiation but repressed during myogenesis
(9,10). These orphan receptors are closely related to the
ROR/RZRx gene family (retinoic acid receptor related orphan
receptor) and thBrosophilaorphan receptor, E75A, particularly
in the DNA-binding domain (DBD) and the putative ligand-binding
domain (LBD) 6,7,8). RVR and Rev-erbé bind as monomers
to an asymmetric’A(T)sRGGTCA motif §,11). The Rev-erb
family has also been demonstrated to bind as homodimers to
novel HREs consisting of two tandemly arranged AGGTCA
motifs, separated by 2 bp with unigueflanking and spacer
nucleotides (RevDR-2)1¢,13). Reports on the transcriptional
properties of the Rev-erb family were initially conflicting.
Rev-erbAx was first reported to act as a constitutive activator of
transcription through its cognate monomeric asymmetric motif
(11). Recently, we and other groups have demonstrated that
members of the Rev-erb family are, in fact, dominant repressors
of transcription %,7,8,10,12,14). We have further characterised
the repression domain of RVR and Rev-axbi a minimal
region [B5 amino acids (aa)] in the E-domain, that is highly
conserved between Rev-edpAndp (97%). This region spans the
LBD-specific signature motif FWAK XXXX FXXL XXX DQX-
XLL), helix 3, Loop3—4, helix 4 and 5 (identified in the crystal
structures of the steroid receptor LBDE},(5).

The ability of classical steroid receptors to repress basal
transcription has long been establish&d-{8). The recent
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characterisation of the co-repressors, N-CoR and SMRWBal/Xba-digested pNLVP16. To construct VP16-Rev C
TRAC-2 that interact with unliganded thyroid hormone receptafvVP16-Rev aa 107-199), VP16-Rev CDE (VP16-Rev aa 107-614)
(TR) and retinoic acid receptor (RAR), has shed some light on tfi5) was cleaved witBal/Xba generating a 277 bp insert, which
mechanism of NR repressioh922). However, the molecular was cloned intoSal/Xba-digested pNLVP16. To construct
basis of repression by these orphans remains obscure. Furthé16-Rev CD (VP16-Rev aa 107-290), VP16-Rev CDE
more, it is unclear whether these corepressors are involved(WP16-Rev aa 107-614) %) was cleaved witiNdd—EcdrV; the
transcriptional silencing by Rev-erbfand RVR. Very recently, resulting 548 bp fragment was then end filled with Klenow and
two variant forms of N-CoR have been identified, RIP13a anlijated intoXhd-digested Klenow end filled pNLVP16.

RIP13\1, that are products of alternate promoter utilisation and Two primers, GMUQ251 and GMUQ252, were used to
alternate splicing 23). Detailed analysis has identified two amplify the 1731 bp open reading frame of RVR from the parent
interaction domains (ID-1 and ID-1l) in N-CoR/RIP13 that plasmid pCMXRVR §) with Ultma DNA polymerase (Perkin
interact with nuclear receptor&3j. Thus the present studies Elmer). This fragment containing primer-derivednH| ends
investigated whether the Rev-erb family interactedvowith ~ was cloned intéma-digested pBS and was called pBS-RVR.
either ID-I or ID-Il from N-CoR/RIP13a anfll. We demon- VP16-RVR chimeras were created by inserting fragments of RVR
strated that the physical association of the orphan receptors wiitko pNLVP16. To create VP16-RVR (VP16-RVR aa 1-576), the
N-CoR/RIP13 requires both interaction domains and the E-regidi745 bp fragment dBarHI-digested pBS-RVR was end-filled

of Rev-erbAr and RVR. Furthermore, expression of dominantvith Klenow and ligated wittsal-digested, Klenow end filled
negative forms of N-CoR/RIP-13 could override repression @dNLVP16. To construct VP16-RVR AB (VP16-RVR aa 1-88),
transactivation by the Rev-erb gene family and function ashe 1745 bp fragment BanHI-digested pBS-RVR was digested

anti-repressors. with Hinfl and the 273 bp fragment was end filled with Klenow

and cloned intdSal-digested, Klenow end filled pNLVP16.
MATERIALS AND METHODS VP16-RVR ABCD (VP16-RVR aa 1-276) was created by

inserting the Klenow end filled, 837 bp fragment &fixdi/Bglll
Primer sequences digestion of the 174BanHI| fragment from pBS-RVR into

