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ABSTRACT

ROR/RZR is an orphan nuclear receptor that has no
known ligand in the ‘classical sense’. In the present
study we demonstrate that ROR o is constitutively
expressed during the differentiation of proliferating
myoblasts to post-mitotic multinucleated myotubes,
that have acquired a contractile phenotype. Exogenous
expression of dominant negative ROR  alAE mRNA in
myogenic cells significantly reduces the endogenous
expression of ROR al mRNA, represses the accumu-
lation and delays the activation of mMRNAs encoding
MyoD and myogenin [the muscle-specific basic helix—
loop—helix (bHLH) proteins] and p21 Wai-1/Cip-1 (g cdk
inhibitor). Immunohistochemistry demonstrates that
morpho-logical differentiation is delayed in cells
expressing the ROR AE transcript. Furthermore, the
size and development of mutlinucleated myotubes is
impaired. The E region of ROR a1 interacts with p300,
a cofactor that functions as a coactivator in nuclear
receptor and MyoD-mediated transactivation. Consistent
with the functional role of ROR a1l in myogenesis, we
observed that ROR a1l directly interacts with the bHLH
protein MyoD. This interaction was mediated by the
N-terminal activation domain of the bHLH protein,
MyoD, and the ROR a1 DNA binding domain/C region.
Furthermore, we demonstrated that p300, ROR al and
MyoD interact in a non-competitive manner. In con-
clusion, this study provides evidence for a biological

role and positive influence of ROR a1 in the cascade of
events involved in the activation of myogenic-specific
markers and cell cycle regulators and suggests that
crosstalk between the r _etinoid-related o_rphan (ROR)
nuclear receptors and the myogenic bHLH proteins
has functional consequences for differentiation.

INTRODUCTION

ligands in the ‘classical sense’. The orphan receptor RORIRZR
(retinoic acid receptor-related orphan receptor) is closely related
to Rev-erbAr, RVR/Rev-eri3/BD73 and Drosophila orphan
receptor E75A, particularly in the DNA binding domain (DBD)
and the putative ligand binding domain (LBD). ROR, Rev-erbA
and RVR bind as monomers to an asymmefyig)§RGGTCA

motif. ROR functions as a constitutive transactivator of gene
expression; in contrast, Rev-etrAand RVR do not activate
transcription, mediate transcriptional repression and can repress
constitutive transactivation from this motif by R@OR3-9).

Three ROR/RZR genes have been identified. R@Rcodes
four RORx isoforms, al, a2 a3 and RZR, which are
alternatively spliced products of the R@Rgyene and are
predominantly expressed in blood, brain, skeletal muscle and fat
cells 8,10). ROR3/RZRP is expressed specifically in the brain
(11) and RORis found at high levels in skeletal musdl@<14).

Although, RORY is expressed in skeletal muscle and myogenic
cells, its functional role has not been established. However,
evidence for a physiological/biological role of this group of
related but opposingly acting nuclear orphan receptors has come
from cell culture studies. Exogenous expression of ReveerbA
and RVR in muscle cells antagonistically regulates differentiation
and inhibits expression of the hierarchiogbDgene family and the
cdk inhibitor p2YVa-1/Cip-1(15-17), which control muscle-specific
gene expression and cell cycle exit during myogenesis, respectively.
Furthermore, during myogenic differentiation, the expression of
Rev-erbAr and RVR mRNAs is repressed, hence, one of our
objectives was to elucidate the functional role of R@RmMuscle
differentiation and to identify putative targets of RD&tion in
muscle.

Muscle differentiation is the process whereby proliferating
myoblasts permanently exit the cell cycle and fuse to become
post-mitotic, multinucleated myotubes with a contractile phenotype,
that express myogenic markers (reviewetdii 9). Insights into
this process have been provided by the identification of a group
of basic helix—loop—helix (bHLH) proteins encoded byrtiyeD
gene family fnyoD myf-5 myogeninand MRF-4/myf-6/herculii
The products of thanyoD gene family are muscle-specific

Members of the nuclear receptor superfamily bind specific DNAansactivators that can direct cell fate, repress proliferation and

elements and function as transcriptional regulatb.(This

activate differentiation and the contractile phenotype. The muscle-

group includes the ‘orphan receptors’ which have no knowspecific bHLH proteins function at the nexus of command circuits
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that control the mutually exclusive events of division andCAATTTGCATTGC), containingEcdRl sites, were used to
differentiation (reviewed in8-20). Gene targeting studies have synthesise the 523 amino acid full-length open reading frame of
suggested that whitayoDandmyf-5are required for determination RORu1. The product was end-filled and cloned intoShed site
(21), myogenins specifically required for differentiatio??). of pBS (Stratagene). Plasmid pBS-ROR was digestedbaifR|

MyoD plays a dual role during myogenesis, activating bottand the insert was subsequently cloned into pGEX-1N and pSG5
muscle-specific gene transcription and promoting cell cycle exib form pGEX-ROR and pSG5-ROR. pGAL constructs were
by inducing the expression of p#A-L/Cip-L an inhibitor of prepared by subcloning in-frame restricted fragments of pBS-ROR,
cyclin-dependent kinases and cellular proliferati@3-28).  with or without end-filling with Klenow, into the multiple cloning
Transactivation by MyoD involves: (i) the bHLH domain, that issite of vector pGALO 6) that contains the GAL4 DBD
involved in both DNA binding and dimerization; (ii) the sequence. Likewise, VP16 constructs of RQRvere prepared
heterodimerization of MyoD with the ubiquitously expresseditilizing the multiple cloning site of pNLVP16. All pGAL and
E2A gene products, E12 and E477) (iii) the binding of pVP16 and pGEX clones have been checked and found to be in
MyoD-E2A heterodimers to specific E-box motifs (CANNTG) the correct orientation. Double-stranded DNA sequencing shows
in muscle-specific enhancers (reviewed Z28-25); (iv) the that the inserts were in the correct reading frame.

