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ABSTRACT

RVR/Rev-erb 3/BD73 is an orphan steroid receptor that
has no known ligand in the ‘classical’ sense. RVR
binds as a monomer to an element which consists of
an A/T-rich sequence upstream of the consensus
hexameric half-site. However, RVR does not activate
transcription and blocks transactivation of this
element by ROR/RZR. The mechanism of RVR action
remains obscure, hence we used the GAL4 hybrid
system to identify and characterize an active transcrip-
tional silencer in the ligand binding domain (LBD) of
RVR. Rigorous deletion and mutational analysis
demonstrated that this repressor domain is encoded
by amino acids 416-449 of RVR. Furthermore, we
demonstrated that efficient repression is dependent
on the so-called LBD-specific signature motif,
(FIW)AK xxxxFxxLxxxDQxxLL (which spans loop3—-4
and helix 4) and helix 5 (H5; identified in the crystal
structures of the steroid receptor LBDs). Although
RVR is expressed in many adult tissues, including
skeletal muscle, and during embryogenesis, its
physiological function in differentiation and mammalian
development remains unknown. Since other ‘orphans .
e.g. COUP-TF Il and Rev-erbA a, have been demon-
strated to regulate muscle and adipocyte differenti-
ation, we investigated the expression and functional
role of RVR during mouse myogenesis. In C2C12
myogenic cells, RVR mRNA was detected in proliferat-
ing myoblasts and was suppressed when the cells
were induced to differentiate into post-mitotic,
multinucleated myotubes by serum withdrawal. This
decrease in RVR mRNA correlated with the appearance
of muscle-specific markers (e.g. myogenin mRNA).
RVR ‘loss of function’ studies by constitutive over-ex-
pression of a dominant negative RVR AE resulted in

increased levels of p21  CiPLWafl gnd myogenin mRNAs
after serum withdrawal. Time course studies indicated
that expression of RVR AE mRNA results in the
precocious induction and accumulation of myogenin
and p21 mRNAs after serum withdrawal. In addition, we
demonstrated that over-expression of the COUP-TF Il
and Rev-erbA a receptors in C2C12 cells completely
blocked induction of p21 mRNA after serum with-
drawal. In conclusion, our studies identified a potent
transcriptional repression domain in RVR, character-
ized critical amino acids within the silencing region
and provide evidence for the physiological role of RVR
during myogenesis.

INTRODUCTION

Members of the nuclear receptor (NR) superfamily bind specific
DNA elements and function as transcriptional regulathfy. (

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 orphan receptor
RVR/Rev-er/BD73 is closely related to Rev-erdAROR/
RZRa (retinoic acid receptor-related orphan receptor) and the
Drosophila orphan receptor E75A, particularly in the DNA
binding domain (DBD) and the putative ligand binding domain
(LBD). RVR, Rev-erbAr and ROR bind as monomers to an
asymmetric A/1)sRGGTCA motif. Furthermore, Rev-erbA

and RVR can repress constitutive transactivation from this motif
by RORx (3,4). However, in contrast to ROR, RVR and
Rev-erbAx do not activate transcription and mediate transcriptional
repression of the Rev-erl®promoter 8-9). RVR is expressed

in the central nervous system, skeletal and dorsal muscles, spleer
and mandibular and maxillar processé&st,6,7). During
embryogenesis RVR is expressed in the notochord and neural
tube, but its function/role during differentiation and mammalian
development remains obscure.
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Muscle differentiation is the process whereby proliferatingells were grown in DMEM supplemented with 20% FCS in 6%
myoblasts permanently exit the cell cycle and fuse to becon@0,. Each 35 mm dish of myogenic C2C12 cells (80-90%
post-mitotic, multinucleated myotubes with a contractile phenaonfluent) was transiently transfected in DMEM supplemented
type and express myogenic markers (reviewé@,irl). Insights  with 2% FCS. Fresh medium was added to the cells after 24 h and
into this process have been provided by the identification of@&lls were harvested for assay of CAT activity 48 h after
group of basic helix—loop—helix (bHLH) proteins encoded by th&ransfection. Each transfection was performed at least three times
myoD gene family ihyoD myf-5 myogenin and to overcome variability inherent in transfections.
MRF-4/myf-6/herculify which are muscle-specific transactiva-
tors that can direct cell fate, repress proliferation, activalgonstruction of stable cell lines
differentiation and the contractile phenotype and function at the
nexus of command circuits that control the mutually exclusive2C12 cells were stably transfected 0% confluence using
events of division and differentiation (reviewed ir-12). Gene the DOTAP (Boehringer Mannheim)-mediated procedure as
targetting studies have suggested that while MyoD and Myf-5 agescribed previously3g). Briefly, a 1 ml DNA/DOTAP mixture
required for determination18), myogenin is specifically (containing 20ug pSG5-RVRE, 1.5ug pCMV-NEO, 150ul
required for differentiationi@). MyoD forms heterodimers with  DOTAP in 20 mM HEPES, 150 mM NaCl, pH 7.4) was added to
the ubiquitously expressed E2A HLH gene products. MyoDthe cells in 25 ml fresh culture medium. The cells were then
E2A heterodimers bind to an E box motif (CANNTG), present igrown for a further 24 h to allow cell recovery and for high level
muscle-specific enhancers (reviewed 1i11). The MyoD PCMV-NEO expression before selection. Stable transfectants
heterodimeric complexes act in concert with a variety of othavere isolated after 7-14 days selection in DMEM supplemented
ubiquitous (e.g. Sp1, CTF and SRF) and tissue-specific (eWith 20% FCS and 40Qig/ml G418. The Rev-ertoh and
MEF-2) transcription factors to regulate myogenic promotere OUP-TF Il cell lines have been previously descrilaé®6).
(reviewed in10,11). Direct interaction of MyoD and myogenin
with the nuclear retinoblastoma phosphoprotein (RB) has begfimer sequences and plasmids
observed5,16) and the binding of RB to MyoD is necessary to
stabilize the DNA-bound (MyoD-E2A protein) heteromericGMUQ251, 3CGCGGATCCCACCATGGAGCTGAACGCAGGAGG*3
complex. RB activity is controlled by cell division kinase (cdk)6MUQ252, 5CGCGGATCCTTAAGGATGAACTTTAAAGGC-3
complexes with the D-cyclins (for a review 46§ The activity =~ GMUQ265, >CGCGGATCCGTTCACGAGATGCTGTTCGAT:3
of cdks are regulated at the level of synthesis of the subuf#UQ301, 5GCGCGTCGACATATA/ACTGA/GCAT/GGANGATCTGGGAAG-3
partners (e.g. cyclins) of the complex, post-translational modiffMUQ302, 5-GCGTCTAGATGANcGCAAAT/GCGT/CACCATTICARIGCA-3'
cation and by binding of inhibitors, including PLMWafl  GMUQ303, 5GCGCGTCGACATATGTTTGE/AAC/ARICE/AGATT/cCCTIcGGC-3
(18,19). In C2 cells in culture, serum withdrawal inducesSMUQ304, 5GCGTCTAGAAGC/cTTT/AAMGCAGA/GT/GTC/CACCTG-3
differentiation, repression of cyclin D1 and induction of p2IGMUQ307, 5GCGCGTCGACATATGGCTGGTGCCY/AGAT /cCCT/cGGCTTC-3
mRNA/protein (5,20-23). The critical role of these cell cycle GMUQ308, 5GCGCGTCGACATATGGCTGATGCH/AGATT/cCCTIcGGCTTC-3

