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ABSTRACT

COUP-TF Il is an orphan nuclear receptor that has no
known ligand in the ‘classical sense’. COUP-TF interacts
with the corepressors N-CoR, SMRT and RIP13, and
silences transcription by active repression and trans-
repression. Forced expression of the orphan nuclear
receptor COUP-TF Il in mouse C2 myogenic cells has
been demonstrated to inhibit morphological differ-
entiation, and to repress the expression of: (i) the
myoD gene family which encodes myogenic basic
helix—loop—helix (bHLH) proteins; and (ii) the cell cycle
regulator, p21 Waf-1/Cip-1 |n the present study, we show
that COUP-TF Il efficiently inhibits the ~ myoD-mediated
myogenic conversion of pluripotential C3H10T1/2 cells
by post-transcriptional mechanisms. Furthermore,
repression of MyoD-dependent transcription by
COUP-TF Il occurs in the absence of the nuclear
receptor cognate binding motif. The inhibition of
MyoD-mediated trans-activation involves the direct
binding of the DNA binding domain/C-region and
hinge/D-regions [i.e. amino acid (aa) residues 78-213]
of COUP-TF Il to the N-terminal activation domain of
MyoD. Over-expression of the cofactor p300, which
functions as a coactivator of myoD-mediated trans-
cription, alleviated repression by COUP-TF II. Further
binding analysis demonstrated that COUP-TF Il inter-
acted with the N-terminal 149 aa residues of p300
which encoded the receptor interaction domain of the
coactivator. Finally we observed that COUP-TF I,
MyoD and p300 interact in a competitive manner, and
that increasing amounts of COUP-TF Il have the ability
to reduce the interaction between myoD and p300 in
vitro . The experiments presented herein suggest that
COUP-TF Il post-transcriptionally regulates myoD
activity/function, and that crosstalk between orphan
nuclear receptors and the myogenic bHLH proteins
has functional consequences for differentiation.

INTRODUCTION

The process of skeletal muscle differentiation involves the
activation and induction of a large array of muscle-specific genes,
and exit from the cell cycle. ThayoD gene family encodes
myogenic specific basic helix—loop—helix (bHLH) proteins that
activate and control this process (reviewetHg). MyoD plays

a dual role during myogenesis, activating both muscle specific
gene transcription and promoting cell cycle exit by inducing the
expression of pZP-IWaf-l an inhibitor of cyclin-dependent
kinases and cellular proliferationd<5). Transactivation by
MyoD involves: (i) the bHLH domain, that is involved in both
DNA binding and dimerisation; (ii) the heterodimerisation of
MyoD with the ubiquitously expressed E2A gene products, E12
and E47 7); (iii) the binding of MyoD-E2A heterodimers to
specific E-box motifs (CANNTG) in muscle-specific enhancers
(reviewed in1-3); and (iv) the recruitment of the cofactors p300
and PCAF §-10). The cofactors p300 and PCAF are critical
coactivators for MyoD during myogenic commitment and
differentiation. The N-terminal acid-rich activation domain of
MyoD directly interacts with p300 and recruits PCAF to form a
ternary multimeric complex on promoter elemeft&l). These
events lead to hyper-acetylated and transcriptionally-permissive
chromatin. Moreover, p300 and PCAF coactivate myoD-mediated
trans-activation of the p21 gene, and are necessary for MyoD-
mediated cell cyle arrest]).

The transcriptional activity of MyoD is modulated by environ-
mental cues related to the concentration of growth factors,
receptors and oncogene products which promote cell division
(reviewed inl2). These agents inhibit the transcriptional activity
of MyoD by promoting: (i) the direct phosphorylation of the
bHLH region and/or the interaction with c-jun, which prevent
DNA binding; (ii) the activation of inhibitor of differentiation
expression (Id), a bHLH protein that lacks DNA binding ability,
and functions as a dominant negative; and (iii) the suppression/
sequestering of myogenic specific transcription factors and
cofactors.