, Sal-digested, Klenow end filled pNLVP16. To construct

GMUQ251 3-CGCGGATCCCACCATGGAGCTGAACGCAGGAGG-3 VP16-RVR DE (VP16-RVR aa 170—576), a PCR fragment was
GMUQ252 5CGCGGATCCTTAAGGATGAACTTTAAAGGC'? amplified from pCMX-RVR witHJItma DNA polymerase using
GMUQ265 8 CGCGGATCCGTTCACGAGATGCTGTTCGATS the primers GMUQ265 and GMUQ252. This fragment was

GMUQ297 5GCGAATTCACCNCYA/GTCNCIATNAA/GNGTT/CTCC/ATAT/CTG-3 digested wittBanHI and cloned int®anHI-digested pBSK
GMUQ301 3-GCGCGTCGACATATA/ACTGS/HA/GCAT/GGAAGATCTGGGAAG-3 and was called pBSK-RVR DE (aa 170-576). VP16-RVR DE
GMUQ302 5 GCGTCTAGATGA'/cGCAAAT/GCGTICACCATTIcANGH/cA-3 was prepared by ligating the end filled, 123®bpHI fragment
GMUQ303 5-GCGCGTCGACATATGTTTGA/CAAC/AAIC/AGATT/cCCT/cGGC-3 of pPBSK-RVR DE (aa 170-576) inkhd-digested, Klenow end

GMUQE04 8 GCGTCTAGAAGCCTTTIAAMGCAGHGTIGTOCACCTC-3 filed pNLVP16. To construct VP16-RVR D (VP16-RVR aa
GMUQ330 5-GCG GAA TTC ACC ATG CCC CAG ATG GAT GTT TCC-3 178—353) and VP16-RVR E (VP16'RVR aa 355—576) the 1236
GMUQ331 5-GCG GAATTC TCA CTC ATA GGG CTC TGA TGG-3 bp |nsert generated tBam_” d|gest|0n Of pBSK-RVR DE (aa

) 170-576) was digested withcaRl and the 564 and 675 bp
Plasmids fragments were end filled with Klenow and cloned iXtu-

; : digested, Klenow end filled pNLVP16.
Th I ALO24f, pNLVP1 _ - . .
pGiL\?);[irgs(ls(l)c))nang z;s(gcéslb_pg_rz@ h’avg been ges%?i)k;ed For construction of the following GV-RVR chimeras, primers

elsewhere. pGALO contains the GAL4 DBD, pNLVP16 containd/€"e used to amplify regions of RVR from GALVP16-RVR E
the acidic activation domain of VP16 and pGALVP16 containkC V-RVR aa 355-576)1¢) with Pfu DNA polymerase (Strata-

: - A : gene); VP16-RVR (aa 394-449) (GMUQ301 and GMUQ302);
the GAL4 DBD linked to the acidic activation domain of VP16VP16-RVR (aa 394-437) (GMUQ301 and GMUQ304)

The construction of the following GAL4 and VP16 chimeric
: ; Hese VP16-RVR (aa 416—449) (GMUQ303 and GMUQ302). These
expression vectors have been described elsew ( fragments containing primer-derived Sal and 3 Xbd ends

Séng_';{Z'\', ([\C/;PA1L6:[\IR%(\)/Raa(Ile)E6\1/AI,D)1%E’nllfs)-(sév\éﬁjlg-((\irp?é-Re‘(yere digested witiSal/Xba and ligated tdsal/Xba-digested
aa 107-614), VP16-Rev DE (VP16-Rev aa 290-614), vP16-RENLVP16. o

