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Although physical interactions with other receptors have
been reported, heterodimeric complexes of T; nuclear recep-
tors (TR) with retinoid X receptors (RXRs) are considered as
major regulators of T; target gene expression. However, de-
spite the potent T; influence in proliferating myoblasts, RXR
isoforms are not expressed during proliferation, raising the
question of the nature of the complex involved in TRa tran-
scriptional activity. We have previously established that c-
Jun induces TRal transcriptional activity in proliferating
myoblasts not expressing RXR. This regulation is specific to
the muscle lineage, suggesting the involvement of a muscle-
specific factor. In this study, we found that MyoD expression
in HeLa cells stimulates TRal activity, an influence potenti-
ated by c-Jun coexpression. Similarly, in the absence of RXR,
MyoD or c-Jun overexpression in myoblasts induces TRal

transcriptional activity through a direct repeat 4 or an in-
verted palindrome 6 thyroid hormone response element. The
highest rate of activity was recorded when c-Jun and MyoD
were coexpressed. Using c-Jun-negative dominants, we estab-
lished that MyoD influence on TRal activity needs c-Jun func-
tionality. Furthermore, we demonstrated that TRal and
MyoD physically interact in the hinge region of the receptor
and the transactivation and basic helix loop helix domains of
MyoD. RXR expression (spontaneously occurring at the onset
of myoblast differentiation) in proliferating myoblasts abro-
gates these interactions. These data suggest that in the ab-
sence of RXR, TRal transcriptional activity in myoblasts is
mediated through a complex including MyoD and c-Jun.
(Endocrinology 147: 3408-3418, 2006)

HYROID HORMONEIS considered as a major regulator

of in vivo muscle development. It not only stimulates
muscle growth by increasing the number and diameter of
muscle fibers (1, 2), but it also regulates the transition be-
tween neonatal and adult myosin isoforms (3, 4) and the
contractile features of adult muscle fibers (5). Despite this
important influence, disruption of a- or B-genes encoding
thyroid hormone receptors detected in this tissue (6) only
slightly affects muscle development in mice (7). This sur-
prising observation could, in particular, be explained by the
fact that thyroid hormone receptors repress T; target gene
expression when the hormone is absent; consequently, de-
pletion of receptors may induce a less drastic phenotype (no
stimulation of T, target genes) than absence of the hormone
does (repression of T target genes). However, given the lack
of earlier in vitro studies, the mechanisms involved in the
myogenic influence of T; have only been gradually eluci-
dated over the last decade by studies using secondary cul-
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tures of embryonic quail myoblasts or the avian myoblast
line QM7. We first established that T, accelerates irreversible
myoblast withdrawal from the cell cycle and consequently
potentiates myoblast differentiation (8). These data clearly
suggest that the major myogenic influence of this hormone
targets proliferating myoblasts. Study of the molecular
events involved in this regulation indicates that, whereas T
stimulates MyoD and Myogenin expression in murine myo-
blasts (9), a major and more general mechanism occurring in
several species is probably the repression of transcriptional
activity in the c-Jun/c-Fos activator protein 1 (AP-1) com-
plex, which is considered as a strong repressor of myoblast
differentiation (10).

As our study of molecular mechanisms underlying the
myogenic influence of T in avian myoblasts progressed, we
observed that, owing to the lack of retinoid X receptor (RXR)
expression (11), T; nuclear receptor al (TRal)/RXR com-
plexes do not occur in proliferating myoblasts. Downes et al.
(12) have reported similar data in murine C2C12 myoblasts
and provided evidence that RXR isoform expression is only
induced at the onset of terminal myoblast differentiation. In
agreement with these results, TRa1 did not display any sig-
nificant transcriptional activity in these cells through a direct
repeat 4 thyroid response element (DR4-TRE) in transient
transfection experiments using reporter genes, although RXR
expression by transient or stable transfection restored its
transcriptional activity in the presence of T;. Because myo-
genic T; influence is induced during the myoblasts” prolif-
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eration period, these results raised the question of TR« tran-
scriptional activity in proliferating cells. Interestingly, we
found that c-Jun expression induced TRal activity through
a DR4-TRE. But this surprising c-Jun influence did not occur
in HeLa cells, thus suggesting that the functional interaction
between TRal and the cellular oncogene requires the occur-
rence of a muscle-specific protein (muscle-specific factor,
MSF) (11).

More recently, we found that TRal overexpression fully
abrogates avian MyoD transcriptional activity, thus high-
lighting the occurrence of a functional interaction between
TRal and the muscle-specific factor MyoD (13). Therefore,
the purpose of this study was to test the possibility that, in
proliferating myoblasts not expressing RXR, TR« transcrip-
tional activity is at least partly induced through muscle-
specific interactions with c-Jun and MyoD. In this study, we
found that in myoblasts, MyoD induces TRa1 transcriptional
activity through DR4 and inverted palindrome (Ipal)-TREs in
a c-Jun-dependent manner. This functional interaction in-
volves physical interactions and is abrogated by RXR
expression.

Materials and Methods
Cell culture

Quail myoblasts of the QM7 cell line (14) were seeded at a plating
density of 7000 cells/cm? They were grown in Earle’s 199 medium
supplemented with tryptose phosphate broth (0.2%), L-glutamine (2
mm), gentamycin (50 ug/ml), and fetal calf serum (10% vol/vol). Serum
was T; depleted according to Samuels et al. (15). After hormonal de-
pletion, serum T, and T; concentrations measured by RIA were below
the limit of detection in the assay.