The orphan nuclear receptors COUP-TF I, Rev-erbA and RVR
are members of the nuclear receptor superfamily, and are
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abundantly expressed in proliferating myoblakfs-(5). However, 5-GCGGTCGACATATGTGCCGCCTCAAAAAGTGCCTC-3
the expression of this group of receptors is repressed duriagd GMUQ372 5GCGGTCGACTTATTTATTGAATTGCCA-
differentiation. Constitutive expression of COUP-TF Il cDNA in TATACGG-3 were synthesised to allow PCR amplification of the
mouse C2 myogenic cells blocks morphological differentiatio€OUP-TF Il region spanning amino acids (aa) 134-414. The
by suppressing the levels of myoD mRNA, increasing cyclin Dbligonucleotides GMUQ371 and GMUQ373GCGGTCGAC-
protein levels, and blocking the induction of myogenin and p2CTAGGTTTTACCTACCAAACGG-3 were used to amplify the
MRNAs after serum withdrawal 4,16). The molecular basis for region spanning aa 134-389. PCR amplification was performed
these effects has not been elucidated. with PfuDNA polymerase (Stratagen, La Jolla, CA) according to
COUP-TF llis ubiquitously expressed in adult tissues, andhe manufacturer’s instructions. The resulting DNA fragments
regulated by the morphogen, sonic hedgehbd. (During were digested witlsal and ligated tdSal-digested pNLVP16.
embryogenesis, COUP-TF Il is expressed in the developing CNBie plasmids are described as VP16-COUP-TF Il 1/2 (i.e. aa
in a spatio-temporal mannetg§19), and in the dermatomial 134-414) and P16-COUP-TF Il 1/3 (i.e. aa 134—389) through-
region of the somite at 10 days post coitum, which will give riseut the text. The oligonucleotides GMUQ272 and QMUQ273
to the axial skeletal and tongue muse@le)(COUP-TF proteins (described inl6) were used to generate the COUP-TF Il CD
are highly expressed in many other developing organs and tregion. The resulting product was digested viitoRl and
expression level decreases with completion of differentiatiomnd-filled with Klenow DNA polymerase according to the
suggesting that COUP-TF is involved in organogeng§i@%). = manufacturer’s directions. The COUP-TF Il CD end-filled
COUP-TF binds to direct and inverted repeats of the RGGTChagment was then cloned into a pNLVP16 vector which had been
motif spaced by 0-12 n23-26). cleaved witiNdd and end-filled with Klenow DNA polymerase.
COUP-TF isoforms | and Il have been demonstrated to: (i) repre$e generate the pSG5-COUP-TF Il AB, ABCD and CDE
hormonal trans-activation of target genes by the nuclear receptpression vectors GAL4-COUP-TF Il plasmids encoding the
family (23-26); (ii) repress trans-activation by the potentAB, ABCD and CDE domains were digested viitoR| and the
GAL4VP16 chimera 16); (iii) interact with TFIIB; and resulting fragments cloned into thEcdRl site of pSG5.
(iv) negatively regulate the transcription of many other gengsSG5-COUP-TF Il CD was generated by digesting the COUP-
(e.g. Apolipoprotein Al gene)2(,27-29). Inhibition of trans- TF Il CD PCR fragment witliecaRI and again directly cloning
cription by COUP-TF Il has been shown to be mediated by twimto the Ecarl site of pSG5. To create the plasmids encoding
main mechanisms, active repression and transrepresiidn ( GST-COUP-TF Il AB, ABCD, CDE and DE, GAL4-COUP-TF
Active repression by COUP-TF involves direct binding andl plasmids encoding the AB, ABCD, CDE and DE domains were
competition for the occupancy of a common response ele&ignt ( digested witHEcdRl and the resulting fragments cloned into the
Transrepression involves inhibition of transcription by COUP-THEcdRI site of pGEX-AT. GST-COUP-TF 1I CD was
Il in the absence of its cognate binding matif, or independent gfenerated by digesting the CD PCR fragment &itbRI and
nucleic acid binding30). Interestingly, wei6) and Achatetal  cloning into theEcaRl site of pGEX-AT. VP16, GAL and GST
(30) have demonstrated that the DNA binding domain (DBD)/Cehimeras were sequenced to confirm the orientation and reading
region of COUP-TF Il is necessary for transrepression. Thigame.
molecular mechanism underlying COUP-TF Il transrepression is
unclear; however, it has been suggested that direct protein—protginII | d focti
interactions between COUP-TF and essential cofactors may bé&' culture and transfection
involved. Whether COUP-TF II directly regulates the transcriptiorbEG_3 cells were cultured for 24 h in Dulbecco’s Modified
of the bHLH regulators is un_cle_ar. _Furthermore, the fact thaty e Medium (DMEM) containing 5% charcoal stripped fetal
COUP-TF Il represses transcription in the presence and abseleg sorym in 6% Ceat 37 C prior to transfection. JEG-3 cells
of its cognate binding motif raises the scenario that COUP-TF rown in 6-well dishes to 60-70% confluence were transiently

may control MyoD activity or the formation of the functional ;o1 <tocted with g of the reporter plasmid DNA G5E1b-CAT,
MyoD ternary complex. 1 ug of either GAL4-p300-aa 1-149, GAL4-p300-aa 595-1240,

Active repression by COUP-TF Il is mediated by the nucleatgr GAL4-p300-aa 1030—2414 andid of either VP160. VP16

Corepressors actively repress transcription by: (i) interacting Witho15 coupP-TE II CD. VP16 COUP-TE Il CDE. VP16

Sin3A/B and recruiting histone deacetylases (i.e. HDAC-1 O5qyp.TF || DE, VP16 COUP-TF Il 1/2 or VP16 COUP-TF Il
Rpd3) Wh'Ch. actively promote chromatin (_:_on(_jen_satlon Vg3 by the DOTAP/DOSPER (Boehringer Mannheim) mediated
hypo-acetylation of the chromatif&-39); and (i) binding key o .0-2qire as described previousil)( The DNA/DOTAP/

components of the basal transcriptional machinery (i.e. TFII OSPER mixture was added to the celis in 3 ml of fresh medium
TAF) 32 and TAR 70) (40). In the present study, we demonstraterpe medium was replaced 24 h after transfection. Cells were

that that repression of MyoD-mediated transactivation by COUR, o ;
TF Il involves direct binding to MyoD and p300. Marvested and assayed for CAT enzyme activity as previously

described after a further 24 h. Each transfection experiment was
performed at least three times in order to overcome the variability