E (VP16-Rev aa 437-614), VP16-Rev E-509 (VP16-Rev ID-Il and ID-11A1 were amplified usm_@fu DNA polymer_ase
509-614), VP16-Rev (aa 45,5—488). rom RIP13a and RIP1 (23), respectively, using the primers

. : P - GMUQ 330 and GMUQ 331. ID I+ll and ID Il were
For construction of the following VP16-Rev chimeric expressmlg L .
vectors, the following primers were used to amplify regions dtMPlified using>fu DNA polymerase from N-CoR/RIP13a and

Rev-erbAr from GV-Rev aa 437-6141() using Pfu DNA ~ RIP131 using primers GMUQ 330 and GMUQ 297. The
polymerase (Stratagene): VP16 Rev aa 437-488 (GMUQ301 ulting products were cleaved whtdRl and ligated with
GMUQ302); VP16 Rev aa 437-476 (GMUQ301 an caRI-cleaved pGALO or pSG5 (Stratagene). All GAL, VP16
GMUQ304). These fragments containing primer-derivezas and GALVP16 a_nd GAL-N-CoR constructs were sequenced to
and 3 Xba were digested withSal/xba and ligated to Confirm the reading frame.

Sal/Xbd-digested pNLVP16. The remaining VP16 chimeras

were created by inserting fragments of Rev-erbAto the  Mammalian two hybrid assay

pNLVP16 vector. To construct VP16-Rev AB (VP16-Rev aa

21-125), pGAL4-Rev (aa 21-125)0f was cleaved with Plasmids [pG5E1bCAT reporter (8) and GAL-IDs (1ug)]
Sal/Xbd generating a 353 bp insert, which was then cloned intwere co-transfected/expressed into human choriocarcinoma JEG-3
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cells with either VP16 or VP16-Rev or VP16-RVR plasmiqgyjl i LS i % 2as3
then assayed with respect to their abilittramsactivate the — w-ceq [ 1 1
reporter (0G5E1bCAT). JEG-3 cells were cultured for 24 h in L oA, A0
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 5% mAIF13a 1 '—-_“'l'lhﬁ
charcoal stripped foetal calf serum (FCS). Each six well dish o

JEG-3 cells (60-70% confluence) was transiently transfected witFiF13a1 d LI
plasmid DNA by the DOTAP (Boehringer Mannheim)-mediated 0.1 “"i“*'
procedure as described previousty,£28). The DNA/DOTAP e i
mixture was added to the cells in 3 ml of fresh medium. After 2¢ io-H N

h, fresh medium was added and the cells were harvested for t ] 357
assay of CAT enzyme activity 24 h after the addition of frest -+
medium. Each transfection experiment was independently pe il "'i -“‘“'
formed at least three times to overcome the variability inherent i = it
transfections. -+t |

COS-1 transfection Figure 1. Alignment of the interaction domains (ID) with the similar regions

. f N-CoR, RIP13a and RIPA3: schematic presentation of the IDs linked to
- —7009 ,
Each 35 mm dish (Falcon) of COS-1 cells (60 70% Conﬂuenceﬁle GAL4 DBD used in the mammalian two hybrid assay. The shaded regions

was transiently transfected withug of reporter plasmid DNA  indicate the position of ID-I and ID-Il in the the C-terminus of N-CoR/RIP13.
(pG5E1bCAT) expressing chloramphenicol acetyl transferasstriped areas in the N-termini of RIP13 and RIFL3epresent unique
(CAT), 1ug of GALVP16 chimeras andJp of pSG5 expression N-terminal regions. Amino acids 1235-1282 in N-CoR are deleted in RIP13a.
vectors by the DOTAP-mediated procedure above. The DNA}'he region from aa 805 to 925 in RIP13a is deleted in RIPIRegions of