regulators in myogenesis has been demonstrated: (i) inhibitionﬁ,0 primers, GMUQ251 and GMUQ252, were used to PCR
myogenesis by forced expression of cyclin D1 results in pho_sphorgmp"fy the 1731 bp open reading frame of RVR from the parent
ation and inhibition of MyoD function; (ii) ectopic expression Ofplasmid PCMXRVR ) with UITma DNA polymerase (Perkin
p21 in growing myoblasts results in cell cycle am@828.24). ~  gimery This gave a fragment containing the 1731 bp open
Ref:ently two orphan receptors h.ave beer.] shown to h"j“’ereaading frame of RVR with primer-derivé&ghnH| ends. This

functional role in skeletal muscle differentiation. COUP-TF ”PCRfragmentwas cloned irBma-digested pBS and was called
and Rev-erbA, a closely related isoform of RVR, antagonize BS-RVR. pGAL-RVR and pGAL4-VP16-RVR (GV-RVR)
myogfeness, re'presRle\gyofli) MRNA expﬂzssf&ang ?J'OCk INUERimeras were created by inserting fragments of RVR into the
tion of myogenin m after serum withdrawabf6). Hence G| 0 (37) and pGAL4-VP1675) vectors. pGALO contains the
we investigated the transcriptional characteristics of RVR utilizin L4 DBD and pGAL4-VP16 contains the GAL4 DBD linked
the GAL4 hybrid system and examined the expression/functiong e acidic activation domain of VP16. The 1745 bp fragment
role of RVR in: (i) terminal skeletal muscle differentiation; BanHI-digested pBS-RVR was end-filled with Klenow and
(i) regulation of MyoD/myogenin, cyclin D1 and p21 mRNAS jjpateq with Sal-digested, Klenow end-filled pGALO and
with respect to the characterized link between these genesyBa| 4vP16. To construct pGAL-RVR(1-88) and GV-

differentiation and cell cycle control. RVR(1-88), the 1745 bp fragmentRdnHI-digested pBS-RVR
was digested witHlinfl and the 273 bp fragment was end-filled

MATERIALS AND METHODS with Klenow and cloned int&al-digested, Klenow end-filled
pGALO and pGAL4-VP16. pGAL-RVR(1-276) and GV-

Cell culture and transient transfections RVR(1-276) were created by inserting the Klenow end-filled,

837 bp fragment oSph/Bglll digestion of the 174®BarHI
COS-1 or JEG-3 (human choriocarcinoma) cells were culturdchgment from pBS-RVR int&al-digested, Klenow end-filled
for 24 h in DMEM supplemented with 10% FCS in 6%2CO pGALO and pGAL4-VP16. To construct pGAL-RVR(170-576),
before transfection. Each 35 mm dish of COS-1 or JEG-3 celisPCR fragment was prepared for insertion into pGALO. Two
(60-80% confluent) was transiently transfected with &5 primers, GMUQ265 and GMUQ252, were used to PCR amplify
reporter plasmid DNA (G5E1bCAT) expressing chloramphenithis region from the parent plasmid pCMX-RVR, as above, with
col acetyltransferase (CAT), mixed withufj pGALO-RVR or  UlTma DNA polymerase. This fragment was digested with
pGAL4-VP16-RVR chimeras by the DOTAP-mediated pro-BanHl and cloned int@anHI-digested pBSK and was called
cedure as described previousBp) Mouse myogenic C2C12 pBSK-RVR(170-576). The 1236 bp insert generateddyHI
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digestion of pBSK-RVR(170-576) was cloned iBanHI-  RNA using biotin-linked oligo(dT) and streptavidin-linked
digested pGALO. pVP16-RVR(170-576) was prepared by ligatingnagnetic beads. Northern blots, random priming and hybridiza-
the end-filled, 1236 bpBanmHI fragment of pGAL- tions were performed as described previoudly).(The actin
RVR(170-576) intXhd-digested, Klenow end-filled pNLVP16 probes used were as described by Beira. (41). The mouse
(38). GV-RVR(170-576) was prepared by ligating the 1274 bmyogenin {2) and MyoD ¢3) cDNAs were excised from the
Sal-Xbd fragment of VP16-RVR(170-576) intSal/Xbd-  pEMSVscribe (Moloney sarcoma virus)-based expression
cleaved pGAL4-VP16. To construct pVP16-RVR(178-353) andectors. Mouse cyclin D1 was excised from pGEX-3X-CYL1
pVP16-RVR(355-576), the 1236 bp insert generatediaogH| (44) and mouse p21 was excised from pCMW35, an unpublished
digestion of pGAL-RVR(170-576) was digested itioRl and  clone encoding mouse p21 from the Vogelstein laboratory. The
the 564 and 675 bp fragments were end-filled with Klenow anBVR cDNA probe was the sequence spanning bp 508-1731,
cloned intoXhd-digested, Klenow end-filled pNLVP16. GV- encompassing the D and E regions, and was excised from
RVR(178-353) and GV-RVR(355-576) were created by ligatin@GAL4-RVR(170-576) wittBanH]I.
the Sal-Xbd fragment of pVP16-RVR(178-353) and the
Sal-Xbd fragment of pVP16-RVR(355-576) in®al/Xbad-  RESULTS
cleaved pGAL4-VP16. . : - i
For construction of the following GV-RVR chimeras, theRVR functions as a dominant transcriptional repressor:
following primers were used to PCR amplify wihiTma DNA identification of an active transcriptional silencer located
polymerase regions of RVR from GV-RVR(355-576): Gyv-Petween amino acids 394 and 449 in the E region

RVR(394-449), GMUQ301 and GMUQ302, GV'RVR(416_449)*The literature to date on RVR indicated that this orphan receptor

GMUQ303 and GMUQ302; GV-RVR(394-437), GMUQ301 andre .