Plasmid and reporter genes

The DR4-tk-CAT plasmid upstream of the thymidine kinase pro-
moter linked to the CAT gene was kindly provided by P. Chambon
(LGME U184, Strasbourg, France). The gal4-tk-CAT reporter plasmid
contains four response elements of the yeast transcription factor GAL4
upstream of the chloramphenicol acetyltransferase (CAT) coding se-
quence. The myogenin-CAT reporter plasmid contains the —131/+40
fragment of the chicken myogenin promoter upstream of the CAT cod-
ing sequence (16). The —73col CAT collagenase promoter has been
described elsewhere (17). The expression vectors for chicken TRl and
MyoD (pRSV TRal and pRSV CMD1) have already been described (18,
19). The RSV (Rous sarcoma virus)-B-galactosidase expression vector
has been described by Cassar-Malek et al. (11). The expression vector for
rat Gal4/TRal (pSVGaldal) was provided by Dr. F. Flamant (ENS,
Lyon, France).

The expression vector for quail c-Jun (pDP18 c-Jun) and chicken RXRy
(pRSV RXRYy) have already been described (20, 21). The pDP18 c-Jun
D176 expression vector (22) led to the expression of a quail c-Jun mutant
deleted from almost all the transactivating domain. The pDP18 c-Jun ebl
expression vector (22) led to the expression of a quail c-Jun mutant in
which the natural dimerization domain was replaced by the dimeriza-
tion domain of the viral EB1 protein (c-Jun eb1 forms only homodimers).

pGEM-T TRal, encoding the full-length thyroid hormone receptor
TRal, pGEM-T TReal (36-410), and pGEM-T TRal (152-410) have been
described by Casas et al. (23). pGEM-T MyoD, pGEM-T JUN, and the
mutants of TRal were generated by PCR from the full-length corre-
sponding mRNA, inserted into the EcoRV site of pGEM-T plasmid
(Promega, Charbonnieres, France).

Mutants of avian MyoD were generated with specific primers from
the plasmid pRSV CMDI1 and inserted in the Sall/Notl sites of the
pGEX4T2 (Pharmacia, Uppsala, Sweden) vector, in frame with the glu-
tathione-S-transferase (GST) coding sequence.
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Transient transfections and CAT assays

Transient transfections were performed using the calcium phosphate
coprecipitation procedure as described by Cassar-Malek et al. (11). One
microgram of pCMV B-galactosidase expression vector was cotrans-
fected to provide an internal control of transfection efficiency. After cell
exposure to precipitates for 24 h, the DNA-containing medium was
replaced with fresh medium containing T, (10~ ® M) when indicated, and
the cells were grown for another 24 h. B-Galactosidase activity was
measured as previously described (24). CAT enzymatic activity was
measured by following the kinetics of chloramphenicol acetylation (11).
For each assay, the initial rate of the enzymatic reaction was determined,
and results were expressed as a percentage of control values after p-
galactosidase normalization.

In vitro transcription and translation

In vitro transcription and translation were carried out with TNT-
coupled reticulocyte lysate system (Promega) and trans-[**S]methionine
(ICN, Costa Mesa, CA), according to the manufacturer’s protocol. The
proteins were processed by SDS-PAGE, and quantification of the relative
intensities was carried out with a phosphoimager (Molecular Dynamics,
Sunnyvale, CA).

Western blots

Fifty micrograms of proteins of cell lysates were resolved by 10%
SDS-PAGE minigels and blotted onto polyvinylidene difluoride mem-
branes that were further incubated with anti-c-Jun (kindly provided by
Dr. M. Castellazzi, Lyon, France), anti-MyoD (kindly provided by Dr.
B. M. Paterson, Seattle, WA), anti-TRa1 RHTII (25), or anti-RXR (kindly
provided by Prof. P. Chambon, Strasbourg, France). Signals were further
detected by enhanced chemiluminescence (Amersham Biosciences, Lit-
tle Chalfont, UK) using a second horseradish peroxidase-conjugated
antibody provided by the manufacturer.

Coimmunoprecipitation

Immunoprecipitation of proteins was performed as described by
Casas et al. (26), with a few modifications, with in vitro-transcripted and
-translated *°S-labeled avian MyoD, RXR, c-Jun, TRal, and mutants of
avian MyoD and TRa1. Ten microliters of each protein were mixed with
1 ul of antibody raised against TRal or MyoD and 300 ul of binding
buffer [50 mm HEPES (pH 7), 400 mm NaCl, 1% Nonidet P-40, and 1
png/ml aprotinin] overnight at 4 C. Samples were incubated with 30 ul
of protein G-Sepharose for 3 h at 4 C and washed three times with
binding buffer and three times with TNE buffer [10 mm Tris (pH 7.5),
150 mm NaCl, and 1.2 mm EDTA]. Bound proteins were separated by
SDS-PAGE, and the dried gel was exposed for autoradiography and
analyzed with a phosphoimager (Molecular Dynamics).

A similar procedure was used for immunoprecipitation of cell ex-
tracts, using 400 ug cell lysate proteins and 2 ul of antibody raised
against c-Jun. Revelation was performed as indicated for Western blot-
ting with an antibody raised against TRal. However, in HeLa cells, the
second antibody used for enhanced chemiluminescence was rabbit True-
Blot (Cliniscience Laboratories, Montrouge, France), not recognizing Igs.