. - ) .~ " proteins containing the interaction domains of RIP13a and RIRis®d in the
DOTAP mixture was a_-dded to the cells in 3 ml of fresh rned'ummammalian two hybrid system are shown in black. Amino acids in th&1D-II
After 24 h, fresh medium was added to the cells and cells wetgd ID-1+11A1 constructs refer to the corresponding amino acids in RIP13a.
harvested for the assay of CAT enzyme activity 36—48 h after the
transfection. Each transfection was performed at least three times

to overcome the variability inherent in transfections. promoter is only achieved when the co-expressed receptors

physically interact.
CAT assays We constructed chimeric GAL4 plasmids that contained

ot s iy 1SS S 101G S o R
CAT activity measured as previously desqutﬁiﬁ).(Allquot_s of lasmi ds’ were designated. GALA-ID-l GAL 4_”:')_” and

the cell extracts were incubated aP@7 with 0.1-0.4uCi of pAL4 o We a?so nstuctod  CALAIDAL  and

5 / . ID-I+I1. ]

|[n4g]20g Iﬂﬁ?gﬁﬁgﬁgﬁ'?g) Z]ﬂtgre aprlieﬂcﬁlgjsa?o'wn ggﬁtgclj Ctﬂ AL4-ID-1+1 Al (see Figl for specific details). ID-I corresponds
reaction was stopped by the addition of 1 ml ethyl acetate Whi%?etreglon betwe_zn ainl'gg 2511C:|33572_218Re:r;c1§451m?f NI-DmI)IR (
was used to extract the chloramphenicol and its acetylated fori8¢ 0 arglnto tﬁc' S ot n .; £841?8 12163 of
Extracted materials were analysed on Silica gel thin |ay(§}ﬁrrespon S lothe region between amino acids an 0

; ; o CoR and to amino acids 794-1109 in RIP13a. ID-Il from
chromatography plates as described previoGsly Quantitation X .
of CAT assays was performed by an AMEBScanner. RIP12\1 has an internal deletion of 120 aa, that lacks aa 805-925

from the RIP13a ID-Il (Figl). Seolet al (1996) mapped/
delimited the minimal ID-Il domain between amino acids
RESULTS 1010/1089 and 2063/2142 in RIP13 and N-CoR, respectively, hence

Efficient interaction of Rev-erbAa and RVR with our ID-Il region encompasses this minimal domain.

i ; ; ; Initially, we examined the ability of these five chimeric
N-CoR/RIP13 is dependent on both interaction domains ) .
(ID-1 and ID-11) P plasmids that encoded GAL4-N-CoR/RIP13 hybrid molecules to

regulate transcription of an E1b promoter cloned downstream of
N-CoR has been demonstrated to mediate inhibition of gefige copies of the GAL4 binding site linked to the CAT reporter.
transcription by the thyroid hormone and retinoic acid receptords shown in Figur@A, ID-I alone weakly activated transcription
Whether N-CoR interacts with orphans such as Reveedo®d  ([1L0-fold) relative to the GAL4 DBD, whereas the other
RVR to mediate the potent transcriptional repression characteristioteraction domains failed to activate transcription.
of these ‘orphans’ is unclear. To further characterise transcriptionaWe next examined the ability of co-expressed VP16-ReveerbA
regulation by the Rev-erb family, we investigated whether thessd VP16-RVR tdransactivate gene expression in this mam-
orphan receptors interacted with N-CoR/RIR18iva Protein— malian two hybrid system. We also transfected VP16-ard
protein interaction assay systems were developed initially MP16-RXRyas positive and negative controls, respectively, with
yeast, and refined further for the study of receptor interactionsiiaspect to the ability of these receptors to interact strongly and
transfected mammalian cell$5(31). In these experiments the weakly with N-CoR/RIP13, respectively. We observed that
yeast GAL4 DNA binding domain is fused to various receptovP16-Rev-erbA and VP16-RVR failed to interact effectively
domains (e.g. AB or LBD) and expressed in transfected cells withe. <5-fold) with either ID-I or ID-Il separately (FigB and C,
a second type of hybrid receptor linked to tfamsactivation respectively). However, we observed a significant increase
domain of herpes simplex virus VP IBansactivation of a CAT  (20-40-fold) in CAT activity when either VP16-Rev-edbAr
reporter gene downstream of GAL4 binding sites fused to the EU16-RVR was transfected with the GAL-ID-I+11 (FED). As
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Figure 2. Analysis of the interaction of Rev-ertARVR, TR and RXR with the N-CoR/RIP13 interaction domains. JEG3 cells were co-transfectqayvatiedch