MATERIALS AND METHODS inherent in transfections. NIH3T3 fibroblasts were grown to
confluence (6 x 10P cells) in DMEM supplemented with 10%
Plasmids fetal bovine serum. Cells were transfected by the calcium

phosphate precipitation procedure as previously described. One
Vectors used in transfection experiments and GST-pulldowns gug of the 4RE-tkLUC reporter was coprecipitated with either 100
described in detail elsewherg X6). The construction of new ng of EMSV, 200 ng p300 and/or 100-500 ng of the
plasmids is described herein. The oligonucleotides GMUQ374SG5-COUP-TF 1l ‘sense’/pSG5-COUP-TF |l ‘anti-sense’
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plasmid. A total of 0.5 mg of the CMV-LacZ plasmid wasRESULTS

included in each transfection. Luciferase activity was assayed as

previously describeddf and corrected for with respect to the COUP-TF Il inhibits myoD-mediated myogenic conversion
transfection efficiency by theB-galactosidase assay. The of pluripotential C3H10T1/2 cells

guantitative B-galactosidase assay was performed with the

chlorophenol = re@-p-galactopyranoside  substrate. (CPRGiwe have previously demonstrated that proliferating C2C12
Boehringer Mannheim) as previously described). (Each  myopjasts express COUP-TF Il mRNA and that constitutive
transfection experiment was performed at least three times #pression of COUP-TF Il cDNA in mouse C2 myogenic cells
order to overcome the variability inherent in transfections.  pjocks morphological differentiation by suppressing the expression
levels of themyoDgene family and critical cell cycle regulators
(14,15). Moreover, preliminary evidence suggests that COUP-TF
Il directly regulates the transcription of the bHLH/contractile
C3H10T1/2 cell myogenic conversion gene families and/or the cell cycle regulators (P.B. and G.M.,
unpublished data). However, the fact that COUP-TF Il represses
. . . transcription in the presence and absence of its cognate binding
For the myogenic conversion assay, C3H10T1/2 fibroblasts we otif, and interacts with the corepressors N-CoR and SMRT,

grown to 60% confluence in 12-well dishes. C(?"S in each Welaises the scenario that COUP-TF Il may control MyoD activity
were transfected by the DOTAP/DOSPER (Boehringer Mannheindy fnction by post-transcriptional mechanisms, which include

mediated procedure, usingud of EMSV-MyoD in combination transrepression.
with either 1jg of pSG5-COUP-TF Il, pSG5-COUP-TF Il AB,  \ye tested this hypothesis by investigating the impact of
PSGS-COUP-TF Il ABCD, pSG5-COUP-TF Il CDE or pSGS gyv40-driven COUP-TF 1l expression on the MyoD-mediated
carrier DNA so as to totalj®y per transfection. Similarly, O myogenic conversion of pluripotential C3H10T1/2 cells. In this
each of EMSV-MyoD, EMSV-Myf-5, EMSV-Myogenin and gystem, transient transfection of an EMSV-MyoD expression
EMSV-MRF4 were cotransfected with either ighof pSG5 or  yector under the control of a moloney sarcoma virus promoter
pSG5-COUP-TF II. Twenty-four hours after transfection, cellgeads to the phenotypic/myogenic conversion of these cells as
were reefed on 10% DMEM until 100% confluent, whereuporcored by immunostaining with a monoclonal antibody directed
the media was changed to DMEM plus 2% horse serum. Celigjainst a muscle-specific marker. The antibody is against the fast
were grown under these conditions for 6 days, with medigoform of the major thick filament protein, skeletal MHC. MHC
changes occurring every 2 days. Immunostaining was theg associated with the contractile phenotype and is expressed
performed using a monoclonal antibody directed towards the fagiring the process of muscle differentiation. Utilisation of an
isoform of the major thick filament protein, skeletal myosinEmMSV-driven MyoD expression vector, which is essentially
heavy chain (MHC) (Sigma; clone MY32). This procedure isefactory to repression by COUP-TF Il, assured that any observed
described in detail elsewher®.( affects of COUP-TF Il on phenotypic conversion were independent
of myoD down-regulation, and mediated by post-transcriptional
events. We demonstrated that the identical moloney sarcoma
virus promoter linked to the CAT reporter in the same vector was
GST pulldowns not affected/regulated by COUP-TF Il expression. We cotransfected
increasing amounts of either pSG5, the SV40 expression vector
] ) o . alone, or pSG5-COUP-TF Il with EMSV-CAT. We observed that
GST and GST fusion proteins were exprességsamerichia coli gt the concentrations of DNA transfected in this experiment,
(BL21) and purified using glutathione-agarose affinity chromaneither the vector alone nor pSG5-COUP-TF Il affected the
tography as described previously). The GST fusion proteins  activity of the EMSV promoter (FiglA).
were analysed on 10% SDS-PAGE gels for integrity and to |n the initial experiment, C3H10T1/2 cells were transiently
normalise the amount of each protein. The Promega (Madisafansfected with EMSV-MyoD in combination with either pSG5
WI) TNT-coupled transcription—translation system was used t@/ector/vehicle only) or pSG5-COUP-TF II. As expected, cells
produce $°S]methionine-labelled MyoD and COUP-TF Il transfected with EMSV-MyoD and pSG5 were found to be
proteins that were visualised by SDS-PAGEvitro binding  positively stained with the MHC antibody. (FitB, panel b). In
assays were performed with glutathione agarose beads (Sigrsgark contrast, cells that were transfected with both MyoD and
St Louis, MO) coated witib00 ng GST fusion protein and wild type COUP-TF Il did not undergo myogenic conversion
2-30pl [35S]methionine-labelled protein in 200 ml of binding (Fig. 1B, panel c).
buffer containing 100 mM NaCl, 20 mM Tris—HCI (pH 8.0), To delimit the region within COUP-TF Il which is involved in
1 mM EDTA, 0.5 % NP-40, fig of ethidium bromide and 1)  the ablation of the MyoD-mediated acquisition of the myogenic
of BSA. The reaction was allowed to proceed for 1-2 h at roofshenotype, we cotransfected 10T1/2 cells with EMSV-MyoD and
temperature with rocking. The affinity beads were then collecteglkpression vectors encoding the AB, ABCD and CDE regions of
by centrifugation and washed five times with 1 ml of bindingCOUP-TF Il (Fig.1C). After immunostaining, it was found that
buffer without the ethidium bromide or BSA. The beads wer¢he ABCD and CDE regions were sufficient to inhibit myogenic
then resuspended in 20 ml of SDS-PAGE sample buffer amdénversion (FiglB, panels e and f). In contrast, the AB region
boiled for 5 min. The denatured proteins were run on a 10%f COUP-TF Il failed to ablate the MyoD-mediated acquisition
SDS-PAGE gel which was subsequently treated with Amershaofi the contractile phenotype (FidB, panel d). This is in
Amplify fluor (Amersham, Arlington Heights, IL), dried and agreement with previous studies that show that the CD region of
autoradiographed. COUP-TF Il (encoding the DBD and hinge domain) blocks the
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trans-activation of GAL4-dependent reporter genes by the potemlyoD-mediated myogenic conversion of pluripotential