recruitment of the cofactors p300 and PCAR-1). The &onstruction of p300 plasmid¥he CMVbp300 plasmid was

cofactors, p300 and PCAF, are critical co-activators for Myo . : .
during myogenic commitment and differentiation. The N-termina?leaved wittBarrH| between amino acids 595 and 1240 and the

LI . . . . resulting fragment was end-filled with and cloned iSal-
activation domain of MyoD directly interacts with p300 and?leaved/end-filled GALO plasmid. The p300 plasmid was cleaved

recruits PCAF to form a ternary multimeric complex on promotegith Scd andHindlll between amino acids 1030 and 2414 and

elements £9,32). These events lead to hyperacetylated an e resulting fragment was end-filled with and cloned into
transcriptionally permissive chromatin. Moreover, p300 an al-cleaved/end-filled GALO plasmid. The N-terminal end of

PCAF co-activate myoD-mediated transactivation of pé 0300 (amino acids 1-149) was produced by PCR, using primers
gene and are necessary for MyoD-mediated cell cycle &&st ( GM 320 (GCG GTC GAC ATA TGG CCG AGA ATG TGG TG)

The transcriptional activity of MyoD is modulated by environ-
mental cues related to the concentration of growth factor§‘nd GM 322 (GCG GTC GAC TGACTG CGTAGG ACCCTG)

receptors and oncogene products that promote cell divisi(ﬁ’pd cloned int@Gal-cleaved GALO.
(reviewed in20). These agents inhibit the transcriptional activity : .
of MyoD by promoting: (i) the direct phosphorylation of the C€ll culture and transient transfections
bHLH region and/or the interaction with c-jun, which prevent i ) )
DNA binding; (ii) the activation of Id (inhibitor of differentiation) Mammalian two hybrid assaplasmids (lug of GSE1bCAT
expression, an HLH protein that lacks DNA binding ability and@pPorter and 0.33ig of GAL-N-CoR/RIP13 or p300) were
functions as a dominant negative; (iii) the suppression/sequesterﬁfq'tranSfeCted/ expressed in human choriocarcinoma JEGS3 cells
of myogenic-specific transcription factors and cofactors. with either VP16 or VP16-ROR (0.38)), then assayed with
Co-activators that mediate transactivation by nuclear receptdi@SPect to their ability to transactivate the reporter (GSE1bCAT).
include TIF1, ERAP160, RIP140 and p300/CBP. CBREB Each 12-well (_1|sh of JE_G3 cells (80% confluence) was transiently
binding gotein) and the parahomologue p300 are integrators dansfected with plasmid DNA by the DOTAP/DOSPER (Boeh-
multiple signal transactivation pathways. p300/CBP has bedlf'9er Manneheim)-mediated procedure as described previously

shown to interact with both nuclear receptors and the transcriptio :

machinery through multiple dimerization interfac&s-35). The  CAT assaysThe cells were harvested, normalised to protein
involvement of the p300 family with orphan receptors, inconcentration and the CAT activity was measured as previously
particular ROR, is an unexplored area of nuclear receptofiescribed §7). Aliquots of the cell extracts were incubated at

research. 37°C with 0.1-0.4 mCi of *C]chloramphenicol (NEN) in the

To gain insight into the function of R@R in myogenesis We presence of 5 MM acetyl-CoA and 0.25 M Tris—HCI pH 7.8 and
used loss of function studies in myogenic cells as a tool ighalysed as described previousl{17).
elucidate the biological role of ROR in muscle. Ablation of ) ) .
RORu expression in muscle cells was achieved by the exogenogtable transfections of C2CIyogenic C2C12 cells cultured in
expression of a dominant negative RG¥E. We observed that 20% FCS in DMEM to 40% confluence were co-transfected with

these cells no longer express endogenous R@RI that the PCMV-NEO and either pSG5-ROR(1-235) or antisense
onset/accumulation and expression of myogenic-specifitSG5-ROR by the DOTAP-mediated procedure. The cells were
markers and cell cycle regulators had been altered. Furthermdk@en grown for another 24 h to allow cell recovery and neomycin
the molecular basis of these effects involves direct interactions @sistance expression before G418 selection. After 14 days
ROR with: (i) the myogenic-specific bHLH protein MyoD; selection with 400pg/ml G418 in culture medium, stable
(ii) p300, a cofactor that functions as a co-activator of MyoD- anfansfectants were cultured and maintained on.g@l G418
nuclear receptor-mediated transactivation. medium.

