RXR0 overexpression in cardiomyocytes causes dilated
cardiomyopathy but fails to rescue myocardial
hypoplasia in RXR0-null fetuses
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Retinoid X receptor 0—null (RXRa-null) mutants exhibit hypoplasia of their ventricular myo-
cardium and die at the fetal stage. In the present study, we wished to determine whether trans-
genic re-expression of RXR0 in mutant cardiac myocytes could rescue these defects. Two trans-
genic mouse lines specifically overexpressing an RXRd protein in cardiomyocytes were generated,
using the cardiac 0-myosin heavy chain (0-MHC) promoter. Breeding the high copy number
transgenic line onto an RXRa-null genetic background did not prevent the myocardial hypopla-
sia and fetal lethality associated with the RXRa~/- genotype, even though the transgene was
expressed in the ventricles as early as 10.5 days post-coitum. These data suggest that the RXRa
function involved in myocardial growth may correspond to a non-cell-autonomous requirement
for a signal orchestrating the growth and differentiation of myocytes. Interestingly, the adult
transgenic mice developed a dilated cardiomyopathy, associated with myofibrillar abnormali-
ties and specific deficiencies in respiratory chain complexes I and II, thus providing an addi-
tional model for this genetically complex disease.

J. Clin. Invest. 105:387-394 (2000).

Introduction

Retinoic acids are the active metabolites that exert most
of the physiological functions of vitamin A. The cellu-
lar effectors that transduce the effects of these ligands
belong to 2 families of nuclear receptors, the retinoic
acid receptors (RARQ, B, and y) and the retinoid X
receptors (RXRa, 3, and y) (1, 2). These receptors are
retinoid-dependent transcriptional regulators that
bind to their target sequence as RAR/RXR het-
erodimers. Extensive mutagenesis studies of RAR and
RXR genes in the mouse have confirmed their role as
transducers of vitamin A actions in vivo, in particular
during embryonic and fetal development, and have
assigned a large number of developmental functions to
specific RXR/RAR heterodimers (3-5).

Mice bearing null mutations in the RXRa gene die
during fetal development (6, 7). This death is at least in
part due to myocardial defects: as the ventricular wall
remains abnormally thin, the heart cannot accommo-
date the increased workload demanded by a growing
fetus (8). In wild-type (WT) embryonic myocardia, the
cardiac myocytes located beneath the epicardium

(subepicardial myocytes) are cuboidal, tightly associat-
ed, do not show morphological features of differentia-
tion (i.e., organized sarcomeres and sarcoplasmic retic-
ulum), and proliferate at a higher rate than the cells
located at a more internal location within the myo-
cardium (6, 9, 10). All of these features are essentially
lacking in RXRO mutant subepicardial myocytes,
which exhibit an elongated morphology, are loosely
associated, contain well-organized myofilaments, and
divide at a lower frequency than WT cells (6, 9).

In the present study, we addressed the question of
whether cardiomyocytes are primarily affected by the
RXRa mutation. We generated transgenic mice specif-
ically expressing an RXR0 transgene in cardiomyocyetes,
at least from 10.5 days post-coitum (dpc) onward.
When introduced by breeding into an RXRa-null back-
ground, this transgene failed to rescue the hypoplasia
of the mutant ventricular myocardium. Interestingly,
the cardiomyocytes of the transgenic mice were abnor-
mal postnatally, as a significant proportion of these
mice developed a dilated cardiomyopathy (DCM) and
died from heart failure.
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Figure 1