GST pull-down experiments (27)

GST and GST fusion proteins were expressed in Escherichia coli DH5c,
purified on glutathione-Sepharose beads (Amersham) and quantified by
the Bradford method (Bio-Rad protein assay). Twenty micrograms of the
GST fusion proteins were processed for SDS-PAGE and Coomassie
stained to confirm the integrity of the full-length fusion proteins and to
determine the amounts to use for the pull-down experiment.

For in vitro protein-protein interaction assays, comparable amounts
of GST fusion proteins beads were incubated with 5 ul of in vitro-
translated proteins in binding buffer [20 mm HEPES (pH 7.9), 50 mm
KCl, 2.5 mm MgCl,, 10% glycerol, 1 mm dithiothreitol, 1 mm phenyl-
methylsulfonyl fluoride, and 1 pg/ml aprotinin] overnight at 4 C. After
five washes in RIPA buffer [10 mm Tris (pH 7.5), 150 mm NaCl, 1 mm
EDTA, 0.2% Nonidet P-40, 1 mm phenylmethylsulfonyl fluoride, and 1
g/ ml aprotinin), the bound proteins were separated by SDS-PAGE; the
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gel was then dried for 1 h at 70 C, exposed for autoradiography, and
analyzed with a phosphoimager (Molecular Dynamics).

Statistical analysis

Statistical analyses were performed using the paired t test (28).

Results

c-Jun expression restores TRal transcriptional activity in
proliferating myoblasts

We have previously shown that, in the absence of RXR,
AP-1 activity does not inhibit TRal transcriptional activity.
Furthermore, we reported that, in these circumstances, c-Jun
expression is able to induce Tj;-dependent transcriptional
activity in the TRal through a DR4-TRE (11). To confirm and
extend these data to other TREs, we performed transient
transfection experiments using CAT reporter genes under
the control of DR4-, palindromic (pal)-, or Ipal-TREs. Protein
levels obtained after overexpression are shown in Fig. 1A.
Whereas TRa by itself displayed a Ts-dependent transcrip-
tional activity only through a pal-TRE (Fig. 1, C-E), coex-
pression of c-Jun restored positive TR« activity when re-
porter genes under the control of a DR4- or an Ipal6-TRE
were used (respectively, 5- and 4-fold stimulation of CAT
activity; P < 0.001 and P < 0.005; Fig. 1, D and E). However,
it did not affect specific TRa activity through a pal-TRE (Fig.
1C). In parallel experiments, we found in myoblasts that
RXRYy coexpression induced a positive TRa transcriptional
activity only through a DR4-TRE (data not shown).

Influence of c-Jun and MyoD on TRal
transcriptional activity

Taking into account the induction of TRa1 transcriptional
activity through a DR4- or Ipal-TRE observed in the previous
experiment, we tested the cell specificity of this functional

Fia. 1. Influence of c-Jun on TRal transcriptional
activity in myoblasts. A, Sequences of the three TREs
used in all experiments; B-E, QM7 myoblasts were B

] Control

transfected with 1 ug/dish of the reporter TRE pal- =
Glo-CAT (B), DR4-tk-CAT (C), or Ipal6-tk-CAT (D) 2. 1000+
and 2 pg of TRal and/or c-Jun expression vectors in b=,

the absence or presence of T5 (10 nM). In all cases, the S 800
amount of transfected DNA was equalized by addition :

of the same empty vectors that were used for the < 600
cotransfected factors. All results are expressed as a z
percentage of CAT activity measured in basal condi- é 400
tions after B-galactosidase normalization. Data are o
presented as the mean = SEM of five separate exper- =200
iments. ¥¥ P < 0.01; *** P < 0.005 when compared 0

with control cells without T stimulation. E, Western T3
blot experiments indicating the levels of TRal and

c-Jun reached after transient overexpression of each

factor: 1, empty vectors; 2, TRa1; 3, c-Jun; and 4, TRal

plus c-Jun. These transfections do not induce RXR

expression.

-+ -+ -+ -+
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interaction. To this end, transient transfection experiments
were performed in HeLa cells and in QM7 myoblasts. Protein
levels obtained after overexpression are shown in Fig. 2A.

As expected, TRal displayed significant transcriptional
activity through an Ipal-TRE in HeLa cells, which naturally
express RXR isoforms (3-fold increase; P < 0.01; Fig. 2B).
However, c-Jun expression did not significantly change the
extent of this transcriptional stimulation (3.1-fold increase
compared with the control level). We tested the possibility
that this c-Jun inefficiency resulted from the absence of a
muscle-specific factor. Interestingly, we observed that avian
MyoD expression on its own stimulated ligand-dependent
transcriptional activity of TRa1 (2-fold increase; P < 0.01; Fig.
2B). In addition, the highest rate of activity was recorded
when c-Jun and MyoD were simultaneously coexpressed
with TRa (Fig. 2B; 2.5-fold increase compared with TRa
alone; P < 0.005).

Similar experiments were performed on QM7 myoblasts
using an Ipal6-TRE. c-Jun or MyoD coexpression induced
significant ligand-dependent TR« activity through this TRE,
but again the highest activity was recorded in the presence
of the three proteins (Fig. 2C). Moreover, this TRal tran-
scriptional activity did not result from the induction of RXRa
or -y expression by c-Jun and/or MyoD expression (Fig. 2D).