GAL4 and VP16 chimeras as indicated, witligthe reporter pPG5E1bCAT. Results shown are medandard deviation (SD) and were derived from at least three
independent experimen(#,) Transcriptional activation by GALRIP13 ID chimeras. Fold activation is expressed relative to CAT activity measured after transfectior
with pGAL4 DBD alone. Interaction of Rev-erbARVR, TR and RXR with ID-(B); ID-II (C); ID-I+l (D); ID-11AL (E); ID-1+11 Al (F), respectively. Relative fold
activation is expressed relative to the CAT activity measured after transfection with the appropriate GAL-ID chimera and VP16 vector alone arbitarily set to 1.

expected, neither Rev-erbAor RVR effectively interacted (i.e.  We saw110-, 30- and 100-fold increases in CAT activity when
<5-fold) with ID-IIA1 (Fig. 2E). Interestingly, we observed a the VP16-TRi construct was transfected with the GAL4-ID-,
dramatic interaction between the orphan receptors and IB+1l GAL4-ID-1l and GAL4-ID-I+l constructs, respectively (Fig.
that resulted in a 60-80-fold increase in CAT activity when eithéB-D). This was consistent with the previous studies that
VP16-Rev-erbA or VP16-RVR was transfected with the demonstrated that TR interacts strongest with ID-I+11, but still
GAL-ID-I+Il Al construct (Fig2F). interacts significantly with either interaction domain, indepen-
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dently £3). As expected, the interaction of RXR with ID-1, ID-1I, N-CoR studies indicated that N-CoR/RIP13 interacted with the
ID-I+Il and ID-1IA1 was very weak (<5-fold) (FigB—E).  hinge regions of TR/RARLQ), our studies in the mammalian two
Surprisingly, RXR significantly interacted with ID-IAL (Fig.2F),  hybrid system clearly indicate that the D region/hinge is not
co-transfection of VP16-RXR with GAL4-ID-14AMll resulted in  required, in agreement with the hypothesis put forward by Wurtz
a 40-fold increase in CAT expression. et al (32).

In conclusion, mammalian two hybrid experiments clearly

ID-I+IIWT and Al. Furthermore, the data suggest that the regiogjeviates Rev-erbA/RVR-mediated repression of GALVP16
between aa 805 and 925 in RIP13a (that is deleted iAlthe transactivation: ID-I+I functions as an anti-repressor

isoform) may selectively discriminate between specific receptors
(e.g. TR or RXR), and that N-CoR/RIP13 splice variants havd/e have previously demonstrated that the E regions from the
different functions with respect to ligand-activated and orpha@rphan receptors, Rev-erbAand RVR, when linked to the
steroid receptors. chimeric/potentransactivator GALVP16, very efficiently repress
its ability to constitutively activate the GAL4-dependent reporter,
, ) G5E1bCAT (0,14,15).

The E region of Rev-erbAx and RVR mediates the We investigated the ability of dominant-negative RIP13/N-CoR
interaction of these orphan receptors with N-CoR/RIP13 expression vectors (i.e. pSG5-ID-Iall and pSG5-ID-A1)
. . . versus native RIP13a and RIRL3 to affect the orphan
Jv%hcﬁﬁrea?g’_rl'fﬁ ];lli:tehrzzzttigﬁ 'Qgergi:gofr;o?; lT\Ie\(/:?Rb/%QFPT:\%/ Rwe receptor-mediated repression of GALVP16. This would demon-

’ strate that N-CoR/RIP13a mediated the repression of GALVP16

investigated the potential of various domains from each of ﬂl?ansactivation by the orphan receptors, and that ID-I+Il

orphan receptors to interact with N-CoR in the mammalian tw: ; : ;
hybrid assay. The chimeric construct consisting of the ye Iyeracted with the orphan receptor E regions (by a different

o X . . ~“assay). The experiment demonstrated that pSG5-IR4€kbuld
GAL4 DNA binding domain fused to the interaction domairy ion as an anti-repressor and partially alleviaB®%o) the
I+l1A1 (D) was'e.xpressed in cells W't.h a set c.)f Chlmerl(E)rphan receptor-mediated repression of GALV{Pdsactiva-
constructs containing full length or various deletions of th