Molecular characterization of MyHCa-RXR0 transgenic mice. (a) Schematic representation of the transgene construct (not at scale). Black
boxes indicate exons 1-3 of the MyHCa gene, which correspond to 5'-untranslated sequences. P1 and P2 are the RT-PCR primer used in the
experiment shown in Figure 2a. Probe A corresponds to a EcoRI-Ndel fragment from the MyHCa gene, and probe B corresponds to a EcoRI-
Kpnl fragment containing all RXRat coding sequences. Fragments detected by these probes after EcoRI or BamHI digestion are shown. B, BamH];
E, EcoRlI; K, Kpnl; N, Notl; Nd, Ndel; X, Xhol. (b) Southern blot analysis. A total of 10 g of BamHI- or EcoRl-restricted genomic DNA from
WT mice or mice from lines 41 or 54 were analyzed by Southern blotting with probes A and probe B, as indicated. Arrows point to the bands
of the expected size, whereas stars point to additional bands having undergone some deletions or rearrangements. (c) RT-PCR analysis of tis-
sue samples from line 41. Lanes 1-7 correspond to: (1) adult ventricle with the reverse transcriptase omitted in the RT step, (2) adult ventricle,
(3) adult atrium, (4) lungs, (5) skeletal muscle, (6) liver, and (7) brain. The top panel corresponds to transgene transcript amplification with
the transgene-specific primers depicted in a; the bottom panel corresponds to the control amplification of 36B4 gene transcripts (39). (d) North-
ern blot analysis of transgene expression in line 41. A total of 20 g of total RNA from adult heart (lane 1), lungs (lane 2), spleen (lane 3), skele-
tal muscle (lane 4), kidney (lane 5), and liver (lane 6) were analyzed by Northern blotting with a cDNA probe corresponding to a 2-kb fragment
containing the RXRO coding sequences. The bottom panel corresponds to the ethidium bromide staining of ribosomal 28S RNA of the same
RNA sample separated on an identical gel. (e) Western blot analysis. A total of 50 g of nuclear extracts prepared from WT liver (L) or heart
(H) and from heart from transgenic mice from lines 41 or 54, as well as a control extract of bacterially produced RXRa (lane 5), was separated
on a 8% SDS-polyacrylamide gel and revealed with polyclonal antibodies directed against either COOH-terminal RXRa epitopes (top panel) or
an NHa-terminal RXRO epitope (bottom panel). Note that transgenic hearts express an RXRO polypeptide that is smaller than WT RXRa and
not detected by the NH,-terminal antibody. Smaller fragments seen in lanes 3 and 5 likely correspond to proteolytic degradation products.
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Methods

Generation of transgenic mice. To direct heart-specific
expression, a plasmid containing 5.5 kb from the myosin
heavy chain a (MyHCa) gene (including the promoter
and the first 3 untranslated exons) was used (11). A Sall
fragment (2.2-kb mRXRa cDNA fragment linked to a
1.3-kb fragment from the human progesterone receptor
3" untranslated region [incorporated in the construct to
be used as a tag for in situ hybridization studies] and the
SV40 polyadenylation sequence) was subcloned into the
Sall site of the MyHCd promoter plasmid. The resulting
construct was purified as a 9-kb Notl-Xhol fragment
and used for pronuclear microinjection.

Mice were routinely genotyped by Southern blotting
of EcoRI-restricted tail DNA with probe A (Figure 1b).
Copy number was estimated by comparing the intensi-
ties (determined by PhosphorImager; Fuji) of the trans-
gene fragment (1.5 kb) with that of the 2.8-kb fragment
corresponding to the endogenous MyHCa locus.

RT-PCR, in situ hybridization, and Western blot analysis.
RNA was prepared from adult tissues by the single-step
guanidinium-isothiocyanate-phenol technique (12). For
RT-PCR, RT was performed using avian myeloblastosis
virus reverse transcriptase at 50°C for 15 minutes, fol-
lowed by a PCR reaction (35 cycles each for 1 minute at