chimeric trans-activator GAL4VP16.§). C3H10T1/2 cells. Furthermore, the orphan nuclear receptor
We then examined whether forced expression of the myogerabrogates 10T1/2 myogenic conversion in the absence of its

factors myoD, myogenin, myf-5 and MRF-4 could overcome theognate binding motif. The ability of COUP-TF Il to over-ride the

block mediated by COUP-TF Il. C3H10T1/2 cells were transientlgntire repertoire of myogenic factors also suggests that it may

transfected with expression vectors for the myogenic factosequester or bind essential cofactors.

myoD, myogenin, myf-5 and MRF-4 in the presence and absence

of COUP-TF II. It was found that although cotransfection ofCOUP-TF Il inhibits myoD-mediated trans-activation of a

C3H10T1/2 cells with the complete repertoire of myogeniceporter gene downstream from a MyoD-dependent

factors results in very efficient myogenic conversion, as scored Iieterologous promoter

positive aMHC immunostaining, COUP-TF I still blocks the

acquistion of the contractile phenotype (R, panel b versus The immunohistochemical analysis suggested that COUP-TF I

panel c).

In summary, the experlments presented above suggest that
CDE region of COUP-TF Il is involved in the inhibition of !
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acts to repress 10T1/2 myogenic conversion by a mechanism

jch is independent of MyoD gene expression. Hence, it was of

ntérest to determine whether COUP-TF Il could repress
MyoD-dependent transcription in the absence of its cognate
binding site. To achieve this we utilised a 4RE-tkLUC reporter
construct, in which four copies of the right E box (CANNTG
motif) of the muscle specific MCK enhancer are placed upstream
of a minimal thymidine kinase promoter linked to the LUC
reporter gene. This reporter construct does not contain a cognate
binding site for COUP-TF II, and has been demonstrated to
facilitate MyoD-dependent trans-activation.

C3H10T1/2 cells were cotransfected with the 4RE-tkLUC
reporter in combination with either EMSV-MyoD and/or COUP-
TF Il sense and anti-sense expression vectors. As expected,
co-transfection of the reporter with EMSV-MyoD alone activated
the expression of the LUC reporter gene very efficiently gAg.
However, cotransfection of 10T1/2 cells with EMSV-MyoD and
increasing quantities of the pSG5 COUP-TF |l expression vector
(i.e. 100, 300 and 500 ng) significantly repressed MyoD-mediated
trans-activation in a dose-dependent fashion (Biy).
contrast, cotransfection of EMSV-MyoD with the anti-sense
COUP-TF I construct did not have any affect on MyoD
trans-activation. This result clearly shows that COUP-TF Il is
capable of blocking MyoD-mediated trans-activation in a dose-

Figure 1.(A) COUP-TF Il expression does not affect the activity of the EMSV
promoter. C3H10T1/2 cells were transiently co-transfected with EMSV-CAT in
combination with either increasing quantities (0.3+8)) of pSG5 alone or
pSG5-COUP-TF Il. They were subsequently assayed for CAT activity; results
shown are meatstandard deviation and were derived from three independent
transfections.K) COUP-TF Il inhibits the myoD-mediated myogenic conversion
of pluripotential C3H10T1/2 cells. The ABCD and CDE regions of COUP-TF

Il are sufficient to inhibit myogenic conversion. C3H10T1/2 cells were
transiently transfected with EMSV-MyoD in combination with either pSG5 alone
(panel b), pSG5-COUP-TF Il (panel c), pSG5-COUP-TF Il AB (panel d),
pSG5-COUP-TF Il ABCD (panel e) or pSG5-COUP-TF Il CDE. Myogenic
conversion was then scored with respect to the untransfected control cells
(panel a) by immunostaining with a monoclonal antibody directed towards the
fast isoform of the major thick filament protein, skeletMHC after 4 days