To study these functional interactions further without any
interference by endogenous nuclear receptors able to het-
erodimerize with TRa, we performed similar experiments
using the Gal4 system (gal4-tk-CAT reporter and a chimeric
T; receptor including the DNA-binding domain of Gal4
fused to the hinge region and the ligand-binding domain of
TRal). In these conditions, homodimers of the chimeric T,
receptor stimulate transcription of the reporter gene, as
shown in Fig. 3. Even using this experimental model, MyoD
and c-Jun moderately but significantly stimulated Gal4-TRa1

TRE pal (AGGTCA TGACCT)
DR4 (AGGTCA nnnn AGGTCA)
Ipal6 (TGACCT nnnnnn AGGTCA)

TREpL . C DR4 D Ipal6
TRal TR al
_ +e-Jun Todui TR al
wkdk

600
500
400
300
200
100

0

| Control

E
£
L

IR S| TRo

c-Jun
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FiG. 2. c-Jun and MyoD potentiate TRal tran- A IPITGL:;R-%AT TR al + c-Jun
scriptional activity in HeLa cells and in QM7 myo- 9 - Lty TR a1 T MyoD
blasts but does not induce RXR expression. HeLa o 800 1 + MyoD ¥#%J000
cells (A) or QM7 myoblasts (B) were transfected % 0 thal oo

with 1 pg/dish of Ipal6-tk-CAT reporter gene and 8 so0d ; 'u L d b

2 ug TRal, c-Jun, and/or MyoD expression vectors £ suu il Teoun

in the absence or presence of T; (10 nM). In all 5 TRal_ al c-Jun

cases, the amount of transfected DNA was equal- v %[Hl 4 Control c-Jun  MyoD+ MyoD

ized by addition of the same empty vectors that Z 2001

were used for the cotransfected factors. All results Z ._. -l_._. .“.

are expressed as a percentage of CAT activity " - —
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dase normalization. Data are presented as the

mean * SEM of four separate experiments. ** P < B )
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0.01; °°°, P < 0.005 when compared with TRal Forg +MyoD
overexpressing cells in the presence of Ty. &, P < & Lial -
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expressing cells in the presence of T5. Data ob- : TR atl c-Jun *x |9
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were not significantly different from that obtained R

in TRal- plus c-Jun- or TRal- plus c-Jun- plus % i -
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blot experiments indicating the levels of TRal,
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pression of each factor: 1, empty vectors; 2, TRa1;

3, c-Jun; 4, MyoD; 5, TRal plus c-Jun; 6, TRal D

plus MyoD; and 7, TRa1 plus c-Jun plus MyoD. D,

Westerns blot experiments indicating that c-Jun

and/or MyoD overexpression does not induce RXR 1 2 3 4 5 6

expression: 1, empty vectors; 2, c-Jun; 3, MyoD; 4, . — RXRY
c-Jun plus MyoD; 5, empty lane; and 6, in vitro <«— RXRa

synthesized RXRa and RXRy proteins (reticulo-
cyte lysate, vol/vol).

ligand-dependent activity (P < 0.05 and P < 0.01, respec-
tively). In addition, coexpression of Gal4-TRal, c-Jun, and
MyoD induced a sharp rise in the transcriptional activity of
the chimeric receptor (2.5-fold increase; P < 0.001; Fig. 3).
Furthermore, we have overexpressed two c-Jun mutants
unable to functionally interact with MyoD instead of c-Jun.
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In c-Jun ebl, the natural dimerization domain has been re-
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to be of crucial importance for interaction with MyoD (29).
In addition, c-JunA176 could also act as a dominant negative
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Fic. 3. c-Jun and MyoD potentiation of Gal4/TRal chimera receptor transcriptional activity in myoblasts needs the transactivation and

dimerization domains of c-Jun. QM7 myoblasts were transfected with

1 pg/dish of Gal4-tk-CAT reporter gene and 2 ug Gal4/TRal, MyoD, and/or

c-Jun, c-Jun A176, c-Jun ebl expression vectors in the absence or presence of T4 (10 nm). In all cases, the amount of transfected DNA was
equalized by addition of the same empty vectors that were used for the cotransfected factors. Results are expressed as percentage of CAT activity
in basal conditions, after B-galactosidase normalization. Data are presented as the mean * SEM of three separate experiments. *** P < 0.005
compared with control cells without T5 stimulation; °, P < 0.05; °°°, P < 0.005 compared with TRal-overexpressing cells in the presence of Ts;

%, P > 0.01 compared with TRal- plus c-Jun-overexpressing cells
overexpressing cells in the presence of Ts.

in the presence of Ty; #, P < 0.01 compared with TRal- plus MyoD-
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factor relatively to endogenous c-Jun. Interestingly, c-Jun
mutants that can form only homodimers (c-Jun ebl), or
which are deleted from the transactivation domain (c-
JunA176), did not affect Gal4-TRal activity, unlike WT-c-Jun
(Fig. 3). Furthermore, coexpression of these mutants fully
abrogated the ability of MyoD to stimulate the transcrip-
tional activity of the chimeric receptor (Fig. 3), thus suggest-
ing that restoration (TRa) or stimulation (Gal4-TRal) of re-
ceptor functionality results from interactions between the
three partners. In addition, these data led us to conclude that
the natural NH, terminus and DNA-binding domains of
TRal are not involved in these functional interactions.