94°C, 30 seconds at 55°C, and 1 minute at 72°C; PCR
primers: P1 5'-CTGCGCCACTGTGGTGCCTC, P2 5'-
AAGCCCAATGTGGGTGTGG; Figure 1a). For North-
ern blot analysis, 20 [g of total RNA was used per lane.
In situ hybridization analysis of transgene expression
was performed with an RXR0a antisense riboprobe (13).
For detection of the RXRQ protein, nuclear extracts
were prepared from tissues according to Andrews and
Faller (14). A total of 50 pg of extracts was separated by
SDS-PAGE. After electrotransfer to a nitrocellulose mem-
brane, RXRa polypeptides were detected with either the
polyclonal antibody RPRX0((A), detecting an NH,-termi-
nal epitope, or with the mAb 4RX-3A2, detecting an epi-
tope in the RXRa COOH terminal D-E region (15).
Electron microscopy and histology. Histological and elec-
tron microscopic analyses of embryos and tissues were
performed according to standard protocols (9, 16).
Analysis of mitochondrial enzymatic activities. Determination
of the activities of the respiratory chain complexes I-IV
and of citrate synthase were performed as described (17).

Results

Transgenic mice overexpressing RXRQ in the beart. With the
aim of re-expressing RXR0 in cardiac myocytes of
RXRo-null mutants, we generated transgenic mice har-
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boring a construct containing the RXRa cDNA placed
under the control of regulatory sequences from the
MyHCa that were previously shown to specifically
direct gene expression to cardiomyocytes (11; Figure 1a).
Two independent lines of mice expressing this trans-
gene were obtained (MyHCO-RXRa 41 and 54). South-
ern analysis (Figure 1b) with MyHCa- and RXRa-
derived probes revealed the presence of DNA fragments
of expected sizes (arrows). Several additional fragments
of unexpected sizes were also detected (stars in Figure
1b), indicating that a subset of the transgene copies had
undergone rearrangements. Copy number was estimat-
ed to be 4 and 16 in lines 54 and 41, respectively. Most
of the experiments described here were performed with
mice from line 41. All transgenic mice used in this study
were heterozygous for the transgene.

Northern blot analysis of total RNA of several adult
tissues from line 41 revealed a high level of transgene
expression in the heart, but not in several other adult
tissues (Figure 1d; under these experimental condi-
tions, the endogenous 5-kb RXR0 transcripts were
not detectable). A more sensitive RT-PCR assay also
failed to detect transgene expression in noncardiac
tissues, with the exception of lungs (Figure 1c). This
pulmonary expression most likely occurs in “pul-
monary myocardium,” a discrete population of
myocytes lining pulmonary veins in which the
MyHCa promoter used here was shown to be active
(11). In situ hybridization analysis of histological sec-
tions from 3-day-old hearts showed transgene expres-
sion throughout the ventricular and atrial myocardi-
um (Figure 2h; compare with Figure 2f). Transgene
expression was initiated early during embryogenesis,
as it was detected by RT-PCR on RNA extracted from
9.5 dpc transgenic embryos (not shown). In situ

hybridization analysis of histological sections from
10.5 dpc embryos showed that this expression was
confined to the heart and was strong in both ventri-
cles and atria (Figure 2d, and data not shown). Thus,
the onset of the transgene expression occurs early in
the ventricular myocardium, the tissue that is affect-
ed in RXRa-null mutants.

Western blot analysis with an antibody recognizing an
epitope in the RXRa COOH-terminal region revealed an
abundant RXRa polypeptide in adult heart extracts
from transgenic animals from both lines (Figure le,
upper panel, lanes 3 and 4). The expression level was
higher in line 41 than in line 54. The level of the trans-
genic protein greatly exceeded that of endogenous heart
RXRa (lane 2) but was comparable to that of endoge-
nous RXRA in the liver (the adult tissue expressing the
highestlevel of RXRQ transcript; compare lanes 3 and 4
to lane 1). However, the transgenic polypeptide had a
slightly increased electrophoretic mobility when com-
pared with WT RXRa (apparent molecular weight 49
kDa instead of 52 kDa for the latter, irrespective of
whether it was endogenously expressed in liver or heart,
or produced in Escherichia coli [lane S]). Furthermore, an
antibody directed against the RXRa 27 NH,-terminal
amino acids failed to detect the transgenic protein (Fig-
ure le, lower panel), whereas it revealed endogenous liver
and heart RXR0. Therefore, the transgenically expressed
RXRa protein appears to be NH,-terminally truncated,
most probably because of abnormal initiation of trans-
lation from an internal AUG codon. As no mutation was
detected in the DNA of the construct used to produce
the transgenic mice, the reason for this failure to cor-
rectly initiate translation remains unclear but could
reflect complex interactions between 5'-untranslated
MyHCa gene sequences and 5" RXRa sequences.