in 2% horse serum. MHC-positive cells stain re@) (Diagrammatic
representation of COUP-TF I, highlighting the key domains: AB domain
(i.e. aa 1-78); C domain or DBD (i.e. &&-144); D domain or Hinge (i.e. aa
145-213); and E domain of putative LBD (i.e. aa 214—-4D))Ir(hibition of
10T1/2 myogenic conversion by COUP-TF Il is not overcome by the forced
expression of the myogenic factors myoD, myogenin, myf-5 and MRF-4.
C3H10T1/2 cells were transiently transfected with expression vectors for the
myogenic factors MyoD, myogenin, myf-5 and MRF-4 in the absence (panel b)
and presence (panel c) of COUP-TF Il. As before, myogenic conversion was
scored with respect to the untransfected control cells (panel a) by immunostaining
with an MHC antibody. MHC-positive cells are stained red and highlighted by
an arrow.
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Figure 2. (A) COUP-TF Il inhibits the MyoD-dependent transactivation of a 4RE reporter construct via a mechanism that is independevindfrigNiNIH 3T3

cells were transiently transfected with the 4RE-tkLUC report@igjlin combination with either MyoD (100 ng), COUP-TF Il sense ‘S’ (100, 300 or 500 ng) or
COUP-TF Il anti-sense ‘AS’ (500 ng) as indicated (+). After 48 h, cells were harvested and assayed for luciferase adivityeasia the Methods and Materials.

(B) COUP-TF Il directly interacts with Myol vitro; the CD region of COUP-TF Il alone is capable of mediating this interaction. MyoD was radiolabelled with
[35S]methionine byin vitro transcription/translation [the input (lane 1) represélif% of the total protein] and was assayed for its ability to interact with
glutathione-immobilised GST alone (lane 2), GST-COUP-TF Il (lane 3), GST-COUP-TF Il AB (lane 4), GST-COUP-TF |l ABCD G®EGDUP-TF Il CD

(lane 6), GST-COUP-TF Il CDE (lane 7) and GST-COUP-TF Il DE (lane 8). The retained proteins are shown in lanes 3-8.

dependent manner via a trans-repression mechanism whichTise N-terminal acid-rich activation domain of MyoD
independent of COUP-TF Il DNA binding. mediates the interaction with COUP-TF ||

To identify the domain within MyoD (Fig8B) which interacts
COUP-TF Il directly interacts with MyoD: the CD region with COUP-TF II, immobilised GST-COUP-TF Il was incubated
of the nuclear receptor mediates the interaction in combination with eithe?®S-radiolabelled N-terminal MyoD
. aa 1-100) or C-terminal MyoD (aa 162—-318). It was found that
We postulated that COUP-TF Il could be functioning to represﬁhe N-term)inal acid-rich acti¥/ati0$1 domain of I)\/IyoD, but not the
MyoD gctlvny/functlop by dlrectl'y interacting with MyoD. To c_terminal region, interacted with COUP-TF Il (FBC). It
determine this we utilised the vitro GST pulldown assay, in shoyld be noted that the N-terminal activation domain of MyoD
which glutathione agarose-immobilised GST-COUP-TF Il Wa$,5¢ also been demonstrated to interact with p300.
incubated within vitro 35S-radiolabelled full-length MyoD. This To rigorously confirm that the N-terminal of MyoD interacts
assay clearly showed that COUP-TF Il and MyoD were indeegi, cOUP-TF II, we examined the ability of a number of
capable of a direct interactiam vitro (Fig. 2B). . __GST-MyoD fusion chimeras containing functional subdomains
To map the region within COUP-TF Il that was involved ingt pyoD and immobilised on glutathione agrose beads [i.e.
medlatlngthlsmteractlon,avanetyofCOUP-TFIIdomalnswer%ST_MyoD (aa 1-318), GST-N terminal MyoD (aa 1-100)
sup—cloneq into the GEX-1 expression vector, producing thesT.pHLH (aa 102_161) and GST-C-terminal MyoD (aé
fusion protiens GST-COUP-TF Il AB, GST-COUP-TF Il ABCD, 162_318)] 10 interact with th&S-radiolabelled CDE region of
GST-COUP-TF Il CD, GST-COUP-TF Il CDE and GST-COUP-coyp_TF || (Fig.3B). As expected, MyoD and the N-terminal
TFIIDE. The fuII-Iength and deleted GST-COUP-TF || ChlmerlCOf MyoD linked to GST interacted Strongly witin vitro

proteins were then incubated with vitro translated MyoD. translated COUP-TF II-CDE (Fi@D). In contrast, the GST-
Interestingly, the COUP-TF Il domains ABCD, CD and CDEyyyop.-C-terminal and -bHLH regions did not support any
interacted strongly with full-length MyoD (FigB). In contrast,  gjgnificant interaction with the CDE domain of COUP-TF II.
neither the AB region nor the DE region retained the ability tqhese experiments suggest that the N-terminal acid-rich activation
interact with full-length MyoD. This demonstrated that the CDyqmain of MyoD, which is represented by the first 100 aa of the
region of COUP-TF I, which spans aa 78-213 and encodes tg?otein is required for COUP-TF Il binding.

DBD and hinge region, is required for MyoD binding. This '

observation was also confirmed by examining the abilityn of The coactivator p300 alleviates COUP-TF Il-mediated

vitro translated full-length COUP-TF 1l to interact with GST- : P

MyoD (Fig. 3A). As expected, we observed specific binding' =" c>>0" of MyoD-dependent trans-activation
betweer?>S-radiolabelled COUP-TF Il and GST-Myamvitro.  Nuclear receptors have been demonstrated to inhibit AP-1
These experiments suggested protein—protein interactions wéuection, in the absence of any observable affects on DNA
involved in the transrepression of myoD-mediated transcriptiomecognition, by competing for limiting amounts of p300/CBP
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Figure 3. The N-terminal acid-rich activation domain of MyoD mediates the interaction with COURFtb. (A) GST pulldown showing an interaction between
35S-radiolabelled COUP-TF Il and glutathione agarose-immobilised GST-MyoD. The input lane repli$érd$the total proteinB) Diagrammatic representation

of the MyoD protein, highlighting key regulatory domairB) Glutathione agarose-immobilised GST and GST-COUP-TF Il proteins were incubated with either
353-radiolabelled full-length MyoD, N-terminal MyoD (aa 1-100) or C-terminal MyoD (aa 162-318). The input lanes réfiil@¥emtf the total protein.