) pressed transcription of the Rev-embfAromoter and sup-
GMUQ30A€' GVTRVR(416_437)' GMUQ303 anc_i GMUQ304' ressed the ability of RQRto transactivate gene expression.
The following primers were used to create mutations in the I:A%hese experiments were all based on transfection assays. To
g'?/;anségf\é's\ésgfaiﬁg) G(I\B/I\L/JR\QISSAGQ% I\(/BIL'\J/I U\%”;OTD?:E elucidate the molecular basis of these transcriptional characteristics,

Q o 2 ' Q an Q302. we investigated the potential of RVR to modulate transcription by
amplification (Pfu DNA polymerase, Stratagene) products frolijizing the GAL4 hybrid system, whereby a putative trans-
GV-RVR(355-576) containing primer-derivé&hl 5'-ends and  ,qiyator is fused to the DBD of the well-characterized yeast

Xbd 3-ends were digested witSal/Xbd and ligated 10 a4 protein. If active, the putative transactivator induces

Sal/Xbd-digested pGAL4-VP16. transcripti
L ption of the CAT reporter placed downstream of the
PSGS-RVR was created by ligating BenHl-cleaved 1745bp G| 4 hinding sites. The system utilized an SV40 promoter

fragment of pBS-RVR int@anHI-digested pSG5. Sense and g, ression vector with a muitiple cloning site downstream of the
antisense clones were spreenedEble digestion. To create a4 pBD (amino acids 1-147) from which the activation
PSGS-RVRAE, Sphi/Bglll-digested pGEX-1 RVR was end-filled y,4in had been deleted. We fused various domains of the RVR

with Klenow and the 837 bBanH| fragment was ligated into : ; ;

: . X protein to the GAL4 DBD to examine their effects on the basal
Bglll-digested, end-filled, BamHl-digested pSG5. 'Double- .E?vel of expression from an Elb promoter downstream of five
stranded sequencing of ligation junctions confirmed authentici opies of a 17mer GAL4 binding site linked to the CAT reporter.
and that the foreign protein was being expressed in-frame. As shown in FigurelA, the GAL4-RVR chimeras did not
CAT assays activate transcription of the GS5E1bCAT plasmid. This implies

that RVR does not contain any modular activation domains.
Cells were harvested and aliquots of the cell extracts wektowever, it should be noted that RVR activity may be ligand
incubated at 37C with 0.1-0.44Ci [14C]chloramphenicol (ICN, dependent and to date no ligand has been identified or character-
Cleveland, OH) in the presence of 5 mM acetyl-CoA and 0.25 liaed. There is a growing body of evidence that the transactivating
Tris—HCI, pH 7.8. After a 0.2—4 h incubation period, the samplegctivity of steroid receptors can be modulated in a ligand-
were analysed on silica gel thin layer chromatography plates iaslependent manner by phosphorylation evetit2§). It has
described previously3f). Quantitation of CAT assays was been demonstrated that the N-terminus of Rev-rwhich

performed with an AMBI$-scanner. contains 50 serine/threonine residues out of 131, possesses &
phosphorylation-dependent N-terminal activation domii) (
Western blots The N-terminal AB region of RVR is serine rich (27/102 amino

: . . . cids) and thus may be a potential target for kinases. The above
Rabbit anti-mouse cyclin D1 antibody (Santa Cruz no. SC'71?>ansfections were repeated in the presence of 8-Br-cAMP, which
was used at a concentration ofu@y/ml for 1 h at room

temperature. Rabbit anti-GAL4 antiserum (Santa Cruz nactivates cAMP-dependent protein kinases. This treatment did
sec- 4pze£3)avxllja§.use?j at aioncentratioimgalljove(rn? h?at 2!8 Fot improve the ability of the GAL4-RVR chimeras to activate

. , 9 g ranscription and suggested that phosphorylation by cAMP-
Extract preparation, electrophoresis, transfer, non-specific blocka o jent protein kinases does not activate RVR (data not shown),
Ing, Was_hmg and further steps were ca_rrled out with Boehr_lngerTo further understand the transcriptional properties of RVR, we
Mannheim ECL Western blotting detection reagents according Qlized the GAL4-VP16 chimera. a potent _transcriptional
the manufacturer's protocols, as described previoBSjy ( activator, to study the activity of this protein. To examine whether
RNA extraction and Northern hybridization RVR possessed the ability to repress a potent functional

transactivator, we sub-cloned segments of RVR cDNA into the

Total RNA was extracted by the acid guanidinium thiocyanat€sAL4-VP16 expression vector and examined the effect on
phenol/chloroform method3®). Poly(A)* RNA was extracted activation of the CAT reporter gene linked to GAL4 binding sites.
using an mMRNA isolation kit (Boehringer Mannheim) from totalA similar investigative approach utilizing the GAL4-VP16
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A co-transfected with the reporter gELbCAT) into COS-1 cells
el i ooaes 3 and the CAT activity assayed. Full-length RVR, the DE region
GALI DAD = and the E region of RVR when linked to the GAL4-VP16 chimera
AL SN e very efficiently repressed (40- to 60-fold) transactivation by
LR () i GAL4-VP16 (FiglB). This suggested that RVR cDNA contains
s B T an active and potent transcriptional repressor in the E region. The
LB : AB (amino acids 1-88), ABCD (amino acids 1-276) and D (amino
: 27 o acids 179-353) regions of RVR had no effect on the ability of the
B Foibg Aotretios GAL4-VP16 protein to transactivate gene expression.
To further characterize this repression domain, three more
M chimeric GAL4-VP16 (GV)-RVR expression plasmids that con-
AL 48 tained sub-domains of the E region were constructed: GV-
- RVR(425-576), GV-RVR(520-576) and GV-RVR(394-449).
AV - These were co-transfected with the reporter (pG5E1bCAT) and
arempars B BT CAT activity assayed. RVR(394-449) when linked to GAL4-VP16
—— e W . very efficiently rgep_ressed >40-fold) transa}ctivatio_n by_
avmmimay G~ T GAL4-VP16 to a similar level as the RVR E region (amino acids
355-576) (FiglB). This suggests that all the silencing ability of
awsvnpassar | EEEZ———— - the C-terminal region of RVR may be due to the region between
avrvn e [EEZ—— - amino acids 394-449 in RVR. In contrast, RVR(520-576) had no
SNAYR | S E@——_—Jih effect on the ability of the GAL4-VP16 protein to transactivate
RRTIPRITRR. - M gene expression (FidB). RVR(425-576), which contains only
P o0®m owm mom part of RVR(394-449), weakly repressed transcription of
Fold Fapmasion GAL4-VP16.
To verify that repression of GAL4-VP16 by RVR was not due
C " *f to the different stabilities or expression levels of the GV-RVR
f"ﬁ o*“* / chimeric proteins, we analysed whole cell extracts from trans-
e fected COS-1 cells on Western blots using a polyclonal antibody
Wby 2 to the GAL4 DBD. The GV-RVR(355-576) protein, which
S5 — i E d demonstrated strong repression of GAL4-VP16, was expressed
efficiently with respect to the GAL4-VP16 protein (Hi@). This
p— R p—— indicates that the ability of the region between amino acids
WK — 355-576 of the RVR protein to repress transactivation by
GAL4-VP16 is not due to differences in protein levels relative to
GAL4-VP16 protein.
W - — ki To determine if this transcriptional repression could be relaxed
is s by phosphorylation, the transfections were repeated in the