Figure 2

Detection of transgene expres-
sion in heterozygote transgenic
mice (TG) from line 41 by in situ
hybridization with an RXRa
antisense riboprobe. The top
panels correspond to bright-
field micrographs, and the
lower panels are the correspon-
ding dark-field micrographs.
(a-d) Frontal sections of 10.5
dpc WT (a and b) and trans-
genic (c and d) embryos. (e-h)
Sections of hearts from 3-day-
old WT (e and f) and transgenic
(g and h) mice. A, atrium; B,
brain; L, limb bud; LI, liver; LV,
left ventricle; RV, right ventricle;
T, tail. x20 (a-h).
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Despite the production of an NH,-terminally trun-
cated protein, the results described here are neverthe-
less most probably pertinent for the role of RXRa in
heart development for 2 reasons: (i) an NH,-terminal-
ly truncated RXRa retains most of its functional prop-
erties (DNA binding, ligand binding, and dimerization)
and appears to be only minimally affected in its trans-
activation properties, as judged from transient trans-
fection assays (18); and, importantly, (ii) deletion, in the
mouse, of the sequences encoding the entire RXRa
NH,-terminal region preceding the DNA binding
domain does not lead to abnormal cardiac develop-
ment (B. Mascrez, M. Mark, P. Kastner, and P. Cham-
bon, unpublished study), indicating that this region is
dispensable for the function of RXRa that specifies
normal heart development.

The transgenic RXRQ does not prevent the ventricular
bypoplasia of RXRO-null mutants. To determine whether
the expression of the RXRa transgene could rescue the
RXRa-null mutant myocardial defects, the transgene
from the high copy number mouse line 41 was bred into
the RXRa-null background, and the resulting fetuses
were analyzed by histology at 14.5 dpc. A similar ven-
tricular myocardial hypoplasia was observed in RXRa /-
and TG/RXRo /- fetuses (Figure 3; see also ref. 6). The
presence of the transgene did also not extend the life
span of RXRa~/~ mutants, as no viable TG/RXRa 7/~
fetus could be recovered after 16.5 dpc (not shown).
Thus, efficient expression of RXRa in ventricular
myocytes as early as 10.5 dpc cannot prevent the cardiac
defects and fetal lethality of RXRO7/- mutants.

DCM in adult transgenic mice expressing RXRO in the heart.
Adult transgenic mice from line 41 had a mortality rate
that was significantly higher than that of their non-
transgenic littermates (Figure 4a). Over a period of 1
year, about 20% of the transgenic animals, but only 3%
of their WT littermates, died. In many cases, the death
occurred suddenly, without prior symptoms of mor-

Figure 3

Failure of the RXRO-expressing transgene to res-
cue the ventricular myocardial hypoplasia pheno-
type of RXRO”/~ mutants. Frontal sections of 14.5
dpc fetuses at the level of the right atrioventricu-
lar canal (AV). Genotypes are as indicated; TG
indicates heterozygosity for the MyHCa-RXRa
transgene (line 41). The thickness of the compact
layer in the left and the right ventricles is indicat-
ed by brackets. AV, atrio-ventricular canal; RA,
right atrium; VS, ventricular septum; LV, left ven-
tricle; RV, right ventricle. x50 (a-d).

bidity, whereas in other cases, the death was preceded
for several days by general weakness, dyspnea, and lack
of food and water intake. No increased mortality was
observed with the lower-expressing transgenic line 54
(data not shown).