MATERIALS AND METHODS GST pulldown assay

pGEX-ROR was transformed into BL21 competent cells and
grown in LB medium. The GST fusion proteins were released
pCMX-RORn1 was kindly provided by V.Giguere!-Brimer after IPTG induction and sonication. Lysates were bound to
GMUQ253 (GCGGAATTCACCATGGAGTCAGCTCCGGC- equilibrated glutathione beads and then extensively washed and
AGCC) and 3primer GMUQ254 (GCGGAATTCTTACCCAT- left bound in NETN-1 buffer (0.5% NP-40, 1 mM EDTA, 20 mM

Plasmids construction
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Figure 1. Northern analysis of endogenous and exogenousoR@RBne expression in native C2C12 cells and stably transfected Rfofinant negative C2C12
cells. @) RORx gene expression is shown by RT-PCR with 28S rRNA as control from proliferating C2C12 (PMB) and 48 h differentiating (M2-2§(&2@ith
negative HO control and DNA marker (Materials and MethodB). Analysis of ROR gene expression in C2C12 PMB and MT-2 cells by northern hybridization
of poly(A*) RNA with mouse ROR probe and 18S rRNA as contrd)Proliferating C2C12 (PMB) cells (at <40% confluence) were cultured to confluence in growth
medium (GM) (20% FCS in DMEM) and thereafter the medium was replaced with differentiation medium (DM) (2% horse serum inCAGERIxells were
differentiated for 2 days (MT-2) before harvesting for poly(RNA extraction and analysis by northern blotting. Northern blots were probed witti IR€Di&wing
expression of the transfected dominant negative d&Qjene. D) Mouse ROR cDNA showing endogenous expression of RQiRtransfected and untransfected C2C12
and €E) end-labelled 18S rRNA probe. (Materials and Methods gives details on transfection; this data is derived from threetihgbpdisdtions of a single blot.)

Tris pH 8.0, 100 mM NaCl) with Complete protease inhibitofTACCCATCGATTT) and 28S rRNA primers (L-primer, primer A,
cocktail (Boehringer Manneheim). GST-MyoD, GST-MyoDATCTAGTAGCTGGTTCCCTC,; primer B, CCTCTAATCATT-
N-terminus, GST-MyoD HLH and GST-MyoD C-terminus CGCTTTAC).

have been described by Sartoretlial (29). pBluescript-p300,

pSG5-MyoD, EMSV-MyoD and pSG5-R@R were transcribed RESULTS

and translated using the rabbit reticulolysate TnT kit according . - . .
the manufacturer's instructions (Promega). pGEX-ROR 0 ORa is constitutively expressed in myogenic C2C12 cells
PGEX-MyoD beads or control pGSTag were incubated for 40 miRORx has been shown to be expressed in skeletal muscle tissue.
at room temperature wifit¥S-labelled proteins in NETN-1 buffer This observation suggested that this protein may play a role
with protease inhibitors and blocking agents (BSA and EtBr). Theuring mammalian myogenesis. Furthermore, the closely related
beads were extensively washed three times with NETN-1. Boumsit opposingly acting Rev-erbA/RVR orphan nuclear receptors
proteins were released by adding SDS-PAGE sample buffer aag abundantly expressed in proliferating myogenic cells; however,
heated to 95C for 10 min. The samples were run on miniproteanhey are repressed during myogenic differentiation. To elucidate
10 or 12% SDS—-PAGE gels (Bio-Rad) as described by Sartoreflie functional role of ROR in mammalian differentiation we

etal (29). investigated the expression of RORRNA relative to 185/28S
rRNA during myogenic differentiation in the mouse C2C12
Northern analysis myoblast cell line. Using the Genbank sequence of R@R

. o . design specific primers for mouse R@Bmplification, we were
Total RNA was extracted by the acid guanidinium thiocyanatgp)e to amplify the mouse RORMRNA transcript from total
phenol/chloroform method. Poly(ARNA was further extracted RNA isolated from proliferating and differentiated C2C12 cells
from total RNA using a mRNA isolation kit (Boehringer by multiplex RT-PCR (FigLA). Subcloning and DNA sequencing
Manneheim). Total RNA and poly(ARNA were electrophoresed idengified the expressed amplified product as RORe further
in a formaldehyde gel and vacuum blotted onto Hybond Nypstantiated that R@Rwas constitutively expressed during
membranes. The membranes were subsequently UV crosslinked;se myogenesis in culture by northern hybridisation analysis
and dried in an incubator. Prehybridized membranes wegg RNA isolated from proliferating and differentiated C2C12
hybridized at 42C in 4x Denhardt’s solution, 45% formamide, cgj|is (after 48 h serum withdrawal) (FigB). RORu is seen
0.2% SDS, 0.1 mg/ml herring sperm DNA with random primegyanscribed as a double band in C2C12 as described in differentiated
DNA probes. After 2 days, the membrangs were waghed twicepy g cells 9). This data demonstrated that the RORRNA
0.5-2 SSC, 0.1% SDS at 66 for 30 min. Autoradiographs transcript was constitutively expressed during myogenic
were scanned using a computer scanner and Adobe Photosh@gferentiation in culture, relative to the 18S and 28S rRNAs

(Fig. 1A and B).