Physical interaction between MyoD and TR«l

Physical interactions between MyoD and c-Jun have al-
ready been identified and involve the same domains of the
cellular oncoprotein as those shown to be crucial for the
restoration of TR« transcriptional activity (transactivation
and dimerization domains of the cellular oncogene) (29). We
therefore tested the possibility of the occurrence of an ad-
ditional physical interaction between MyoD and TRa leading
to indirect recruitment of c-Jun by TRa.

In our first approach, we used coimmunoprecipitation
experiments with in vitro-synthesized proteins. In these as-

Busson et al. ® TRal/MyoD/c-Jun Interaction

says, MyoD and GFP were *°S radiolabeled. Although de-
void of any interaction with MyoD alone (Fig. 4A, lane 2), the
antibody raised against the TRe-NH,, terminus immunopre-
cipitated the myogenic factor only when TRal was present
in the reaction mix (Fig. 4A, lane 3). Failure to immunopre-
cipitate GFP underlined the specificity of the interaction (Fig.
4, lane 1). This result was reassessed in GST pull-down ex-
periments (Fig. 4B). As expected, the **S-radiolabeled T, re-
ceptor did not interact with GST alone (Fig. 4B, lane 2) but
was retained by GST-MyoD beads (Fig. 4B, lane 4). The
*S-radiolabeled GFP protein, used as a negative control, did
not interact with GST or GST-MyoD (Fig. 4B, lanes 1 and 3).
Similar experiments performed in the presence of increasing
amounts of T; demonstrated that the interaction was inde-
pendent of the ligand presence: T; addition (10™® and 1077
M) did not influence MyoD/TR interaction (Fig. 4C). Lastly,
to test the occurrence of this interaction in living cells, we
performed coimmunoprecipitation experiments in QM7
myoblasts. Because endogenous TRal is frequently at the
brink of detection in these cells (Fig. 1E), we overexpressed
this receptor by transient transfection, and we used antibod-
ies raised against c-Jun to immunoprecipitate this protein. In
agreement with our previous data, these experiments dem-
onstrated that TRal interacts with c-Jun in MyoD-expressing

A £ & &
A IP anti-TR Input 1/3 B O‘b O% @ \"Q \{b
L 2 i3 4 5 1 2 3 4 5 6
F1G. 4. TR and MyoD proteins physically interact di- MyoD — PRGN | PR TRt — — -
rectly regardless of the presence of T5. A, Coimmuno- Sl -
precipitation experiment using an antibody raised GFP— s GFP— —
against TR and radiolabeled in vitro-synthesized TRael 1 -+ S TR@ = + = T
[**SIGFP and [**S]MyoD proteins and in vitro-synthe- GFP* & - - L G;;xp P I
sized cold TR. B, GST pull-down assay using in vitro- MyoD* + + 4
synthesized [*°S]TRal or [*°S]GFP (negative control)
proteins and GST-MyoD or GST beads. The input cor- C >
responds to one third of the amount of in vitro-translated &
products loaded in each lane. C, GST pull-down assay &
using in vitro-synthesized [**S]TRa1 proteins and GST- GST GST MyoD N
MyoD or GST beads in the presence of different amounts
of T5. The input corresponds to one third of the amount TRo1—» — — . a
of in vitro-translated TR loaded in each lane. All these —
results are representative of at least three separate ex- TRl 3 ” % m

periments for each interaction. D, In QM7 myoblasts,
overexpressed TRal coimmunoprecipitates with endog-
enous c-Jun in QM7 myoblasts. Immunoprecipitation
was performed with a c-Jun antibody. Western blot was
performed with a TRa antibody. 1, Control cells; 2 and
3, overexpression of TRal. E, In HeLa cells, overex-
pressed TRal coimmunoprecipitates with endogenous
c-Jun only in the presence of MyoD. Immunoprecipita-
tion was performed with a c-Jun antibody. Western blot
was performed with a TRa antibody. 1, TRal overex-
pression (5 pg expression vector); 2, TRal (5 ug) and
MyoD overexpression (1 pg expression vector); 3, TRal
(5 ng) and MyoD overexpression (2 pug expression vector);
4, TRal (5 pg) and MyoD overexpression (5 pug expres-
sion vector). In contrast to D, the second antibody (cou-
pled to peroxidase) does not recognize Ig (see Materials
and Methods). Two exposure times of the same blot are
shown.
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cells (Fig. 4D). Moreover, using the same approach in HelLa
cells, which do not express MyoD, we found that an antibody
raised against c-Jun immunoprecipitates TRal only after
MyoD expression (Fig. 4E). This last result confirms that the
TRal/c-Jun physical interaction needs MyoD recruitment by
the T; receptor.

Characterization of TRa domains involved in
this interaction

With the aim of characterizing the TRa domains involved
in the interaction with MyoD, we used several deletion mu-
tants of the receptor (Fig. 5A) in GST pull-down experiments.
All TRel mutants sharing the DNA-binding domain and the
hinge region strongly interacted with GST-MyoD (Fig. 5C).
Results obtained with the 1-408, 36—-408, 36-194, and 152-
408 mutants demonstrated that the 36-152 amino acid se-
quence plays an important role in TRa1 interaction with the
myogenic factor; this is supported by the use of the 1-194
mutant (Fig. 5C). In addition, the carboxyl-terminal part of
the receptor did not significantly interact with MyoD (152—
408 and 194-408 mutants, Fig. 5C).