presence of 8-Br-cAMP. This stimulator of cAMP-dependent
protein kinases did not affect the ability of the C-terminal domain
Figure 1. Analysis of potential transcriptional activation and repression tg repress transcription (data not ShOWI’]). In conclusion, these
domains of RVR. Various regions of RVR were sub-cloned into a multiple : _ ; ; :

cloning site in-frame with and 8f the GAL4 DBD A) or GAL4-VP16 (GV) experiments _demo_nstrate that the C.te.rmlnal regl_on of RVR
coding region B) respectivel. COS-1 cells were co-transfected with (bEtWe.en amino QC[dS 39"{ and 449), within the E region, encodes
PG5E1bCAT reporter (2.Ag) and GAL-RVR (A) or GV-RVR (B) chimeras ~ an active transcriptional silencer.

(1 pug) and assayed for CAT activity. Results shown are meézd and were o o

derived from three independent experiments. (A) Results represent foldiRepression is dependent on the LBD-specific signature

activation compared with that of GAL4 DBD alone. (B) Transcriptional motif and helix 5 in the E region located between
repression is expressed relative to GAL4-VP16 al@)enMhole cell extracts éimino acids 416 and 449

from untransfected COS-1 cells and COS-1 cells transfected with GAL4-VP1

or GV-RVR(355-576) were analysed on Western blots using a polyclonal At
antibody to the GAL4 DBD. The positions of the transfected proteins areRecent pUbllcatlon of the CryStaI structures for the LBDs of three

indicated. members of the steroid/thyroid receptor superfamily, thyroid

hormone (TR), retinoic acid (RAR) and retinoid X (RXR)

receptors, have revealed a conserved structure consisting of 12
chimera has been utilized to analyse the thyroid hormone recepishelices 80-32). The smallest characterized repression domain
(29) and Rev-erb& (25). The GAL4-VP16 protein, which of RVR (amino acids 394—449) identified would encompass H3,
contains the yeast GAL4 DBD and the transactivating domain &8-4, H4 and H5 (see FigA). The most conserved amino acids,
herpes simplex virus VP16, is a potent transcriptional activator of the so-called LBD-specific signature [(F/W)&kkx FxxL-
GAL4 binding sites linked to CAT. xxx DQxxLL], for the superfamily spans H3, L3—4 and H4 of the

Six chimeric GAL4-VP16 (GV)-RVR expression plasmidsLBD domain B3). It has been proposed that this motif contributes

were constructed; GV-RVR (amino acids 1-576), GV-RVRo stabilization of the LBD canonical structure. Therefore, we
ABCD (amino acids 1-276), GV-RVR AB (amino acids 1-88)decided to investigate the contribution of H3, H4 and H5 as well
GV-RVR DE (amino acids 170-576), GV-RVR D (amino acidsas the LBD-specific signature to the ability of RVR to repress
179-353) and GV-RVR E (amino acids 355-576). These wetenscription.
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A) (MM Jc o | &) These were co-transfected with the reportesEIBCAT) into
e AP R COS-1 cells and CAT activity assayed.
Sy o The FAK—H5 region of RVR(416—-449) when linked to GAL4-
- s Tl poemn e - VP16 repressed transactivation by GAL4-VP16 as efficiently as the
. -'=;~::'E;-:::E C E_'E RBH AP RVR E region (amino acids 394-449) (R28). This suggested
oy T P e that most of H3 was not required for repression of transcription
Larmman by RVR. In contrast, RVR(394-437) (H3-H4) and
RVR(416-437) (FAK—H4) did not efficiently repress the ability
e 3073 L B - of the GAL4-VP16 protein to transactivate gene expression. This
assrn i [ data demonstrates that H5 is absolutely necessary for active
evn passn, [T transcriptional silencing.
v ] Crystal structures for the LBDs of steroid receptors have

determined that the LBD signature is essential in preserving the

ovmen e (- canonical structure of the LBD. The conserved aromatic amino
p——— v __'_‘.'-“‘ acid phenylalanine (F) in the FAK motif has been shown to set the
. spatial limits of this hydrophobic cluster and the conserved lysine
Pl Repression (K) in the FAK motif (at the beginning of the LBD-specific
C) ™R aa 416-448 FAK RIPCFROLE CHOQUNLLEA CTFEVLHVEFAS signature) has been shown to interact with the glutamine (Q) in
GV -RVE ROAK ROA RIPOGFRODLE CHDOVTLLEM GTFEVLHVEEAE H4 (amino acids K418-Q432 in RVR}3J). Therefore, we
SN-RYR. ADAN R WILEERE AU LD L R, L L decided to mutate the FAK in the LBD-specific signature to
o) determine the role of the FAK motif in transcriptional repression
CALA-dFH8 JEV)

by RVR(419-449). We constructed two chimeric GV-RVR
expression plasmids containing mutations in the repression
domain, changing the FAKR sequence to AGAR (GV-RVR
AGAR) or ADAN (GV-RVR ADAN) (see Fig2C). These were
co-transfected with the reporter gELbCAT) into COS-1 cells
and CAT activity assayed.