At autopsy, the hearts of the sick animals were
markedly enlarged, and all 4 heart chambers were
dilated (Figure 4, b and c). The thickness of the ven-
tricular wall and ventricular septum appeared either
normal or decreased (compare LV and VS in Figure 4,
d and e). The cardiac valves were normal, and intra-
cavitary thrombi were always present in the atria
and/or ventricles (large arrow in Figure 4e). These
sick animals also showed increases in heart and
lung/body weight ratios accompanied by a pleural
effusion (data not shown). Such a cardiac dilation
was observed in all sick transgenic animals, as well as
in about 10% of healthy-looking transgenic litter-
mates, but not in any of the WT littermates sacrificed
in the course of this study (n = 35). The association of
a dilation of the heart with lung weight increase and
pleural effusion suggests that the death of the trans-
genic animals was secondary to heart failure. No
gross heart abnormalities were observed in mice from
the lower-expressing line 54.

Analysis of the myocardium from sick transgenic mice
revealed the presence of many necrotic cardiomyocytes
showing a loss of myofibrils (Figure 5, c, e, and £, aster-
isks) and large, pale, nuclear profiles indicative of
nuclear destruction (N in Figure 5c, asterisks). Hyper-
trophy of cardiac myocytes was not observed. These
observations, together with the presence of specific cel-
lular defects in cardiomyocytes (see later here), indicates
that mice from line 41 develop a form of DCM.

Abnormal myofibril organization in transgenic cardiony-
ocytes. Electron microscopic analysis was also carried
out on cardiac muscle of apparently healthy mice from
both lines (Figure 6). WT myofibrils exhibited a striat-
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ed arrangement with clearly distinguishable Z lines and
M lines, as well as I bands and A bands (Figure 6, a, ¢
and e). In contrast, the myofibrils from transgenic car-
diomyocytes were thinner than their WT counterparts;
the sarcomeric length was often reduced, I bands were
undistinguishable (Figure 6, b, d and f), and M lines
were poorly defined. In many instances, Z lines were
duplicated (Figure 6d, arrows; see also Figure Se). No
cardiomyocyte hypertrophy was observed. Together,
these observations show that the structure of the
myofibrils is abnormal in transgenic cardiomyocytes.
Interestingly, this phenotype was completely penetrant
in both transgenic lines and was not correlated with
either symptoms of cardiac failure, cardiac dilation, or
age (note that the abnormal myofibrils illustrated in
Figure 6f are from the heart of a healthy-looking 15-
day-old mouse from the lower-expressing line 54). In
addition to these sarcomeric abnormalities, the shape
of the nuclei in transgenic myocytes of both lines was
often altered, as it showed numerous deep indentations
(Figure 6f; see also Figure 5d). Together, these observa-
tions show that, even though it does not systematical-
ly lead to DCM, the transgenic RXRa expression con-
sistently perturbs the structure of cardiomyocytes.

Decreased activity of respiratory chain complexes I and II in
diseased hearts. Deficits in mitochondrial function are
often associated with cardiomyopathies (see ref. 19 for
review). Mitochondria of all transgenic animals appeared
ultrastructurally normal. We analyzed the activities of
several mitochondrial enzymatic complexes in dilated
transgenic hearts (obtained from healthy-looking mice),
nondilated transgenic hearts, and WT hearts. Interest-
ingly, the activity of the respiratory chain complex I
(NADH-ubiquinone dehydrogenase) was specifically
reduced in dilated transgenic hearts (Figure 7). Similar-
ly, the activity of complex II (succinate dehydrogenase)
was significantly reduced in these hearts (Figure 7). In
contrast, the activities of complexes III (cytochrome bcl)
and IV (cytochrome c oxidase), as well as that of citrate
synthase, were normal. The DCM syndrome of the
RXRa-overexpressing transgenic mice is therefore asso-
ciated with specific mitochondrial dysfunctions.