(D) COUP-TF I directly interacts with the N-terminal of Mya vitro. The CDE domain of COUP-TF Il was radiolabelled witPSjmethionine byin vitro
transcription/translation [the input (lane 1) represeb®% of the total protein] and assayed for its ability to interact with glutathione-immobilised GST alone (lane 2),
GST-MyoD full-length (lane 3), GST-MyoD N-terminal (lane 4), GST-MyoD C-terminal (lane 5) and GST-MyoD bHLH (lane 6). Thezirptateins are shown

in lanes 3-6.

(42). Competition for p300 in this case involves direct binding 2000
between p300 and nuclear receptors. In the context of muscle

differentiation, p300 functions as a coactivator for MyoD-mediated

trans-activation, and has been demonstrated to augment the 1000

trans-activation of genes which contain E-box elements in their 3

enhancer regions. It was therefore of some interest to determine «

whether COUP-TF Il could be functioning to repress MyoD- 0

dependent trans-activation by competing for limiting amounts of 4RE-TKLUC  + + + + + +
p300. In doing so, we examined the effect of p300 over-expression L"g&" Trrore
on COUP-TF ll-mediated repression of MyoD-dependent trans- COUP-TFH'S' - - - + + +

activation. NIH 3T3 cells were cotransfected with the 4RE-tkLUC

construct and COUP-TF ”_'_n the p(esfe;nce of e'_ther MyOD OrFigure 4. The coactivator p300 alleviates COUP-TF II-mediated repression of
MyoD and p300. If competition for limiting quantities of p300 MyoD-dependent trans-activation. NIH 3T3 cells were transiently transfected
also accounts for the inhibitory effect of COUP-TF Il on MyoD with 1 pg of the 4RE-tkLUC construct, 100 ng of CMV-MyoD, 200 ng of
transcriptional activity, then increased levels of p300 should"MV-Bp300 and 300 ng of COUP-TF Il as indicated (+). After 48 h, cells were
restore/alleviate COUP-TF Il-mediated repression. We foundlavested and assayed for luciferase activity.

that cotransfection of p300 with COUP-TF Il and MyoD almost

completely rescued myoD transcriptional activity (Fid\), ) _ )
suggesting that repression by COUP-TF Il involves competitioﬂi030—2414 were independently cotransfected in JEG-3 cells with

for limiting amounts of p300, presumably through protein—proteigither full-length VP16-COUP-TF II, VP16-COUP-TF Il AB or
interactions. VP16-COUP-TF Il CDE. The capacity of the GAL-p300 and

VP16-COUP-TF Il fusion products to physically interiactivo
: : ; ~ : was then assessed by their ability to trans-activate a CAT reporter

ﬁtoegaitit; Iclj(;rgrtgi?]c(tls?I\/v[;)tho';k;ﬁeth;;rgtlgf Ipil;(;%r? ?/i:/%ceptor gene placed downstream of GAL4 binding sites linked to the E1b

promoter. It was found that, like other members of the nuclear
Nuclear receptors have been shown to directly interact with theceptor superfamily, full-length COUP-TF Il strongly interacts
N-terminal RID encoded by aa residues 1-149 of p8Qvo  ([R0-fold) with only the N-terminal RID of p300 (aa 1-149)
(Fig. 5A; 43). To determine if COUP-TF Il also interacts with (Fig. 5B). In comparison, with the nuclear receptor RXR the
p300in vivo, we utilised the mammalian two-hybrid assay. In thigoresence of ligand), the interaction of the N-terminal region of
assay, the GAL4 DBD-p300 domain fusion chimerasp300 with full-length COUP-TFII, is strongerg-fold; data not
GAL4-p300-aa 1-149, -p300-aa 595-1240, and -p300-ahown, and similar to that reported by Chakrawardl (43)]. It
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Figure 5. (A) Diagrammatic representation of the p300 protein, highlighting regions involved in protein—protein inter&t@84JP-TF Il interacts with the RID

of p300in vivo. JEG-3 cells were transiently transfected with the G5e1bCAT reporter construct and expression vectors encoding either -@a14-p880
GAL4-p300-aa 595-1240, GAL4-p300-aa 1030-2414, VP16-COUP-TF Il full-length, VP16-COUP-TF Il AB or VP16-COUP-TF |l CDEtaslif¥icafter 48 h

on 10% charcoal stripped medium, cells were harvested and assayed for CAT activity. Results showntestanuzad deviation and were derived from at least
three independent experiments. In each case, fold activation is relative to GAL4-p300 chimera/VP160 CAT activity, whiafiljssatat 1.0.¢) The CD region

of COUP-TF Il, which spans aa 78-213, interacts with the N-terminal 149 aa afp8@DJEG-3 cells were transiently transfected with the 3 mg G5e1bCAT reporter
construct, 1 mg GAL4-p300-aal-149 and 1 mg of the VP16-COUP-TF Il chimeras as indicated (+). The results are preserdgadsasttrelard deviation and
were derived from at least three independent experiments. In each case, fold activation is relative to GAL4-p300-aa 1-CAF/dBMBEY, which is arbitarily

set at 1.0.) Direct binding between the CD region of COUP-TF Il and full-length pB0@tro. p300 was radiolabelled wit$38]methionine byin vitro
transcription/translation and assayed for its ability to interact with glutathione-immobilised GST, GST-COUP-TF Il, GST-COAB-GST-COUP-TF Il ABCD,
GST-COUP-TF Il CD, GST-COUP-TF Il CDE and GST-COUP-TF Il DE.