Neither the GV-RVR AGAR [(12-fold) nor the GV-RVR
ADAN ([b-fold) construct efficiently repressed transcriptional
activation by GAL4-VP16 in comparison with GV-
A, -_| RVR(416—449) [(40-fold) (Fig.2D). These results demonstrate

that the amino acids FAKR of RVR are important in transcrip-
tional repression and that the LBD signature motif is necessary for
efficient transcriptional silencing. Interestingly, the impact of the
ADA versus AGA mutation on repression is more significant,
probably due to mutation of a neutral alanine (A) to a charged
Figure 2. Characterization of the transciptional repression domain in the EaSpalrtiC acid (D).
region of RVR. A) Alignment of mRVR, rpRev-erbAf) rTRa, mRXRa and Combined Wl.th the preymus obstlerv_atlons,. we .Can conqlude
hRARa showing the region from H3 to H5 in the E region. Helical assignmentsthat RVR ,Conta'ns an ac“_ve tran,scr'pt_'onal silencing domain in
for rTRa (32), rRev-erb&r, mMRXRx and mRVR are based upon the helices the E region of the protein that is active when transferred to a
denoted for the hRX&®and hRARX crystal structures (31). Conserved amino heterologous DBA. The minimal region necessary to confer
gg:gsx‘eﬁgect‘i'zﬁgfeecci{iecds\igi?ﬁtUgsrg;’gfc(x?dr‘;”igﬁgz 2;3 ign%BDgSQRSV‘é active transcriptional repression lies between amino acidss 416
chimeras (1ug) and assayed forpCAT activity. Rgsults shown are mezn and 449, which includes the LBD-specific S|gnatur§a (_spannlng
and were derived from three independent experiments. TranscriptionalAK, L3—4 and H4) and H5. Furthermore, the data indicate that

repression is expressed relative to GAL4-VP16 al@)édfino acid residues ~ the LBD-specific signature matif, in the absence of H5, cannot
of the RVR repression domain (416-449) and mutations induced in the FAKRmediate active transcriptional silencing.

region. Mutated amino acid residues are shown in bb)}T{o chimeric

GV-RVR expression plasmids containing mutations in the repression domain

(see B) were co-transfected with the reporter (G5E1bCAT) into COS-1 cells an ; FAti ; ; ;
the CAT activity assayed. Results shown are miezid and were derived from Active transcriptional silencing by RVR is not cell

three independent experiments. Transcriptional repression is expressed relati%’eclflc and occurs in mouse myogenic cells

to GAL4-VP16 alone.K) C2C12 (mouse myogenic cells) and JEG-3 cells

(human choriocarcinoma) were co-transfected with pG5E1bCAT reporter . . .

(2.5pg) and GAL4-VP16-RVR chimeras (@) and assayed for CAT activity. ~ Next we wished to examine whether repression by RVR was cell

Results shown are meanSD and were derived from three independent specific_ We examined the ability of GV-RVR(355_576) and
experiments. Transcriptional repression is expressed relative to GAL4'VP1Q3V-RVR(416—449), both of which exhibit strong repression
alone. ability in COS-1 cells, to repress transcription in C2C12 (mouse
myogenic) and JEG-3 (human choriocarcinoma) cells. In both
cell lines we observed that both RVR(355-576) and
RVR(416-449) strongly repressed transactivation by the
We constructed three chimeric GAL4-VP16 (GV)-RVR ex-GAL4-VP16 protein [(40- to 60-fold) (Fig2E). This suggests
pression plasmids: GV-RVR(416-449) (FAK-H5), GV-that the cofactors involved in active transcriptional silencing by
RVR(394-437) (H3-H4) and GV-RVR(416-437) (FAK-H4).RVR are not cell specific and are present in different cell types.
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& & However, RVR is expressed in muscle and functions as a
A & & & ¢* C & ﬂé"" transcriptional repressor in myogenic cells, hence we investigated
¢ @ &4 its physiological role during C2C12 myogenesis, a well-
SO o e ol OB characterized paradigm of mammalian differentiation. To study
185 ANA [P —— what role RVR might play in muscle differentiation we investigated
LLI L] e et the expression ongVpR erNA during myogenic differentiati%n in
the mouse C2C12 myoblast cell line. Proliferating C2C12
" - oy - - - myoblasts can be induced to biochemically and morphologically
differentiate into post-mitotic, multinucleated myotubes by
vy ™ serum withdrawal in culture over a 48-96 h period. This transition
myngenin - v from a non-muscle phenotype to a contractile phenotype is
associated with repression of non-muscle proteins and activation/
#:* expression of a structurally diverse group of genes. This gene
B &> o eyl O] - activation encodes a functional sarcomere responsible for the
oM G major activity of this specialized cell type, i.e. contraction. These
Far—— - - events are characterized by a sequence of transitions typified by
—- | -- theactin multigene family. During myogenesis the cytoskeletal/
AVA non-muscle3- andy-actins are down-regulated; in contrast, the
P v - peaciin --w | sarcomeric cardiac and skeletalactins are induced. These
isoform transitions correlate with repression of cyclin D1 and
GAPDS | w9 rrsetin - - activation of myogenin and p21 mRNAs.
cating = LA | Total RNA and poly(Aj RNA were isolated from proliferating
myoblasts, confluent myoblasts and post-mitotic myotubes after
1 and 4 days of serum withdrawal and examined by Northern blot
D 2 Celg C2 AVAsE

analysis. RVR mRNA was abundantly expressed in myoblasts,
however, this transcript is suppressed (2.5- to 4-fold, relative to

I I 1
Culturs Coanditions: G GM CM M DN GM GM OF DM DWE

& {JF 18S rRNA and GAPDH mRNA respectively; data not shown) as
Timse (hours}: 4 4B 424 f s 48 as myoblasts exit the cell cycle and fuse to form differentiated
multinucleated myotubes that have acquired a muscle-specific
sk .'."'. '.' phenotype (Fig3A). Down-regulation of RVR mRNA correlated
with the recent observations that the mRNA for two other orphan
Myogenin - wesw steroid receptors, COUP-TF Il and Rev-emhAs repressed
during myogenesis. These orphans have been demonstrated tc
B2 kit I antagonistically regulate myogenesis, repress MyoD mRNA

expression and abrogate the induction of myogenin mRNA after
serum withdrawal45,26).