Multiplex RT-PCR

C2C12 total RNA was reverse transcribed by Superscript reve EExogenous dominant negative ROR expression delays the

transcriptase (Gibco) using random hexamers as primers M3etivation and significantly rfed/uces the expression of the

: i af-1/Cip-1
first strand product was subsequently amplified by touchdown oD, myogenin and p21* MRNAS
PCR using Taq polymerase and mouse R@fRmners (L-primer, Proliferating C2C12 cells can be induced to biochemically and
GMUQ305, GCGAGATCTTTCATCAGCTTTGTGTTTGAA- morphologically differentiate into post-mitotic, multinucleated
TTT; R-primer, GMUQ306, GCGAGATCTGGCGCGACATT- myotubes by serum withdrawal in culture over a 48—96 h period.
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This transition from a non-muscle phenotype to a contractile

phenotype is associated with repression of non-muscle proteins A ,;;3‘ ,f\?"
and activation of a structurally diverse group of genes. This gene 5‘-”&\‘5 hw‘?&xf
activation encodes a functional sarcomere responsible for the cell lines & ;_!;'fp&
major activity of this specialised cell type, i.e. contraction. The 6"6"?6" 5,:-]3&*
events are characterised by the transition of the actin multigene culture

family. Non-musclep- and y-actins are down-regulated; in conditions SMGIGH — DMOWOM

contrast, the sarcomeric cardiac and sketetadtins are induced. 1SRN | Wew |eew
These isoform transitions correlate with the repression of cyclin
D1 (that is involved in the maintenance of the proliferative state),
induction of the muscle-specific bHLH gems/ogeninand the myoD - - -
cdk inhibitor p21, that are involved in activation of muscle-specific
gene expression and permanent cell cycle arrest, respectively.

To understand the biological role of R@Rduring myogenesis fHyogean sk
and to identify the putative target(s) of this orphan receptor in
muscle cells, we proceeded to examine the effect of knocking cyclinD1=|  —
out/ablating ROR function in myogenic C2C12 cells. We stably P21 | e - -

(and independently) transfected C2C12 cells with dominant
negative and antisense R@Rxpression vectors with pCMV-

NEO. Stable transfectants were isolated as a polyclonal pool of RORGIAS . - B
G418-resistant colonies (comprised of >20 individually resistant RORa1 ¥~ "
colonies). The C2-RORL(1-235) (also denoted as C2-REH i)

cells were transfected with pSG5-ROR(1-235), which contained
a cDNA that only encoded amino acids 1-235. This dominant

negative construct lacked the entire E region and part of the B C2-RORo1
hinge/D region. This was chosen because the ‘staggerer’ l c2 (1-235)
phenotype in mice is due to a frameshift at amino acid 293 ( culture y '
and McBroomet al. (39) reported that deletion of this region wond|tione G":';;"“w“: ';mmw
preserved DNA binding but destroyed transactivation. Furthermore, hoursinDM & 0’4 8 243854 8 24
we noted that RO&RL(1-235) was not sufficient to transactivate

gene expression from an optimal and single monomeric response BsANA WS eeeeew

element linked to the basal tk-CAT reporter (data not shown). In

contrast, C2-ROR1 AS cells were transfected with the construct cyciinD1 ~ W= wege
pSG5-RORI1 AS, which contained the full-length R@GR p21 - Nesee .-
transcript cloned in the antisense orientation. ) -
The C2-ROR1(1-235) cells abundantly expressed the trans- myogenin == ' e . "ITL
fected/exogenous transcript relative to the endogenous full-length b .. Sl LA

transcript (Fig. 1C and D, respectively). Interestingly, we

observed that the endogenous levels of the ROMRNA

transcripts were significantly reduced in the C2-RQE-235)  Figure 2. Analyses of the functional role of R@R in muscle differentiation.

cells (Fig.1D) relative to the equivalent levels of 18S rRNA PrO\llc‘tiratingi Erﬁcéﬁl ceg(S) éa:: 2480;/)0 N?E'r\]/ll‘lutﬁgfee;f?é? nﬁlgé?gﬁiigorgoglcté%n&%n

(FIg.lE). SImIIarIY’ we detected the Sxpression of the ROR girlff)eren?i:ion m(ediL?rr(1 (DOM) 2% hors)e serum DMEM). nglzs were

antisense transprlpt in the C2-RORAS cells (Flng)' . differentiated for 1-4 days before being harvested for total RNA extraction and
Down-regulation of the endogenous RORanscripts is Not  northern hybridization. Multinucleated myotubes are formed after 4 days.

unexpected; MRNA pool sizes during myogenesis and in muscl@) Changes in gene expression observed in native C2C12 cells, and cells that

tissue are under strict contréllj, a mechanism exists that senses Eé?gi”gﬁz'yangfgzs hRgﬂ?d?}?eﬁr'esﬁt?;ieo %’;C(’th(;fgg‘:sminnzge?ﬁglee;ﬁgzcsrig);sv

total output from exogenous a’?d endogenous geﬁé)_s ( observed in native C2C12 cells, and cells that exogenously express thid ROR

Furthermore, exogenous expression of a number of differenfominant negative transcripts during the first 24 h of differentiation. (See

contractile protein transgenes in the mouse (e.g. myosin lighfiaterials and Methods for details on transfection.)

chain 2, troponin | fast and skeletal and cardiac actin) results in

a decline in the expression of the corresponding endogenous gene

(37,41-44). biochemical profile during myogenesis. In contrast to normal
To investigate the effect of exogenous dominant negative at@RC12 cells, the cells stably transfected with antisenseodROR

antisense expression on factors involved in the regulation ahd dominant negative R@R(1-235) had reduced steady-state

myogenesis (e.g. MyoD and myogenin) and the control of the cédivels of MyoD mRNA after the induction of differentiation by

cycle (e.g. cyclin D1 and p21). We isolated total RNA from normakerum withdrawal (Fig2A). Furthermore, the level of myogenin

C2-RORi1 AS and C2-ROR1(1-235) C2C12 proliferating activation/induction was reduced in the stably transfected cell

myoblasts (cultured in growth medium) and myotubes (after 961mes. Interestingly, dominant negative R@Rexpression had a

serum withdrawal). RNA samples were northern blotted anstronger impact than expression of the antisense construct on

probed for 18S rRNA, MyoD, myogenin, cyclin D1 and p21 mRNAMyoD and myogenin expression (Fi\). The induction/activation

expression. Northern analysis revealed important differences in the p21, which induces cell cycle exit, is also blocked in the
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Figure 3. Exogenous RORE expression delays myotube development. Native C2C12 cells and CRER@Rs were harvested after 2—4 days in 2% horse serum
and were immunostained with a monoclonal antibody directed towards the fast isoform of the major thick filament proimsitetheavy chain (MHC).
MHC-positive cells are stained red.