When compared with the functional study using the chi-
meric Gal4-TR, demonstrating that the natural DNA-binding

A 1 53 1 1 408
TRat [ DI | [BD | | ++
36 121 194 408
TR (36-408) onA | LBD | |
152 4008
TR (152-408) I LBD ] | -
1 3 2] 194
TR(1-194) 'O | +
194 408
TR (194-408) | || +-
36 04
TR (36-194) o~ I— "
CMD1

Fic. 5. The 36-152 amino acid sequence of TR
induces interaction with MyoD. A, Schematic di- B
agram of TRa1l mutants used in this experiment.
Interaction efficiency of TRal wild-type or mu-
tants with MyoD is shown on the right of the
diagram. B, SDS-PAGE showing the synthesis
efficiency of each 2>S-labeled TRa1 mutant. Note
that translation efficiency was very poor for the
36-194 mutant. C, GST pull-down assay using in
vitro-synthesized 2°S-labeled TRal mutants
with GST-MyoD or GST beads. Because of the
lower amounts of the 36 —-194 mutant, the time of
exposure was longer than for other mutants.
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domain of TRa1 is not needed for the interaction with MyoD
(Fig. 3), these data indicate that the 121-152 hinge region of
the receptor is of crucial importance for binding to the myo-
genic factor.

Characterization of MyoD domains involved in
this interaction

Using a similar experimental approach, we attempted to
characterize the MyoD domains involved in the interaction
with TRal in GST pull-down experiments. To this end, we
used several mutants of the myogenic factor fused to GST
(Fig. 6A). We observed first that only one mutant did not
interact with TRe1 (Fig. 6B, 162-318 mutant), thus ruling out
involvement by the carboxyl-terminal part of MyoD. Assess-
ment of the results obtained with 1-162 and 52-318 mutants
led us to conclude that the 52-162 domain interacts with
TRal (Fig. 6B). More specifically, using the 102-162 deletion
mutant, we found that the basic helix loop helix (bHLH)
domain of MyoD is involved in the interaction with TRal
(Fig. 6B). However, a second interaction sequence was also
observed in the transactivation domain (1-52 sequence, Fig.
6B) of the myogenic factor.

These resqlts are representative of three sepa- C D
rate experiments. 6..9
>
«Q"
kDa
L 50
- 37
- 25
i, = 20
GST + + - + - + - + - + -
GST MyoD +
- - + - + - + - + - +
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A
I 52 102 162 318
MyoD EAD _EENHLH ] e
1-52 +
52-318 [N HLH | +
1-162 #
162-318 =
102-162 | B 1INz +

B

<«— TRal

FiG. 6. The transactivation and bHLH domains of MyoD induce interaction with TR. A, Left, schematic diagram of all MyoD mutants with a
summary of the interaction efficiency between TR and MyoD wild-type or mutants obtained in B (TAD, transactivation domain; BHLH, bHLH
domain); right, synthesis efficiency of each GST-MyoD mutant was assessed by Coomassie-stained SDS-PAGE. *, GST-MyoD signal. Signal
intensity was used to load a similar amount of each mutant in GST pull-down experiments. B, GST pull-down assay using in vitro-synthesized
35S-labeled TRal with GST-MyoD mutants or GST beads. These results are representative of four separate experiments.

RXRvy abrogates TRal/c-Jun/MyoD functional interactions

To study the influence of the induction of RXR expression
occurring at the onset of myoblast differentiation, we tested
its influence on the ability of TRal to interact functionally
with MyoD and c-Jun.

This study was performed in transient transfection exper-
iments with the Gal4 system previously used to avoid in-
terferences by endogenous nuclear receptors able to het-
erodimerize with TRa. As expected, RXRy expression did not
influence basal Gal4-tk-CAT reporter expression (Fig. 7A)
and did not affect Gal4-TRal transcriptional activity inde-
pendently of the presence of T; (Fig. 7B). More interesting is
the observation that in the presence of RXRYy, c-Jun (58-fold
stimulation of reporter activity), MyoD (54-fold stimulation),
and c-Jun plus MyoD (62-fold stimulation) did not stimulate
Gal4-TRal transcriptional activity (60-fold stimulation; not
significant; Fig. 7B).

Discussion

Numerous studies have been performed to define the im-
portance of RXR for TR« transcriptional activity. Sugawara
etal. (30) reported that TRa/RXR are quantitatively predom-
inant in all transcriptional complexes including TRs. In ad-
dition, several in vitro experiments suggest that T; dissociates
TRa homodimers from DR4-TREs but does not affect this
binding to a pal-TRE or the binding of TRa/RXR complexes
to DR4-TREs (31-33). These observations gave rise to the idea
that TRa/RXR is an important Ts-dependent transcription
complex, at least through a DR4-TRE (34, 35). More generally,
TR/RXR are considered as major complexes for the control
of gene expression by the thyroid hormone. However, RXR
expression is obviously different from one cell type to an-
other; for instance, TR/RXR complexes are not detectable in
ES cells because of the very low expression levels of RXR (36).
Moreover, two separate studies have reported that RXR iso-

forms are not expressed in mice or avian proliferating myo-
blasts (11, 12). In the light of the observation that T stimu-
lates myogenic differentiation by acting on proliferating
myoblasts and inducing their withdrawal from the cell cycle
(8, 37), these data clearly suggested that T; transcriptional
activity in myoblasts is mediated through TR complexes that
do not include RXR.