_ , _ ) _ Concomitant with this decrease in RVR mRNA was the
Figure 3. Expression of RVR during myogenesis and Northern analysis Ofinduction of myogenin mMRNA (5_ to 6-fold, relative to 18S rRNA

stable transfectants expressing a dominant negativeARViRanscript. . . .
(A) Poly(A)* RNA was extracted from proliferating myoblasts (PMB) and 21d GAPDH mRNA respectively), which confirmed that these

confluent myoblasts (CMB) in growth medium (GM) and myotubes 1 and 4 Cells had terminally differentiated (FI8A\). Repression of RVR

days (MT-1 and MT-4) after serum withdrawal in differentiation medium (DM). (Fig. 3A) and cytoskeletal non-mus@eandy-actin mRNA and

RNA ((12-5BEIJ\I)AW35 tgoned agdllggbeg 'LOA RVR and mytl)_genin,lusitndg fa”dgm cyclin D1 (relative to the equivalent levels of 18S rRNA) and the

primed ¢ probes, an r , using an oligonucleotide probe.: ; . : :

(B) Poly(A)* RNA was extracted from proliferating myoblasts of C2C12 and |n(_juct|on of 921' sarcomeric-actins and m.yOQen.m mR'.\IA

stable transfectant (C2:RAE) cells. RNA (2.5ig) was blotted and probed for  (Fi9-3C) confirmed that these cells had terminally differentiated.

RVR and GAPDH using random primed cDNA prob€. Total RNA was Expression of MyoD mRNA in myoblasts and myotubes

i(;ol\ll?é?d from wﬁﬁrentdCZC%é slr)ld CdZ:FMng"S %Se F;]rolgerating myqlt)rl]?jsts Iconfirmed the myogenic nature of these cells. The differential
in growth medium and myotubes after serum withdrawal i ;

(MT-4) in differentiation medium (DM). RNA (20g) was blotted and probed eXpreSSK)lntOfthRVR mRNAdeL_Jfo;geSt?dt_that tf(\jI/S orph_ar; receptorf

for myoD, myogenin, cyclin D1, p2B;actin anda-actins (cytoskeletal and may regulate - e pr_oce_ss 0 _' _eren lation ana/or maintenance o

sarcomeric), using cDNA probes, and 18S rRNA, using an oligonucleotidemyoblast proliferation in a similar manner to COUP-TFII and

probe. D) Total RNA was isolated from parent C2C12 cells and C2YR  Rev-erbAl.

cells as proliferating myoblasts (PMB), confluent myoblasts (CMB) and 4, 8

and 24 h after addition of differentiation medium (DM). RNA (&) was Constitutive expression of a ‘dominant negative’ RVR

blqtted and_probed for_ myogenin and p21, using cDNA probes, and 18S rRNA(RVRAE) in myogenic cells stimulates muscle-specific

using an oligonucleotide probe. markers of differentiation

The Northern analyses demonstrated that RVR mRNA repression
correlates with the biochemical and morphological differenti-
ation of myogenic cells that results in transition from a
non-muscle phenotype to a contractile phenotype. To examine the
A biological function for RVR in development and differentiationrole of RVR and to identify the probable target(s) of this orphan
has not been found, although the mRNA is expressed duringceptor in muscle cells we proceeded to examine the effect of
embryogenesis and ubiquitously expressed in many adult tissuasocking out RVR function by constitutive over-expression of a

RVR mRNA is repressed during myogenic
differentiation
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dominant negative RVAE expression vector that lacked the Einthe C2:RVRAE line, in contrast to the native C2 cell line, where
region (which encodes the repression domain) in the C2C12 cel1 mRNA is not induced until 8 h after serum withdrawal. These
line. The construct pSG5-RWE (which contained RVEBE  studies demonstrate that terminal differentiation is accelerated in
cloned in the sense orientation into pSG5) was co-transfecttte C2:RVRAE cell line and the markers of myogenic differenti-
with pCMV-NEO. Stable transfectants were isolated as ation are precociously induced.

polyclonal pool of G418-resistant colonies (comprised of >20

individual resistant colonies). This cell line was called C2:8¥R
The C2:RVRAE cell line produced abundant amounts of th
exogenous/transfected 0.9 kb RMRMRNA transcript, relative
to the endogenous full-length 4.5 kb transcript (F@B).
Interestingly, the level of full-length RVR transcript is reduce
2.8-fold in the C2:RVRE cell line relative to the GAPDH As previous|y mentioned, two other ‘orphans’, COUP-TF Il and
control. Furthermore, we observed that bacterially expressggv-erbAu, that are expressed in proliferating myoblasts have
RVRAE protein bound the optimal monomeric (WABGTCA  recently been demonstrated to antagonistically regulate muscle
motif more efficiently than the full-length native protein (data notiifferentiation in culture, repress MyoD mRNA expression and
shown). abrogate the induction of myogenin mRNA after serum with-

To examine the effect of constitutive dominant negative RVRrawal ¢5,26). We decided to investigate whether over-expression
expression on factors involved in determination (e.g. MyoD) angf sense (S) and antisense (AS) COUP-TF Il and ReveerbA
differentiation (e.g. myogenin) we isolated total RNA fromcDNAs in the cell lines C2:COUP-TF Il S, C2:COUP-TFII AS,
C2:RVRAE and normal C2C12 proliferating myoblasts (PMB)C2:Rev-erbar S and C2:Rev-erbAAS (described previously;
and myotubes (MT-4) before and after 96 h of serum withdrawak 26) affected p21 mRNA and cyclin D1 protein expression
respectively. These RNAs were Northern blotted and probed wigfuring myogenesis.
18S rRNA, cytoskeletal/non-musleandy-actins and sarcomeric/  |n the cell line C2:COUP-TFII S, stably transfected with pSG5
striateda-skeletal andi-cardiac actin, MyoD, myogenin, cyclin COUP-TFII S, the induction of p21 mRNA by serum withdrawal
D1 and p21 labelled cDNAs (FigC). These probes enabled uswas completely blocked (FigA). Interestingly, the levels of
to determine the impact of constitutive dominant negative RVByclin D1 protein in the myoblasts of this cell line are elevated
expression on important markers of myogenesis. relative to the levels in normal C2 cells (FigB). These