) S ; flon (Fig.5A). The plasmid, pSG5-ID-M1, could not alleviate
Rev-erb/u receptor linked to theransactivation domain of o ov/R mediated repression of GALVP16, as expected from the
VP16 (Fig.3A). Consistent with the previous experiment, we saw - mmalian two hybrid data. The native RIP13a Ahdthat

a very strong increase in CAT activity when the VPl6'Re\éontain ed the functional interaction reai
X . gions and repressor do-
construct was transfected with the GALA-ID-Bl construct. ins, did not function as anti-repressors, as expected. Further-

Furthermore, we observed very strong interactions between tﬁ:%re these dominant-negative and native N-CoR/RIP13

Rev-erbx CDE, DE and E (aa 437-614) domains Wlthexpression vectors had no effect on trensactivation by

ID-1+11 A1, which suggested that the E-region is essential f%. ; .
T . . ild-type GALVP16 (Fig.5A). We then examined whether
binding to N-CoR/RIP13 (FigiB). In agreement with the above increasing amounts of the N-CoR/RIP13 interaction domain

data, little or no CAT activity was observed when we examine o e
the ability of the Rev-erb AB, C, CD domains to interact with gould restore >30% of the GALVP16 activity. As controls, we

. : . ; ; examined the effects of the increased levels of the N-CoR/RIP13
the N-CoR/RIP13 interaction domains (FigB). Detailed 00 tion domain on activation by GALVP16 and the GAL4
attempts to delimit the domain within the E region of Rev-arbA

. . DBD, respectively (Fig5B). Increased levels (3-fold) of the
that interacted with N-CoR/RIP13 were unsuccessful and su 'ominant negative ID-I+A1 domain more efficiently alleviated
gested that a structurally intact ligand binding domain is critic

for the interaction with the co-repressor (i) VR-mediated repression _of GALVP_lﬁmsa_ctivation (Fig.
We similarly analysed a set of chimeric coﬁstructs containinSB)’ whereas, the expression of the interaction domain had no
full length or various deletions of the RVR receptor linked to thgﬁ?Ct on tharansactivation by GALVP]-'(S or. the GAL4 DBD.
L X VRl . This suggested that transcriptional silencing by the Rev-erb

trans-activation domain of VP16 (FigA) in the mammalian two family of orphan receptors involves N-COR/RIP13
hybrid assay to interact with ID-IAL. Consistent with the '
previous experiment, we saw a very strong increase in CAT
activity when the VP16-RVR construct was transfected with thg!SCUSSION
GALA4-ID-I+Il A1 construct. Furthermore, we observed very,_ o : P : ;
strong interactions between the RVR DE and E (aa 357-5 );?e%l:\:; é?]éslir\]/v; lved in transcriptional silencing by
domains with ID-1+IA1, which suggested that the E-region is
essential for binding to N-CoR/RIP13 (F#B). In agreement It has been demonstrated recently that the co-repressors, N-CoR
with the above data, little or no CAT activity was observed wheand SMRT/TRAC-2, mediate transcriptional silencing by
we examined the ability of the RVR AB, ABCD and D regions tainliganded TR and RAR §-23). These studies shed light on the
interact with the N-CoR/RIP13 interaction domain (BB).  mechanism of nuclear receptor repression, however, it was
Detailed attempts to delimit the domain within the E region ofinclear whether these corepressors mediated transcriptional
RVR that interacted with N-CoR/RIP13 were again unsuccessfusijencing by orphan steroid receptors, in particular, ReveerbA
and suggested that a structurally intact E-region is critical for tteand RVR.
interaction of RVR (like Rev-erbd) with the co-repressor (Fig.  We had previously demonstrated that the interaction domain-I
4B). (aa 2218-2451) of the nuclear receptor co-repressor, N-CoR, did