was also found that the RID of p300 interacted efficiently with thglutathione agarose-immobilised GST (negative control) and
C-terminal region of COUP-TF Il which encodes the CD and ESST-COUP-TF I full-length and various sub-domains (GST-
domains [i.e. DBD, hinge and putative ligand binding domaifCOUP-TF Il AB, GST-COUP-TF Il ABCD, GST-COUP-TF Il
(LBD)]. In contrast, the AB region of COUP-TF Il did notinteract CD, GST-COUP-TF Il CDE and GST-COUP-TF Il DE) were

with the RID of p300 (Fig5B). incubated within vitro 35S-radiolabelled full-length p300. The
resulting pulldown clearly showed a direct interaction between

The cofactor p300 directly interacts with the COUP-TF || full-length COUP-TF Il andn vitro translated p300 (FigD).

CD regionin vivo and in vitro Furthermore, the CD region of COUP-TF Il, spanning aa 78-213,

. . ”_ o ) is required for the interaction with p300 (Fip). Interestingly,
To delimit the region within COUP-TF Il which interacts with the s is the same region that interacts with MyoD. It should be

p300 RIDin vivo, we again utilised the mammalian two-hybrid noteq that the ABCD and CDE regions of COUP-TF Il are also
assay. In doing so, the VP16 chimeras VP16-COUP-TF ABy fficient to repress the MyoD-dependent conversion of

ABCD, CDE, CD, DE, 1/2 and 1/3 (depicted in F3§) wereé  c3110T1/2 cells and that the DBD of COUP-TF Il (aa 79-144)
independently cotransfected with GAL RID p300 and assayed fQf essential for the repression of trans-activation in the absence of
their ability to trans-activate the G5e1bCAT reporter. It was founghg cognate binding motif and nucleic acid binding.

that the CD region of COUP-TF Il, which encodes the DBD and

hinge (i.e. aa 78-213), was sufficient to interact with the RID R ; - -

p300. Interestingly, the VP16-COUP-TF Il chimeras 1/2 and 1/%2#;: F 1, p300 and MyoD interact in a competitive

which contain only part of the DBD (i.e. from aa 134), were not

able to interact with the RID of p300, suggesting that the entird/e then embarked on experiments designed to analyse whether

DBD is required for binding. competitive binding between these interacting proteins was an
To confirm that COUP-TF Il and p300 interact directly, weissue with respect to the formation of a ternary complex. We

used thein vitro GST pulldown assay. Equal quantities ofexamined the ability of increasing amounts of COUP-TF || CDE
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This study was directed toward identifying some of the
mechanistic aspects of orphan nuclear receptor-mediated repressior
of muscle differentiation and myogenic conversion. Our work
suggested that repression of MyoD-mediated trans-activation and
myogenic conversion by COUP-TF Il involves direct interactions
with MyoD and its coactivator, p300. Furthermore, the study
provides another line of evidence in a biological context which
demonstrates that COUP-TF llI-mediated repression of MyoD-
dependent trans-activation occurs in the absence of the orphan

receptor cognate binding motif. This observation strengthens the
view that trans-repression by COUP-TF Il has a functional role
Figure 6. COUP-TF II, p300 and MyoD interact in a competitive marimer dunng_mammahan muscle differentiation. Finally, it demonstrates
vitro. (A) Glutathione-immobilised GST-MyoD protein was incubated with that direct crosstalk betW?en the orphan nuclear receptor ‘find
0.5 of 35S-radiolabelled p300 and either 2, 4 opBof radiolabelled bHLH pathways has functional consequences for the regulation
&%&;P-TfF r:I CDEI as Indlcgzefél In eha}ch p_ulldovm th; gg#tcl%‘sg f?gfﬁse“bf differentiation and phenotypic acquisition. This mode of action
o of the total protein.| utathione-immobilise - -
protein was incubated withul of 35S-radiolabelled p300 and either 2, 4 i 8 and crosstalk bet""‘??” tWO central regulatory components .may
of radiolabelled MyoD as indicated. turn out to be utilised in other pathways of mammalian
differentiation.