We noted that the rate of differentiation was enhanced up@mservations correlate with the absence of MyoD and myogenin
serum withdrawal and more multinucleated myotubes Wei@RNA in the C2:COUP-TFII S cell line26). Curiously,
formed in cells overexpressing RER mRNA compared with  constitutive expression of antisense COUP-TFII in the cell line
the parent C2C12 cell line. The absolute levels of myogenin amp:COUP-TF Il AS did not lead to greater induction of p21
p21 mRNA were significantly enhanced in C2:RMRcells after - mRNA after serum withdrawal, but resulted in a slight reduction
96 h of serum withdrawal (MT-4 myotubes 4 days) (8@, in  in cyclin D1 protein levels in these myoblasts compared with
accordance with the enhanced morphological differentiation @f;clin D1 levels in native C2 cells.
these cells. The level of Cyclin D1 mRNA in proliferating In the cell line C2:Rev-erbé S, Overexpressing Rev-erbA
myoblasts was lower, relative to the level in native cellsnduction of p21 mRNA by serum withdrawal was completely
Furthermore, expression of p21 was elevated in both myoblagfiecked (Fig4C). Interestingly, unlike the effect of COUP-TF II
and in myotubes (on a background of normal MyoD mRNAn these cells, the level of cyclin D1 protein in this cell line was
levels), reflecting the increased ability to differentiate andinaffected (Fig.4D). However, constitutive expression of
demonstrating that p21 mRNA levels are influenced by RVRntisense Rev-erlsAcDNA in the cell line C2:Rev-ermhAS
during myogenesis. did not significantly alter the levels of cyclin D1 protein in
myoblasts and p21 mRNA after serum withdrawal.

These studies demonstrated that constitutive over-expression
of two other orphan steroid receptors, COUP-TF Il and Rev-
erbAa, which are normally expressed in proliferating myoblasts
affected expression of p21 mMRNA during myogenesis.

To examine whether the elevated levels of myogenin and p21

MRNAs in the C2:RVRE cell line were due to an accelerationp|SCUSSION

of terminal differentiation, we conducted a time course study. We

isolated total RNA from C2 and C2:R¥AE cells as proliferating Previous studies have demonstrated that Reveerfzfosely
myoblasts (PMB), confluent myoblasts (CMB, harvested 24 telated to RVR, 97% in the DBD and 68% in the LBD) possesses
after the harvesting of PMB cells) and +4, +8 and +24 h aftéoth an N-terminal phosphorylation-dependent activation domain
serum withdrawal in differentiation medium (DM) [(4e.8 and (25) and a strong repressor domain located in the C-terminus
24 h after harvesting of the CMB sample in growth mediuni25,34). Our work with the GAL4 hybrid system indicates that
(GM)]. Northern analysis clearly demonstrated that termindRVR does not possess an activation domain, but does contain a
differentiation is accelerated in the C2:RMRcell line. Myogenin  potent transcriptional silencing domain within the C-terminal
is strongly expressed after 4 h in the C2:R¥Rell line, whereas putative LBD/E region (between amino acids 416 and 449).
in native C2 cells expression is not observed until 24 h after serdRepression by this region was not relieved by an activator of
withdrawal (Fig3D). In fact, myogenin mRNA is spontaneously cAMP-dependent kinases, 8-Br-cAMP. Although RVR contains
induced by cell contact in the C2:R¥R cell line in growth serine-rich regions in the N-terminus, the lack of sequence
medium (GM). p21 mRNA is induced 4 h after serum withdrawahomology in the N-terminal regions between RVR and ReveerbA

Constitutive expression of the orphan steroid receptors
OUP-TF Il and Rev-erbAa in C2 cells increases

cyclin D1 levels in myoblasts and blocks induction of

&)21 MRNA after serum withdrawal during myogenesis

Expression of RVRAE results in precocious induction
and accumulation of myogenin and p21 mRNAs after
serum withdrawal
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Figure 4. Effects of overexpression of COUP-TF Il and Rev-erti C2C12 cells on cyclin D1 and p21 expression. Northern@dC) and Westerng andD)

analysis of C2C12 cells stably tranfected with pSG5-COUP-TF Il sense (S) and antisense (AS) constructs (A and B) or with pS@5sBesed®)yand antisense

(AS) constructs (C and D). For Northern analysis, total RNA was isolated from parent C2C12 cells and the stably transfected cells as proliferating myoblasts in gr
medium (GM) and myotubes/cells 72 h after serum withdrawal in differentiation medium (DM). RNg) (28s blotted and probed for p21, using a cDNA probe,

and 18S rRNA, using an oligonucleotide probe. For Western analyggo2@hole cell extracts from untransfected cells and C2 cells transfected with the indicated
chimeras were analysed with a polyclonal cyclin D1 antibody.

and the low percentage of glutamines and prolines may expldRev-ertAa receptor (amino acids 455-488). This is in agreement
the differences itrans-acting potential. with the reported transcriptional repression properties of both
Our studies indicate that RVR possesses a potent transcriptioogihan receptors. Whether the domain we have defined between
repression domain in the E region of the orphan receptor thahino acids 416—449 of RVR directly represses transcription or
functions in different cell types. Recently reported crystalunctions as a repression interface for another molecule is not
structural studies on the TR, RXR and RAR LBDs and detailecurrently clear.
nuclear receptor (NR) amino acid residue alignments haveOur studies also indicate a biological role for RVR in
identified a NR-specific signature in this regi@8)( This motif, = mammalian differentiation. We demonstrated that proliferating
(FIW)AKxxxx FxxLxxx DQxxLL, contains most of the conserved C2C12 myoblasts expressed RVR mRNA, which was repressed
amino acid residues that stabilize the core of the canonical foldwhen cells were induced to differentiate by serum withdrawal into
NR LBD domains. The amino acids that encode the repressiotultinucleated myotubes that express a contractile phenotype.
function of RVR (amino acids 416—449) are found in a domaiRVR ‘loss of function’ studies in a cell line that constitutively
that formsa-helices 3, 4 and 5 (and L3-4) of the putative LBDexpressed an RVEE mRNA (which lacked the identified
region and encompasses the LBD signature motif. It has befemctional repression domain) indicated that the process of
proposed that this region forms a hydrophobic pocket in the LB@ifferentiation was accelerated. This observation correlated with
core. Our data confirms the importance of this motif, as mutatidncreased levels and the precocious induction dfip¥fafland
of the FAK residues impairs the silencing effects of this regiomyogenin mRNA in these cells, which encode a cdk inhibitor and
Furthermore, our studies demonstrated that H5 was necessaryHbH protein respectively. These RVR ‘loss of function’ studies
RVR function. The importance of H5 to NR function isindicated that RVR plays a significant role in the cascade of events
highlighted from natural mutations in this region of other NRs¢hat antagonistically regulate myogenesis. The importance of
that lead to generalized resistance to thyroid hormone, partial eadctional orphan receptor expression in the regulation of
complete androgen insensitivity syndrome and testicular feminimyogenesis was highlighted by the inhibition of p21 mRNA
ation 33and references therein). Structural analysis of TR/RARhduction after serum withdrawal in cell lines that constitutively
RXR indicates that this region is buried inside the receptoover-express either COUP-TF Il or Rev-eth®ver-expression
Whether this is the case with RVR, which does not contain HX¥ these orphan receptors has been previously demonstrated to
(the AF-2 domain), remains to be determined. Curiously, thabrogate induction of myogenin mRNA after serum withdrawal
domain is very highly conserved (FBA) within the Rev-erb (25,26). Furthermore, in a cell line that constitutively expressed
family, with only one amino acid difference found in theantisense COUP-TF Il cDNA2§), we observed significantly
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increased levels of myogenin mRNA after serum withdrawal,g gardinlg,H-EP- iﬂ/nd Lall(zar,JMl.\;\. (é%lgbl. C;II.BBiol, 13;\ 3lslt3ESI;ZE g
similar to the effect of over-expression of RMRIn C2C12 cells. onnelye,E., vanacker,J.-.., Desbiens, 2., Gegue.A., stehelin,b. an
These studies suggest that tr?is roup of orphan steroid receptgra-2udetV: (1994Lell Growth Differentiaf 5, 13571365,