C2-RORu1(1-235) cell line (Fig2A). The altered biochemical RORAE cells after 48 h serum withdrawal lacked any significant
profile of mMRNA expression in these stably transfected cellsellular immunostaining of MHC or myotube structures. After
correlated with the reduced ability of the C2-R{IRl-235) 96 h serum withdrawal significant immunostaining was observed
cells to differentiate in culture. This stable transfection analysis both cell types; however, the native myotubes consistently
suggested that RQR expression affected the expression of twaappeared larger, longer and more developed @igThese
members of the muscle-specific bHLH gene fanmiyoDand  experiments are consistent with a delay in the time of and extent of
myogeninand the cdk inhibitor, p2#-1/Cip-1 that are involved  induction of the mRNASs regulating differentiation (e.g. myogenin)
in the activation of myogenic transcription and cell cycle exitand cell cycle exit (e.g. p21) observed in the northern analysis
respectively. above.

To determine whether the reduced steady-state levels of MyoD,
myogenin and p21 in the C2-ROR(1-235) cell line were due poRrq1 directly interacts with the co-activator p300
to a slower rate of differentiation, we conducted a time course
study. We isolated total RNA from C2 and C2-R0RL-235) Exogenous expression of the dominant negative ROR construct
cells as proliferating myoblasts (PMB), confluent myoblastén myogenic cells suggested that this member of the orphan
(CMB, harvested 24 h after harvesting of PMB cells), and 4, 8 amiiclear receptor family plays a positive role in myogenesis. We
24 h after serum withdrawal in DM (i.e. 4, 8 and 24 h after théhen examined whether the constitutive transactivator, OR
harvesting of the CMB sample in GM). These RNAs werénteracts with the cofactor, p300. This coactivator of nuclear
northern blotted and probed with 18S rRNA, myogenin, Id, cyclimeceptor- and MyoD-mediated transactivation is an important
D1 and p21 (Fig2B). Northern analysis demonstrated that theregulator of cell cycle control (and p21 mRNA expression) during
rate of terminal differentiation in the C2-RQR1-235) cell line is  muscle differentiation. CBP/p300 is a cofactor that interacts with
delayed. The time of myogenin and p21 mRNA induction is delayeal host of transcription factors and mediates transcriptional
by 8 and 24 h, respectively. Furthermore, the extent of myogenin asignalling, either through its histone acetylase activity or by
p21 mRNA accumulation is reduced. The expression of these gerfigsctioning as a bridge to recruit another coactivator(s) with
that are responsible for initiating the differentiation process aritistone acetyltransferase activity, e.g. P/CA46). Regions of
arresting the cell cycle, respectively, has been altered by doming@®00 that have been demonstrated to interact with a variety of
negative expression of the RAR variant, suggesting that the transcription factors are schematically depicted in FigArdn
RORu1 orphan nuclear receptor has a positive influence on thmarticular, the N-terminal region of p300, between amino acids 1
differentiation programme of myogenic cells. and 149, has been shown to function as a receptor interaction

To put these results into a morphological context we examinatbmain (RID) and to interact with a number of nuclear receptors,
the extent of myogenic conversion in the C2:ROR(1-235) celiscluding RAR, TR, RXR §3-35) and COUP-TF 1147).
(denoted C2-ROEE cells in these experiments) relative to native To investigate whether RQ@R interacts with p30 vivo, we
C2C12 cells; as measured by immunostaining with a monoclonatilised the mammalian two-hybrid assay. We tested several
antibody directed against a muscle-specific contractile proteironstructs of p300 to determine which domain/region of the
marker. The antibody is against the fast isoform of the major thictofactor interacts with RQIRL. The plasmids utilised in the
filament contractile protein, skeletal myosin heavy chain (MHC)mammalian two-hybrid assay included p300-aal-149,
MHC is associated with the contractile phenotype and ip300-aa595-1240 and p300-aal030-2414 that include regions of
expressed during the process of muscle differentiation. Immuntire cofactor that interact with the nuclear receptors and other
staining of native C2C12 cells after 48 h serum withdrawal (t&nown transcription factors (e.g. MyoD). These regions were
induce differentiation) in native C2C12 cells detected théused to form chimaera with the GAL4 DBD vector. The
appearance of multinucleated myotubes (B)g.In contrast, GAL4—p300 fusion proteins were then tested for interaction with
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Figure 4. RORx1 interacts with the co-activator p3B0vivo andin vitro. RORx1 interacts with p30th vivo. (A) Schematic representation of p300, highlighting
domains that interact with other transcription factors (50,57) and the domains linked to the GAL BpRialysis of the interaction of RQR with the p300
interaction domains GAL4—p300-aal-149, GAL4—p300-aa595-1240 and GAL4—p300-aal03@2tdraction of GAL4—p300-aal-149 with VP16—ROR
chimaera. JEG3 cells were co-transfected witig df each GAL4 and VP16 chimera as indicated, witly 8f the reporter pPG5E1bCAT. Results shown are mean
+ SD and were derived from at least three independent experiments. Relative fold activation is expressed relative toy@CAdamctrei after transfection with the
appropriate GAL—p300 chimera and VP16 vector alone, arbitrarily set t®) Dransactivation of MREtkCAT by pSG5 RORL1 in COS-1 cells. MRE-tkCAT
was constructed by ligating the double-stranded ReveernAnomeric response element to tkCAT. The clone was sequenced to contain only a single monomeric
binding site. pSG5-ROR(1-2294) was constructed by restriction digestion of pSGB-R@ARECARV +BanH| andSad + BanHI and then end-filled by Klenow fragment
and religated. Transfection and CAT assay were as described previBu@BT-RORI1 on glutathione beads was incubated for 40 min iwithitro transcribed and
translated p300 in the presence of ethidium bromide and BSA. At the end of the incubation period, the beads were exkedieeiy Wweated at“®@ for 10 min in
sample dye and analysed by SDS-PAGE. Input was 25% of the amount used in the interaction reaction.c@SfiteR@Bon with p300 and the p300 RID.