In summary, the experiments indicated that E region fromot efficiently associate with Rev-erbAand suggested that
Rev-erbAr and RVR is necessary for the interaction of thes&anscriptional silencing by Rev-erbAvas not mediated by an
orphan receptors with N-CoR/RIP13. Interestingly, the originahteraction with N-CoR 15). Our study did not rule out the
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Figure 3. Analysis of the Rev-erbéregion that interacts with ID-1+11. (A) Schematic presentation of the Rev-amtr&gions linked to the VPXfansactivation

domain that were utilised in the mammalian two hybrid assay. Note that the E-region begins with Helix 3 as suggesteeit lay {82)tz8) JEG3 cells were
co-transfected with GAL-RIP13 ID-I+Al and with the gamut of VP16-Rev chimeras as indicated in the presence of the reporter pG5E1bCAT. Results shown a
meantSD and were derived from three independent experiments. Fold activation is expressed relative to CAT activity measured after transfection with GAL-ID-|
Al and VP16 vector alone arbitarily set to 1.0.

possibility that other domains of the co-repressor may interaetiriants identified a second interaction domain (ID-11), between
with Rev-erbAx, or that novel co-repressors were involved inaa 1010/1089 and 2063/2142 in RIP13a and N-CoR, respectively,
transcriptional repression by Rev-ethADuring the course of that is located upstream of the previously characterised inter-
the latter investigation it became evident that the co-repressartion domain (ID-l) Z3). These latter studies prompted us to
were a new family of regulators with alternately spliced variantsxamine the molecular basis of Rev-anb@nd RVR transcrip-
(22). Two variant forms of N-CoR have been identified, RIP13#onal repression in the light of these exciting developments.
and RIP131, that are products of alternate promoter utilisation

and alternate splicing (Fig) (23). Although RIP13aanfil have  N.coR/RIP13 interaction with the Rev-erb family requires

short unique N-terminal domains that substltute_for the f!rs,;g/o receptor interacting domains

(11000 aa of N-CoR (that encode the two repression domains),

they retain a domain that includes seven copies of a repeatedr study demonstrates clearly that N-CoR/RIP13 efficiently
motif, G-s-I-s/t-g-G-t-p, that is present in SMRT and is associatedteracts with Rev-erbé and RVRin vivo. Although we clearly

with repressor functior2@,23). Detailed analysis of the splice show that each recently characterised interaction domain (ID-I
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Figure 4. Analysis of RVR interaction with RIP13 ID-IAL. (A) Schematic
presentation of the RVR regions linked to the VR&6sactivation domain
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Figure 5. Alleviation of RVR repression of GAL-VP16 transactivation by
overexpression of the N-CoR/RIP13 interaction doma)£QS-1 cells were
co-transfected with fg of pG5E1bCAT reporter, dg of the GAL4 DBD or
GAL-VP16 chimeras and fig of pSG5 (i.e. vector alone), SG5-1I1,
SG5-ID-1+11A1, CDM8 (i.e. vector alone), CDM8-RIP13a and
CDMB8-RIP13\1 constructs as depicted and assayed for CAT activity.
(B) COS-1 cells were co-transfected with@of pG5E1bCAT reporter, [1g

of the GAL4 DBD or GAL-VP16 chimeras and Op§ of pSG5, 0-31g of
SG5-ID-1+I1AL constructs as depicted and assayed for CAT activity. Results
shown are mearSD and were derived from three to six independent
experiments. Relativéold activation is expressed relative to CAT activity
measured after transfection with the GAL4 DBD alone arbitarily set to 1.0.

were derived from three independent experiments. CAT activity after transfec-

tion with GAL-ID-I+1IA1 and VP16 vector alone arbitarily set to 1.0.