Discussion

RXRa may not be required in cardiac myocytes during devel-
opment. We show here that overexpression of an RXRa
protein in embryonic cardiomyocytes is not able to res-
cue, even partially, the hypoplasia of the ventricular
myocardium of RXRa-null mutants. This observation
suggests that the RXRa function required for normal
ventricular muscle development is not exerted (or not
exerted exclusively) in myocytes. It is unlikely that the
failure to rescue the mutant cardiac phenotype is due to
the absence of the NH,-terminal part of the overex-
pressed RXRa protein, as deletion of sequences encod-
ing the RXRa NH,-terminal A/B region from the
mouse genome does not lead to any obvious cardiac
defects (B. Mascrez, M. Mark, P. Kastner, and P. Cham-
bon, unpublished study). We cannot exclude that an
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Figure 4

DCM in mice from line 41. (a) Increased lethality of heterozygous
mice from line 41. Mice were subdivided within 3 age groups, and the
percentages of deaths occurring within the corresponding life periods
are indicated. WT mice were the littermates of the transgenic ones.
(b-e) Cardiac dilation in heterozygous transgenic mice from line 41.
External views of the hearts from a WT mouse and of a dilated heart
from a transgenic littermate (TG) (2 months old) are shown in b and
¢, and transverse sections through the same hearts, in d and e. Note
that the transgenic mouse from which the heart was taken displayed
obvious signs of weakness. All the chambers of the transgenic heart
contained organized thrombi that were removed during dissection,
except one in the atrium (large arrow). A, atria; V, ventricles; VS, ven-
tricular septum; LV, left ventricle; RV, right ventricle.

RXRa function might be required in cardiomyocytes at
very early stages. However, this possibility appears
unlikely, as the transgene is already highly expressed in
the ventricles at 10.5 dpc and probably earlier, transgene
expression being readily detected by RT-PCR in 9.5 dpc
embryos. The conclusion that RXRa expression is most
likely not required in the myocytes themselves was inde-
pendently reached in 2 other recent studies: Chen et al.
(20) generated a ventricular myocyte-specific knockout
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of the RXR0O gene, via specific deletion of a LoxP-
flanked RXR0 exon 4 (encoding most of the DNA bind-
ing domain) with the Cre recombinase expressed under
the control of regulatory elements from the MLC2v
gene. These authors documented myocyte-specific dele-
tion of this exon as early as 8.5 dpc, which did not affect
cardiac development and function. Tran and Sucov (21)
generated chimeric fetuses between LacZ-marked
RXRa /- cells and WT cells and observed that RXRa
mutant cardiomyocytes contribute normally to the ven-
tricular wall in these chimeras. Thus, 3 different
approaches (the present rescue attempt with a car-
diomyocyte-specific RXRQ transgene, ventricular
myocyte specific knockout, and chimera analysis) all
lead to the same conclusion: the primary defect in
RXRa mutants does not lie within the myocyte lineage
and is therefore a non-cell-autonomous event.

Which cells then require the RXRa function during
cardiac development? The primary defect may occur in
cells that control myocyte fate through paracrine sig-
naling. The most likely candidates are the cardiac
endothelial cells, as their signaling is known to be cru-
cial for controlling the developmental behavior of the
myocytes. For instance, endocardial cells secrete
neuregulin, which is necessary for the formation of
myocardial trabeculae (22). Epicardial cells are other
possible candidate cells. However, a chief role for these
latter cells in controlling myocyte development is
unlikely, as (i) the absence of the epicardium, which
results from an integrin 004 mutation, does not lead to
ventricular hypoplasia (23); and (ii) defects in myocytes
are already detected in RXRO mutants at 8.5 dpc,
before the formation of the epicardium (9, 24). In fact,
one cannot definitely rule out that RXRO exerts some