a chimeric protein consisting of the full-length RRCDNA  mammalian two-hybrid assay to delimit the domain that mediated
linked in-frame to the VP16 activation domain in the mammaliathe interaction with p300 (FiglC). The results show that the
cell line JEG3. VP16-RQMRL strongly interacted[R0-fold)  p300 RID interacts efficiently with RGRL in the presence of an
with the N-terminal domain of p300 (amino acids 1-149jntact E region, VP16—RQR(295-523). The hinge/D region
(Fig.4B). RORu1 did not interact with the other domains of and N-terminal/AB region of ROMRL had a negligible or limited
p300, indicating that RORL interacts only with the p300 RID. role in p300 binding (FigiC). The importance of this region was
In comparison, with RXR (in the presence of ligand), the verified by demonstrating that deletion of the E region inhibited
interaction of the N-terminal region of p300 with full-length the ability of RORI1 to transactivate a monomeric response
RORu1 is stronger [b-fold, and similar to that reported by element (Fig4D).
Chakravartiet al (34)] (data not shown). The demonstration of an interaction between p300 ancbROR
To identify the p300 interaction region in ROR we cloned in thein vivomammalian two-hybrid assay strongly suggests that
different regions of ROR1 into the VP16 vector and used thethese proteins may interact by a direct mechanism. However, this
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does not eliminate the possibility of an indirect mechanism ifusion chimaera containing functional subdomains of MyoD and
which an additional factor(s) mediates this interaction. We testéshmobilised on glutathione—agrose beads [i.e. GST-MyoD
this hypothesis using a biochemical approachijrthétro GST  N-terminus (amino acids 1-100), GST-bHLH (amino acids
pulldown assay, to confirm that p300 and RQORinteract 102-161) and GST-MyoD C-terminus (amino acids 162—318)]
directly. Glutathione—agarose immobilised GST-RQ@Rvas to interact with 3°S-radiolabelled RO&L (Fig. 5B). The
tested for direct interaction witin vitro 35S-radiolabelled N-terminus of MyoD linked to GST interacted strongly with
full-length native p300 and the RID of p300. GST-RQAR vitro translated RORL. In contrast, the GST-MyoD C-terminus
showed a direct interaction with full-length p300 (Big) andthe and GST-bHLH regions did not support any significant interaction
p300 RID (Fig4E). with RORn1. These experiments suggest that the N-terminal
In conclusion, thén vivo andin vitro assays studies demonstrateactivation domain of MyoD, which is represented by the first 100
that ROR directly interacts with the cofactor p300, a criticahmino acids of the protein, is required for RIRbinding.
component of nuclear receptor- and MyoD-mediated transcriptiomterestingly, the N-terminal activation domain also mediates the
The efficiency of binding by the RID of p300 relative to the nativanteraction with the coactivator, p300.
protein is weakly compromised; whether this reflects the We then investigated whether the C-terminus of BOR/as
requirements of additional regions for binding is not clear and noecessary to support the interaction with MyoD. Hence, we
supported by tha vivo two-hybrid studies. examined the ability of GST—-MyoD immobilised on glutathione—
agarose beads to interact wifts-radiolabelled RORL segments
between amino acid residues 1 and 294 and 1 and 235¥ig.
It was observed that both C-terminally deleted fragments interact
very efficiently with MyoDin vitro. This data suggests that the

During the course of this investigation it has been reported that theterminus of ROR1, which encodes the E region of ROR, is
positive and negative effects of RXR and COUP-TF Il orhot required for binding (FIgC). _

myogenesis, respectively, involve novel interactions between theT0 delimit whether the N-terminal AB region or the DBD
DNA binding domain of these nuclear receptors and Myomnediated the interaction with Myod vitro, we examined the
(47,48). Furthermore, the observations that RORnteracted  ability of the fragments between amino acid residues 1 and 140 and
with the cofactor p300, a coactivator of nuclear receptor- anland 75 to interact with MyoD, relative to the nativi-fength
MyoD-mediated transactivation and an important regulator of cefirotein. In contrast to the ability of the region between 1 and 140
cycle control/p21 MRNA expression during muscle differentiatioio support efficient binding, the fragment between amino acids 1
(28-30,49), suggested that ROR could be functioning to regulatand 75 did not significantly bind MyoD (FigD).