TR/c-Jun/MyoD functional interactions in myoblasts

c-Jun is generally considered as a potent repressor of TR
transcriptional activity through its involvement in the c-Jun/
c-Fos AP-1 complex (38, 39). However, we have previously
reported that, in the absence of RXR, AP-1 activity (c-Jun/
c-Fos) does not repress TRal transcriptional activity in myo-
blasts. Instead of this, we found that, in these circumstances,
c-Jun expression induces positive TRal activity through a
DR4-TRE (11), a result extended in the present study to the
Ipal-TRE. In addition, as observed for RXR (data not shown),
this influence is not detected using a reporter gene controlled
by a pal-TRE. Overall, this set of data suggests that, in pro-
liferating myoblasts, transcriptional activity of TRal is me-
diated by homodimers or TRa/retinoic acid receptor com-
plexes (pal-TRE) or by functional interactions with c-Jun
(DR4- and Ipal-TREs).

As expected (38, 39), we found in our initial study that, in
nonmyogenic cells expressing RXR (HeLa cells), c-Jun ex-
pression efficiently represses TRal transcriptional activity
through pal- and DR4-TREs (11). In the present study, we
report that this repression is not efficient through an Ipal-
TRE, a regulatory sequence not previously used to study
TRa/AP-1 antagonism. Interestingly, it appears that using
this particular TRE, which is insensitive to the functional
TRa/AP-1 antagonism, c-Jun does not stimulate TRa1 tran-
scriptional activity in HeLa cells. This failure could result
from the absence of a muscle-specific partner. This possibility
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Fia. 7. RXRy expression abrogates the functionality of Gal4/TRal/c-Jun/MyoD interaction in myoblasts. A, QM7 myoblasts were transfected
with 1 pg/dish of Gal4-tk-CAT reporter gene and 2 ug RXRy and/or MyoD or c-Jun expression vectors. In all cases, the amount of transfected
DNA was equalized by addition of the same empty vectors that were used for the cotransfected factors. Results are expressed as a percentage
of CAT activity measured in basal conditions after B-galactosidase normalization. Data are presented as the mean * SEM of three separate
experiments. *** P < 0.005 when compared with control cells without T3 stimulation. B, QM7 myoblasts were transfected with 1 pg/dish of
Gal4-tk-CAT reporter gene and 2 pg of Gal4/TRal, MyoD, c-Jun, and/or RXRy expression vectors. Results are expressed as a percentage of CAT
activity measured in basal conditions after B-galactosidase normalization. Data are presented as the mean = SEM of three separate experiments.
**% P < 0.005 when compared with control cells without T stimulation; °, P < 0.05; °°°, P < 0.005 when compared with TRa1-overexpressing
cells in the presence of T5. C, Western blot experiments indicating the levels of RXRy, Gal4-TRal, MyoD, and c-Jun reached after transient
overexpression of each factor: 1, Gal4-TRa plus c-Jun; 2, Gal4-TRa plus MyoD; 3, Gal4-TRa plus c-Jun plus MyoD; 4, Gal4-TRa plus RXRy;
5, Gal4-TRa plus c-Jun plus RXRy; 6, Gal4-TRa plus MyoD plus RXRy; and 7, Gal4-TRa plus c-Jun plus MyoD plus RXRy.

is well supported by the observation that MyoD expression
stimulates TR« transcriptional activity in these cells and that
the highest rate of activity is recorded when TRe, c-Jun, and
MyoD are expressed simultaneously. Furthermore, using the

Gal4 system working only with Gal4-TR homodimers in
myoblasts, we observed that c-Jun or MyoD stimulates the
activity of the chimeric receptor and that the greatest stim-
ulation occurred again in the presence of c-Jun and MyoD.
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However, we also observed that this influence of c-Jun and
MyoD was not related to the induction of RXR expression. In
addition, after having established that c-Jun mutants lacking
the transactivation or the natural dimerization domains are
unable to stimulate TRa activity, we found that they fully
abrogate the influence of MyoD, thus suggesting that func-
tionality of the interaction requires the presence of both c-Jun
and MyoD.

TR/MyoD /c-Jun physical interactions

Several arguments stress the occurrence of a common
physical interaction between TRa, MyoD, and c-Jun. The
myogenic factor has already been shown to interact physi-
cally with RXR, a member of the nuclear receptor superfam-
ily belonging to the same subclass as TR. In the present study,
coimmunoprecipitation and GST pull-down experiments
clearly support the existence of direct physical interactions
between TRa and MyoD and have identified the interacting
sequences of each partner. Despite the fact that, with one
exception (40), all teams working on TR/AP-1 interactions
have failed to detect physical interactions between TR and
c-Jun, MyoD and c-Jun do physically interact (29). Further-
more, in coimmunoprecipitation experiments, we report the
occurrence of a TRa/c-Jun physical interaction in myoblasts.
However, in HeLa cells that do not express MyoD, this in-
teraction does not occur but is induced by expression of
different amounts of MyoD. This set of results led us to
propose that interaction of TRa with MyoD enables the re-
cruitment of c-Jun in a complex inducing TRa activity
through DR4- and Ipal-TREs.