Figure 5

Abnormal myocytes in dilated hearts. (aand c)
Semithin sections through the ventricles of a
WT and a dilated transgenic heart (2-month-
old mice). Note the degenerating cardiomy-
ocytes (asterisks) in the transgenic heart. (b,
d-f) Electron microscopy of longitudinally sec-
tioned cardiac muscle cells from ventricles of a
WT (b) and dilated (d-f) transgenic heart. In
d, note the swelling of the transgenic car-
diomyocytes, manifested by the absence of
compaction of the myofibrils (MF) and the
loss of myofibrils resulting in a relative increase
of intervening sarcoplasm (S) and a more dis-
persed arrangement of mitochondria (MT). e
and f illustrate 2 different aspects of car-
diomyocytes undergoing necrolysis (asterisks),
as well as the abnormal, duplicated aspect of
some Z lines (large arrows). C, capillaries; M,
myofibers; N, nuclei; MT, mitochondria; MF,
myofibrils; S, sarcoplasm. x340 (a and c);

x4,200 (b and d); x10,000 (e and f).

function in myocytes, as the abnormal phenotype dis-
played by ventricular myocytes in RXROl mutants is
complex and could possibly be the result of abnormal-
ities affecting several cell types. In this respect, we note
that the subepicardial myocytes from RARO7/- mutants
display abnormal differentiation features similar to
those of RXRO - mutants, while keeping a normal cel-
lular shape (9). RXRO inactivation may therefore dis-
rupt an RAR-dependent function in myocytes, as well
as an RAR-independent function in another cell type.

Overexpression of RXRQ results in cardiomyocyte abnormal-
ities and DCM. Unexpectedly, the present transgenic mice
exhibit an abnormal organization of the contractile ele-
ments of their cardiomyocytes, and about 20% of the
mice from the highest-expressing line succumb to heart
failure. The molecular mechanisms underlying these
effects are unclear. Elevated RXRa levels might result in
the deregulation of genes that can normally be con-
trolled by an RXR-dependent pathway (such as thyroid
hormone receptor or RAR target genes). It is of interest
in this respect that hypothyroidism has been linked to
some cases of DCM (25). On the other hand, high RXR
levels might squelch factors shared with other partners,
thereby indirectly interfering with their function.

DCM represents the most common indication leading
to cardiac transplantation worldwide (26, 27). Very few
genes implicated in this condition have been identified
so far, even though about 30% of the cases are estimated
to have a clear autosomal dominant hereditary compo-
nent (see ref. 28 for review). Characterization of affected
genes by classic reverse genetic approaches proves diffi-
cult because of the large genetic heterogeneity of the dis-
ease and the small size of affected families. Thus, only a
few chromosomal loci (1pl-ql, 1q32, 3p22-p25,
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Figure 6

Early cytological abnormalities in the myocardium of transgenic mice.
Electron microscopic analysis of the myocardium of wild-type (WT)
and transgenic mice (TG) at 15 days postpartum. (a, ¢, and e) In WT
cardiac muscle cells, the sarcomeres (S) show clearly defined A and |
bandsand Zand M lines (A, I, Z, and M, respectively); mitochondria
(MT) are disposed in rows along myofibrils. (b) and (d) correspond
to transgenic line 41, whereas (f) corresponds to line 54. In transgenic
samples, the length of the sarcomeres (S) is in general reduced, the M
lines and | bands are almost indistinguishable, and the Z lines are
occasionally duplicated (large arrows). The shape of nuclei (N) in
transgenic myocytes is often irregular (f). Large areas of the myocardi-
um (d) display a complete disorganization of myofibril and mito-
chondrial arrangements. x30,000 (a and b) and x12,000 (c-f).