MyoD activity/function by directly interacting with MyoD or be ~ We similarly examined the ability of the region between amino
part of a complex with MyoD and p300. acid residues 1 and 140, which encode the N-terminal AB region and

To determine the validity of this hypothesis we utilisedrtivitro ~ the C region/DBD, relative to the amino acid residues between 1 and
GST pulldown assay, in which glutathione—agarose-immobilised®4, which encode the ABCD region of ROR, to interact with
GST-MyoD was incubated witfin vitro 35S-radiolabelled Various sub-domains of MyoD (Fi§E). We observed that the the
full-length p300 and RORL. This assay confirmed the interaction ABC region (amino acids 1-140) was sufficient to support the
of p300 with MyoD and clearly showed that R@Rand MyoD  interaction with MyoD. Furthermore, it was sufficient to mediate the
were indeed capable of a direct interactiositro (Fig. 5A). specificity of the interaction with the N-terminal region of MyoD

Since MyoD has independently been shown to interact withked to GST (Fig5E). This suggested that the C region of ROR
both p300 and ROML, we investigated whether MyoD could Was involved in mediating binding to MyoD.
simultaneously interact with p300 and REIRN the GST pulldown Consistent with the observations above we also demonstrated
assay. Hence, we examined the ability of glutathione—agaroddlirectinteraction between the DBD of R€lRand MyoD in the
immobilised GST-MyoD to interact with a mixture iof viro ~ GST pulldown assay. We showed that the C region/DBD alone
353-radiolabelled full-length native p300 and RER(Fig.5A, between amino acids 74 and 139 of ROR efficiently interacted with
lane 7) We observed that GST-MyoD could simu|taneous|§he 355-radiolabelled fuII-Iength MyoD, relative to native ROR
pu”down p300 and RO&RL. We then investigated whether prOtEin ||nked to GST and immobilised on gIL_Jtathione—ag_arose
competitive binding between these interacting proteins was &¢ads (FigoF). Thein vitro translateanyoDproduct interacted with
issue with respect to the formation of a putative ternary complegimilar efficiency with GST-RO& and GST-ROR(74-139).

We examined the ability of increasing amounts of p300 (1, 3 and This suggests that the C region of ROR that encodes the DBD
10 ul; Fig. 5A, lanes 7-9) to affect the efficiency of interactionis necessary for the interaction with MyoD. Moreover, it suggests
between GST-MyoD and radiolabelled ROR (Bity). We did  that this region also functions as a dimerization interface.

not observe a reduction in the efficacy of binding among these

interacting proteins when the quantity_of p300 was SUbStantia_'BlSCUSSION

elevated, suggesting that these factors interact in a non-competitive

manner. Furthermore, we observed similar results when the quaniityogenous expression of the R&IRdominant negative expression

RORa1 directly interacts with MyoD: p300, RORa1 and
MyoD interact in a non-competitive manner

of affinity resin was substantially reduced (data not shown).  vector in C2 myogenic cells significantly reduced the expression
of MyoD, myogenin and p21 (and endogenous RDRRNA

The N-terminal activation domain of MyoD mediates the levels after the induction of differentiation by serum withdrawal.

interaction with the DNA binding domain of RORa1 Futhermore, the extent of morphological differentiation as

assayed by immunocytochemistry was similarly effected. This
To identify the domain within MyoD (FigB) that interacts with  suggested that native R@QR functions to positively regulate
RORu1, we examined the ability of a number of GST-MyoDmyogenesis. These observations were entirely consistent with
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Figure 5. ROR and p300 directly interact with MydBvitro. (A) ROR and p300 were radiolabelled witgg]methionine byn vitro transcription/translation and
assayed for their ability to interact with glutathione immobilised GST and GST-MyoD. Glutathione immobilised GST-MyoD mstéiculyated with
35S-radiolabelled ROR and either 1, 3 o 6f radiolabelled p300. In each pulldown, the input lanes repres@® of the total proteinB) The N-terminal acid-rich
activation domain of MyoD mediates the interaction with RORnlivitro. GST pulldown showing an interaction betwe®s-radiolabelled ROR and
glutathione—agarose immobilised GST and GST-MyoD N-terminus, GST-MyoD C-terminus and GST-MyoD bHLH. The input lane$ i€}8teséttie total
protein. C) The E region of ROR is not required for MyoD binding. GST pulldown showing an interaction b88eerliolabelled ROR(1-523), (1-294) and
(1-235) and glutathione—agarose immobilised GST and GST-MyoD. The input lanes réfi@¥%eot the total proteinD() The C region/DBD of ROR functions

as a dimerization interface. GST pulldown showing an interaction be#@eadiolabelled ROR(1-523), (1-140) and (1-75) and glutathione—agarose immobilised
GST and GST-MyoD. The input lanes repregéi%s of the total proteinE) The ABC region of RORL1 supports the interaction with the N-terminal acid-rich
activation domain of Myoln vitro. GST pulldown showing an interaction betwé@radiolabelled ROR(1-235) and (1-140) and glutathione—agarose immobilised
GST, GST-MyoD, GST-MyoD N-terminus, GST-MyoD C-terminus and GST-MyoD bHLH. The input lanes rept88emif the total proteinF) The DBD of
RORu binds MyoD. GST pulldown showing an interaction betweradiolabelled MyoD with glutathione—agarose immobilised GST, GSTeRGRd
GST-RORx1(74-139). The input lanes represeb®% of the total protein.