Specifically, our study showed that COUP-TF Il could repress

to affect the efficiency of interaction between GST-MyoD andVlyoD-mediated myogenic conversion of pluripotential 10T1/2
radiolabelled p300 (FigA and B). We observed that increasing cells, when myoD expression was driven by a viral promoter
amounts of radiolabelled COUP-TF Il CDE reduced the abnityefractory to COUP-TF Il action. This immunochemical analysis
of a fixed amount of35S-labelled p300 to interact with suggested thatthe CDE region (but not the N-terminal AB region)
GST-MyoD. Similarly, we observed that increasing amounts d¥f COUP-TF Il was necessary for the repression of myoD-mediated
myoD reduced the ability of p300 to interact with COUP-TF limyogenic conversion. In particular, the C and D regions of the
(Fig. 6C). orphan receptor, between aa residues 78 and 213, which encode
This suggested that the interaction between COUP-TF II, p3dbe DBD and hinge region, respectively, were specifically
and myoD is competitive in nature, and that COUP-TF Il may b#@volved in these events. We observed that a MyoD-dependent
involved in the process that regulates the interaction betweé@porter gene driven by four multimerised MyoD binding sites

MyoD and its cofactor, p300, which is essential for trans-activatioffrom the MCK-enhancer), cloned upstream of the herpes
of gene expression. simplex thymidine kinase promoter, was specifically inhibited by

COUP-TF I expression. Our study suggested that one of the
DISCUSSION mechanisms involved in this process of repression was the direct
interaction between MyoD and COUP-TF Il. AdditiomaVitro

The regulation of myogenesis (i.e. muscle differentiation) ig€xperiments demonstrated that the interaction was mediated by
intimately controlled by a group of muscle specific bHLHthe acid-rich N-terminal activation domain of MyoD (which also
proteins encoded by thmyoD gene family (myoD, myogenin, mediates p300 binding) and the CD region of COUP-TF II.
myf-5, MRF-4) (reviewed in—3). The products of thewyoDgene  Furthermore, COUP-TF Il interacted with the N-terminal RID (aa
family are involved in a variety of protein—protein interactionsl—149) of the cofactor p300. This is perhaps not surprising, since
with many factors that mediate transcription [e.g. E12 and E4many other classical ligand activated nuclear receptors (e.g. RAR,
TFIIB; 7,44, control the cell cycle (e.g. RB:5), and regulate TR, RXR, etc.) interact with the coactivator p30a)( However,
chromatin accessibility and architecture (p300 and PCAF; the fact that the DBD (C-region) and hinge/D-region of
These protein—protein interactions regulate cellular proliferatioGOUP-TF Il mediate the interaction to p300 and MyoD is novel,
and activate myogenic specific transcription that encodes tigd perhaps suprising. With respect toithgitro andin vivo
contractile phenotype. Insights into the process of myogenesigquirement of the COUP-TF Il DBD and hinge region (aa
have been provided by tmeyoD gene family of transcription 79-213) as a dimerisation interface for myoD and p300, it should
factors, because they function at the nexus of command circuiteé mentioned that this domain contains the DR and T box motifs,
that control the mutually exclusive events of division andvhich have been implicated as dimerisation interfaces in RXR
differentiation. (and other nuclear receptors). Furthermore, they are highly
The nuclear receptor superfamily are potent regulators éfomologous to the similar motifs found in RXR, which is
development, differentiation, homeostasis and organ physiologgxpected, since COUP-TF Il and RXR belong to the same nuclear
however, their functional role in mammalian muscle differentiationeceptor sub-family 47,48). The DR box has been strongly
regulation of MyoD and myogenesis has only been resolved aimplicated in the heterodimerisation of TR and RAR with RXR.
descriptive level. The classical ligand activated nuclear receptofsie DR boxes in RXiRand COUP-TF Il are highly homologous.
(e.g. thyroid hormone receptor) promote differentiation animilarly, the T-box sequence that forms a third helix in RXR, and
muscle maturatiom vivo (12,46). However, the orphan nuclear is implicated in homo- and heterodimerisation, is very similar in
receptors including Rev-emh RVR and COUP-TF II, which are  COUP-TF Il and RXR49-53). Recently, COUP-TF Il and Spl
abundantly expressed in skeletal muscle and proliferating myogetiave been demonstrated to synergistically regulate the transcrip-
cells, antagonistically regulate muscle differentiation and appetion of the HIV type | LTR $4). In support of our observations,
to be involved in the maintenance of the proliferative statéhey demonstrated that timevitro andin vivophysical interaction
(13-15). with Spl is mediated by the DBD of COUP-TF. Furthermore, the
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Octamer transcription factors are recruited by the C-regiomuscle differentiation and myogenic conversion by COUP-TF I

(DBD) of the glucocorticoid receptobX). involves direct interactions with MyoD and its coactivator, p300.
COUP-TF ll-mediated repression of trans-activation involve§Vhether the direct crosstalk between the orphan nuclear receptor

the cofactor p300, since co-expression with p300 alleviates tlaad bHLH pathways has target gene specificity in a developmental

silencing of transcription. Our study suggested that repressi@ontext remains to be elucidated, and will be a focus of future

may involve sequestration of this vital cofactor for myoD-mediatedtudies in the context of mammalian differentiation.

trans-activation, since COUP-TF Il directly interacts with p300.

Whether inhibition of MyoD-dependent trans-activation by

COUP-TF Il binding is a result of: (i) a conformational change iﬁACKNOWLEDGEMENTS

MyoD (which is detrimental to function); (ii) a prevention of Thjs investigation was supported by the National Health and
p300/cofactor/coactivator binding; (iii) a_nd/or sequestering ofjedical Research Council (NHMRC) of Australia, and the
cofactors (e.g. p300) by COUP-TF Il is unclear at presenynjversity of Queensland Enabling Fund. G.E.O.M. is an
However, thein vitro GST-pulldown data does suggest thatNHMRC Supported Senior Research Fellow. The Centre for
MyoD, COUP-TF Il and p300 interact in a competitive mannefyjolecular and Cellular Biology is the recipient of an Australia

reduce the interaction between myoD and pBO06tro.
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