99 g p ; p p quDumas,B., Harding,H.P., Choi,H.-S., Lehmann,K.A., Chung,M.,
(COUP-TF II, Rev-erbA and RVR), which have been demon- [ azar,M.A. and Moore,D.D. (1994Jol. Endocrinol, 8, 996-1005.
strated to function as transcriptional repressors, may play & Giguére,V.,, Tini,M., Flock,G., Ong,E., Evans,R.M. and Otulakowski,G.
co-ordinated role in the antagonistic regulation of myogenesis (1994)Genes Dey8, 538-53.
and maintenance of the proliferative state. This group of closely Adeimant®. Begue,A, StehelinD. and Laudet,V. (16569. Natl
related' ‘orphan’ repressors directly or indirectly regulate ang, oclsaor},Ec.ll\]. (1582’))%. 87011154 261-272.
target induction/expression of p21 and myogenin MRNA. The olson,E.N. (1993ylol. Endocrinol, 7, 1369-1378.
expression of these genes, as demonstrated by many other studiesyluscat,G.E.O., Downes,M. and Dowhan,D.H. (18#6¢ssaysl7,

is critical to cell cycle exit and transactivation of the myogenic_ 211-218.
programme respectively4,20,23). 13 Rudnicki,M.A., Schnegelsberg,P.N., Stead,R.H., Braun,T., Arnold,H.H.

. . and Jaenisch,R. (199Gkll, 75, 1351-1359.
It has been demonstrated that MyoD may induce terminal cgll Hasty,P., Bradley,A., Morris,J.H., Edmondson,D.G., Venuti,J., Olson,E.N.

cycle arrest and maintenance of the post-mitotic state during and Klien,W.H. (1993Nature 364, 501-506.

muscle differentiation by increasing the expression of p215 Gu,W., Schneider,J.W., Condorelli,G., Kaushal,S., Mahdavi,V. and
(20,21). The possibility exists that the orphan steroid receptors Nadal-Ginard,B. (1993yell, 72, 309-324. _

(RVR, COUP-TF Il and Rev-ertd indirectly block induction © ggg:ig;éjﬁgfi%fh“’“ Mahdavi,V. and Nadal-Ginard,B. (1994)
of p21 during myogenesis, via suppression of MyoD MRNA37 sherr.C.J. (1994yends Cell Biol 4, 15-18.

Over-expression of COUP-TF Il and Rev-ethguppresses the 18 Sherr,C.J. (1994ell, 79, 551-555.

levels of MyoD mRNA and blocks cell cycle exit and biochemical9 Sherr,C.J. (199%}enes Dey9, 1149-1163. _
differentiation £5,26). However, we note that in the cell line 20 ﬁ;“%'g‘zg"?;;’g'“ Andres,V., Smith,R. and Walsh,K. (18f8) Cell. Biol,
C2:RVRAE Expression Qf P21 mRNA was precociously mducegl Hz;\Ievy,O., Novitch,B.G., Spicer,D.B., Skapek,S.X., Rhee,J., Hannon,G.J.,
after serum withdrawal in a background of normal MyoD mRNA " Beach D. and Lassar,A.B. (199)ience267, 1018-1021.

levels. The cdk inhibitor p21 is induced during myogenesis2 Parker,S.B., Eichele,G., Zhang,P., Rawls,A., Sands,A.T., Bradley,A.,
(20-22), as well as in other cells undergoing terminal differenti-  Olson,E.N., Harper,J.W. and Elledge,S.J. (18#5¢nce267, 1024-1027.

ation, including cartilage, skin and nasal epitheliuzg).( 23 fg;;ffészf' Rhee,J., Spicer,D.B. and Lassar.A.B. (S298)ce267,

Over-expression of p21 in C2C12 cells inhibits myoblas}, R, ss chu.c. and Kohtz,D.S. (1994). Cell. Biol, 14, 5259-5267.
proliferation and reverses the inhibition of muscle-specific geng pownes,M., Carozzi,A. and Muscat,G.E.O. (1986). Endocrinol, 9,
expression in mitogen-rich mediu20(23). Thus the regulation 1666-1678. o

of p21 expression by the ‘orphans’ may subsequently affect tRé ;4311510?,2%50-, Rea,S. and Downes,M. (198%)leic Acids Res23,
function of the cycl|n'D—cdk4 cqmplex. Certainly, in cells POWGTR.F. Lydon.J.P. and Conneely.O.M. (1821nce252
over-expressing a dominant negative RVR (that had an acceler- 1546 1547

ated rate of differentiation) the levels of cyclin D1 mRNA weres Rangarajan,P.N., Umesono,K. and Evans,R.M. (188R)Endocrinol, 6,
lower. Analogously, cells that over-expressed COUP-TF Il 1451-7. S _ _
expressed higher levels of cyclin D1 protein in proliferating?® Casanova,J., HelmerE., Selmi-Rubi,S., Qi.J.S., Au-FliegnerM.,

myoblasts. Whether, the effects on p21 are mediated purely by a%zéiizﬂaé?llé\éli *é?gld'?g"g‘%';‘é_ggﬁ Raaka,B.M. and Samuels,H.

inhibition of MYOD expression/function is not clear at 'present. 30 Bourguet,W., Ruff, M., Chambon,P., Gronemeyer,H. and Moras,D. (1995)
In conclusion, RVR, COUP-TF Il and Rev-edAunction as Nature 375 377-382.
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