several observations, including: (i) the constitutive expression 6HLH proteins, MyoD and myogenin, and the cdk inhibitor p21
RORu1l during myogenesis; (i) the antagonistic effects ofduring myogenesislg-17). Rev-erbA and RVR have antagonistic
exogenous Rev-eit (15) and RVR (.6) expression on muscle effects on muscle differentiation, whereas RCO#s a positive
differentiation (i.e. the closely related but opposingly actinanfluence on myogenesis. The opposing functional roles on
orphan nuclear receptors); (iii) the exogenous expression similar gene targets that have critical effects in differentiation
dominant negative RVAEE (16) leading to increased levels of correlates with the contrasting properties of these nuclear
p21Waf-1/Cip-1and myogenin mRNAs after serum withdrawal andreceptors in transcriptional regulation.
precocious biochemical and morphological differentiation. Interestingly, exogenous expression of REBRN myogenic
This study also indicated that closely related orphan nucleaells leads to repression of endogenous ROHRNA,; this is
receptors, ROR, Rev-erbA and RVR, all target expression of theidentical to the effect of exogenous RMR expression in
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myogenic cells, which resulted in repression of endogenous Rvdd T box motifs, which have been implicated as dimerization
MRNA expression. As discussed, this is not unexpected and guitderfaces in RXR (and other nuclear receptors). The DR box has
a common observation in the myogenic system due to thmen strongly implicated in the heterodimerization of TR and
regulation of MRNA pool sizes by a sensor system in myogeniRAR with RXR (furthermore, ROR and RAR belong to the same
cells that is receptive to mRNA produced from the endogenoumiclear receptor sub-familyg9,60). Furthermore, the T box
and exogenous locB{,40-44). This process in muscle serves tosequence that forms a third helix in RXR has been implicated in
make exogenous dominant negative expression vectors quitéh@mo- and heterodimerizatiof1-65). Recently, COUP-TF I
useful tool in the myogenic system because it results in very higind Spl have been demonstrated to synergistically regulate
levels of the transfected product relative to the endogenous targeanscription of the HIV type | LTR6E). Consistent with our
Rev-erbA and RVR function as dominant repressors of gerbservations Rotet al demonstrated that tfie vitro andin vivo
expression, silencing transcription via an interaction with thehysical interaction with Spl is mediated by the DBD of COUP-TF.
nuclear receptor co-repressor, N-CaR §0-56). Rev-erbA and Moreover, the Octamer transcription factors are recruited by the C
RVR are expressed in proliferating mononucleated myoblast&gion (DBD) of the glucocorticoid recept67j and the RXR DBD
then suppressed during the differentiation of these cells infonctions as a dimerization interface for PC/AB)(
post-mitotic multinucleated cells that have acquired the contractile Although we have demonstrated that MyoD can directly
phenotype. Our study revealed that the cofactor, p300, a functiofiiaieract with ROR and p300 and that the bHLH proteins can
integrator/coactivator of diverse signal transactivation pathwaygimultaneously pulldown the coactivator and the orphan nuclear
(57, mediated RORI1-dependent transactivation. Thesereceptor, the presence of aternary complex has not been identified
observations are consistent with the functions of the Rev-edirectly. Furthermore, our investigation did not provide any
family and ROR orphan nuclear receptors, as dominant represstigication of competitive binding between these components of
and activators of transcription, respectively. Furthermore, wie activation complex. Hence, we propose a structure/model
have demonstrated that the N-terminal 149 amino acids of p3@Wolving multiple contacts among these components that produces
directly interact with the E region of R@RThis correlates with an active transcription complex that mediates transactivation of
the requirements for transactivation by this receptor and strongROR-responsive genes during myogenesis. Finally, it demonstrates
suggests that the function of this orphan receptor is modulated @ject crosstalk between the orphan nuclear receptor and bHLH
positive cofactor interactions vivo. The effect of the dominant pathways that has functional consequences for the regulation of
negative expression vector in myogenic cells also correlates witfifferentiation and phenotypic acquisition. This mode of action and
the inability of this ROR product to interact with p300. Sartorellicrosstalk between two central regulatory components may turn out
and colleagues have demonstrated that p300 functions as tarpe utilised in other pathways of mammalian differentiation.
essential coactivator for the functions of MyoD and MEF-2 In conclusion, ROR1-mediated regulation of myogenic trans-
during myogenic conversion and transactivati®®).(Puri and ~ cription involves the cofactor p300 and the bHLH factor MyoD.
colleagues also demonstrated a requirement for p300 in Myoid¢hether direct crosstalk between the orphan nuclear receptor and
mediated/dependent cell cycle arrexf)( Subsequently, Puri, bHLH pathways has target gene specificity in a developmental
Satorelli and colleagues demonstrated that p300 has a critical réRNtext remains to be elucidated and will be a focus of future
in the recruitment of the histone acetyltransferase PCAF to tigéudies in the context of mammalian differentiation. Current
MyoD regulatory complexd?). These reports support the effectsinvestigations  examining the direct _a_nd indirect effects of
of the dominant negative ROR construct on MyoD, myogenifROR1 on the expression of and activity of the promoters of
and p21 mRNA expression and the cell cycle. myoD, myogemrandel\_Mll hopefully illuminate the entire role
The regulation of myogenesis (i.e. muscle differentiation) i&f RORa1 in myogenesis.
intimately controlled by a group of muscle-specific, bHLH
proteins encoded by tlrayoD gene family thyoD myogenin ~ ACKNOWLEDGEMENTS
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Our study suggests that one of the mechanisms involved in the
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