Physical association of N-CoR/RIP13 and the orphan
receptors is dependent on an intact E region

The interaction of these orphan receptors with the co-repressors
is critically dependent on an intact E-region of Rev-arbAd RVR

and ID-Il) in the co-repressor can independently interact with TRthe E-region begins with helix 3 as suggested by Vétrat).

both ID-I and ID-11 are required for a significant interaction withOur investigation revealed that the hinge region did not physically
the orphan receptors Rev-ed/nd RVR. Furthermore, the associate with the co-repressorgivo, neither was it required for
investigation revealed that thd splice variant very efficiently an efficient interactiom vivo. Wurtzet al (32) argued that they
interacted with the orphan receptors and RXR. This suggestimbught it was unlikely that N-CoR interacted with helix 1 in the
that the region between aa 805 and 925 in RIP13a (that is delebéaye region, because the triple mutation used to map N-CoR
in theAl isoform) may selectively discriminate between specifibinding would disrupt the interaction of helix 1 with the LBD
receptors (e.g. TR or RXR), and that the splice variants hacere, dislodge H1 from its wild-type position and the specified
different functions with respect to ligand-activated and orphaamino acids that are engaged in internal contacts. Our data suggest
steroid receptors. This indicates that the co-repressor splicititat the interaction of N-CoR with Rev-ertbAnd RVR does not
variants may have cell/receptor specific targets depending oequire the domain of these orphans that would putatively form
spatio—temporal expression. N-CoR and SMRT/TRAC-2 arkelix 1 and 2.

ubiquitously expressed proteins, however, the expression patterninterestingly, we found that deletion of the region between aa
of the splice variants RIP13a, RIRI3and TRAC-1 have not 437 and 509 from the entire E-region (aa 437-614) resulted in a
been studied. Furthermore, the expression of this expanding getoenain that was unable to interact with N-CoR/RIR18/0. We

family during embryogenesis has not been investigated.

have previously demonstrated that aa 437-509 mediate the
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repression ofrans-activation by GALVP16. However, we note 4
that independently, this short domain cannot interact with ID- I
and ID-Il of N-CoR/RIP13n viva.

Dominant-negative expression of N-CoR/RIP13 (i.e. the
interaction domains) alleviates transcriptional repression
by the Rev-erb family 8

Miyajima,N., Horiuchi,R., Shibuya,Y., Fukushige,S.-I.,
Toyoshima,K. and Yamamoto, T. (198%2ll, 57, 31-39.
Retnakaran,R., Flock,G. and Giguere,V. (199d). Endocrinal., 8,
1234-1244.

Bonnelye,E., Vanacker,J.-M., Desbiens,X., Begue,A., Stehelin,D. and
Laudet,V. (1994Cell Growth Diff, 5, 1357-1365.

Matsubara,K.-I.,

7 Forman,B.M., Chen,J., Blumberg,B., Kliewer,S.A., Henshaw,R., Ong,E.S.

and Evans,R.M. (1994)ol. Endocrinol, 8, 1253-1261.
Dumas,B., Harding,H.P., Choi,H.-S., Lehmann,K.A., Chung,M., Lazar,M.A.
and Moore,D.D. (1994Ylol. Endocrinol, 8, 996—-1005.

Our study also demonstrated that over-expression of dominant chawla,A. and Lazar,M. (1993) Biol. Chem.268 16265-16269.

negative forms of N-CoR/RIP13 could alleviate orphan receptoto
mediated repression of GALVPtins-activationin viva. This 1
strongly suggested that transcriptional silencing by ReveerbA 5
and RVR involves N-CoR/RIP13. Furthermore, this demonts
strates that regulation of orphan receptor transcriptional silencing
may involve splice variants, such as TRAC-1, that could4
putatively function as ‘anti-repressors’.

Comprehensive analysis of repression will require a comple e
interaction analysis of all the putative co-regulators (e.g. N-CoRg
RIP13a andAl, TRAC-1 and TRAC-2, p300/CBP, SRC-1, 17
SUG-1/Trip-1 etc.) that may interact with the Rev-erb family. Th
transcriptional properties of the orphan receptors are probal
regulated by a dynamic balance of positive and negative
co-regulators that interact with the basal transcription machinery.
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