Interestingly, like TRe, c-Jun represses MyoD transcrip-
tional activity (29). Furthermore, the transactivation and
dimerization domains of c-Jun play a crucial role in MyoD/
c-Jun interaction. In the present study, we have established
that the same c-Jun domains are essential for the stimulation
of TRa activity by the cellular oncoprotein and by MyoD. All
these data could be summarized as follows: 1) TRa and c-Jun
similarly repress MyoD activity; 2) c-Jun and MyoD similarly
stimulate TR« activity; 3) c-Jun stimulates TR« activity only
in the presence of MyoD, and MyoD stimulatory activity is
abrogated by mutated or deleted forms of c-Jun unable to
interact with the myogenic factor; 4) identical c-Jun domains
are involved in the repression of MyoD transcriptional ac-
tivity and in the stimulation of TRa activity; and 5) TR«
physically interacts with MyoD and MyoD physically inter-
acts with c-Jun. This set of results led us to propose that
interaction of TRa with MyoD enables the recruitment of
c-Jun in a complex inducing TR« activity through DR4- and
Ipal-TREs and repressing MyoD activity through an E box
(Fig. 8). This possibility is well supported by the observation
that, in HeLa cells, TRa is immunoprecipitated by a c-Jun
antibody only when MyoD is expressed.

RXR expression abrogates the functionality of TRa/MyoD/
c-Jun interaction

Because RXR expression occurs at the onset of myoblast
differentiation (12), we studied the influence of RXR on the
functionality of TRa/MyoD/c-Jun interaction. Using the
Gal4 system in which transcription can be only stimulated by

Busson et al. ® TRal/MyoD/c-Jun Interaction
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DR4-TRE
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Fia. 8. Hypothesis concerning the influence of a TR/MyoD/c-Jun
complex on TR and MyoD transcriptional activity. RXR isoforms are
not expressed in proliferating myoblasts (12). During this period, TR
physically interacts with MyoD, enabling the recruitment of c-Jun in
a transcriptional complex active on TRE sequences (Ipal- or DR4-
TRESs) but inactive on E boxes (sequences recognized by the myogenic
factor MyoD). This interaction induces TR transcriptional activity but
represses the activity of MyoD and therefore could delay the onset of
myoblast differentiation. During terminal differentiation, TR/RXR
complexes replace the TR/MyoD/c-Jun complex with different conse-
quences for the regulation of T target gene expression because of the
nature of the TRE in the promoter of the gene. Disruption of the
TR/MyoD/c-Jun complex allows MyoD to interact with its het-
erodimerization partner E12, to bind to its cognate response element
(E box), and to stimulate the expression of genes involved in myogenic
differentiation.

homodimeric binding of the chimeric Gal4-T; receptor, we
established that RXR abrogates the ability of c-Jun, MyoD, or
c-Jun plus MyoD to enhance TRal transcriptional activity. In
this model, RXR cannot bind to DNA in heterodimeric com-
plexes with Gal4-TR, thus suggesting that this influence
probably results from recruitment of MyoD by RXR in a
previously identified RXR/MyoD complex (41). However,
on natural TREs, TR/MyoD/c-Jun complexes could be re-
placed by the major TR/RXR complex, as suggested by res-
toration of this heterodimeric complex in electrophoretic mo-
bility shift assay experiments after RXR overexpression in
myoblasts (11). Therefore, this possibility raises the question
of the control of T; target genes driven by an Ipal-TRE, which
is not sensitive to TR/RXR complexes (data not shown).
Interestingly, if physiologically relevant, this event could
lead to differential stimulation of gene expression by Tj in
proliferating (functionality of all TREs) and differentiating
(Ipal-TRE not activated) myoblasts, inducing a duality in the
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regulation of myoblast differentiation by TRs. Such duality
is already apparent in the observation that TRal inhibits
MyoD activity in proliferating myoblasts (13), thus repress-
ing terminal differentiation, but represses AP-1 activity (a
major inhibitor of myogenic differentiation) at the onset of
terminal differentiation. Interestingly, we have reported a
similar duality of c-Jun influence during myoblast prolifer-
ation (repression of myoblast withdrawal from the cell cycle)
and differentiation (stimulation of myogenin expression and
myoblast differentiation) (10). These data are in agreement
with a recent work in progress of our team using microarray
analysis, clearly suggesting that T; target genes significantly
differ in proliferating myoblasts when compared with dif-
ferentiating cells (in particular, genes involved in withdrawal
from the cell cycle vs. genes involved in differentiation).

In conclusion, although their exact physiological relevance
remains to be more clearly established, the present data in-
dicate that RXR is probably an important, but not essential,
partner involved in the transcriptional activity of the T; re-
ceptor. Instead of this, they highlight the possible existence
of cell-specific complexes able to support TR transcriptional
activity, thus introducing an additional level of regulation
resulting in fine tuning of T; influence during cell prolifer-
ation and differentiation, at least in the myogenic lineage
(Fig. 8). In particular, we propose that in proliferating myo-
blasts, TR transcriptional activity is induced through a TR/
MyoD/c-Jun complex, thus reducing the amounts of the
myogenic factors able to bind to their specific response el-
ements and delaying the onset of myoblast differentiation.
Thereafter, RXR expression occurring at the induction of
terminal differentiation could disrupt this complex, thus in-
creasing the amounts of MyoD able to bind to its response
element and to stimulate terminal differentiation. Such a
mechanism could partly explain the prominent influence of
T; on muscle development by increasing the duration of the
proliferative period of myoblasts and stimulating terminal
differentiation.
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