9q13-q22, and 10g21-q23) have been implicated in
DCM, and the corresponding genes have not yet been
identified (note that none of these loci corresponds to
that of an RXR gene). The current genetic data, origi-
nating both from human and from several animal mod-
els of DCM, point to alterations of components of the
contractile apparatus as an important causal group for
DCM: mutations or decreased expression of dystrophin,
cardiac actin, metavinculin, &-sarcoglycan, titin, and the
LIM sarcomere assembly protein have thus been impli-
cated in DCM pathogenesis (see refs. 26, 29-31 for

reviews). In transgenic mouse models, events mimicking
overstimulation of the (-adrenergic receptor, such as
overexpression of a dominant negative form of CREB
(32) or of the cardiac stimulatory G-protein o subunit
(33) have also been shown to produce DCM phenotypes.
However, given the large genetic heterogeneity of DCM,
it seems unlikely that abnormalities of the contractile
apparatus or the adrenergic signaling pathway will fully
explain DCM etiology. In this context, new genetically
well-defined animal models of DCM, such as the one
described in the present study, might be helpful to char-
acterize other genes/factors contributing to human
DCM. Most interestingly, expression of an RARA-f3galac-
tosidase fusion protein under the control of the MyHC[3
promoter was also shown to induce a severe DCM phe-
notype in transgenic mice (34). Although the molecular
properties of the RARO-Bgalactosidase fusion protein
used in that study are not clear, the fact that its overex-
pression in cardiac myocytes leads to a disease similar to
the one developed by the MyHCa-RXRa mice suggests
that alterations of RXR/RAR signaling in the heart
might be implicated in the etiology of DCM. It will there-
fore be interesting to investigate whether functional or
genetic defects of the retinoid signaling pathway are
associated with human cases of DCM.

The present mice also illustrate the multistep nature of
DCM. Although cardiomyocytes from all mice (from
both transgenic lines) exhibit abnormal ultrastructural
features (abnormal sarcomere organization and nuclear
shapes), only some mice from the higher-expressing line
reach the state of cardiac dilation. This observation is
consistent with the proposal that DCM and heart failure
are the final stage of a chronic condition characterized by
an impaired mechanism of force transmission within the
cardiac muscle (29). Events associated with the transition
from this chronic weakness to the stage of cardiac dila-
tion are only poorly understood. Interestingly, this dis-
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Mitochondrial enzymatic activities. The activities of respiratory chain
complexes (CI-CIV) and of citrate synthase (CS) were determined in
hearts from WT, nondilated transgenic hearts, or dilated transgenic
hearts from 6-month-old mice, as indicated (3 mice in each group).
Values are represented as arbitrary units, with 100 being the mean
values measured for WT hearts.
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ease stage in the present MyHCa-RXRO transgenic mice
is characterized by specific mitochondrial abnormalities
(significantly decreased activities of respiratory chain
complexes I and II). These mitochondrial abnormalities
are therefore not a primary consequence of an elevated
RXRa level but are associated with the transition from a
structurally abnormal heart muscle to a diseased muscle.
Reduced activities of respiratory chain complexes has pre-
viously been associated with some cardiomyopathies,
including cases with cardiac dilation (see refs. 35, 36 for
reviews). Interestingly, decreased activity of respiratory
chain complex I has been found in tissues from RXRa-
null fetuses (37). However, it is not immediately clear
whether this deficiency, which appears to be a direct con-
sequence of the absence of RXR0, is mechanistically relat-
ed to the complex I deficiency detected in the present
study, which is a secondary consequence of elevated
RXRa levels. Recently, Hirota et al. (38) have shown that
DCM can result from a failure to activate a gp130-
dependent cardiomyocyte survival program in response
to biomechanical stress. Whether the high number of
necrotic cardiomyocytes observed in the present trans-
genic dilated hearts corresponds to a similar failure to
activate a survival pathway or is merely the consequence
of biochemical deficiencies (such as dysfunctional respi-
ratory chain enzymes) remains to be seen. In any event,
the present mice may offer a valuable model for studying
progression from a state of cellular abnormalities in
myocytes to that of cardiac dilation and heart failure. In
this respect, gene expression studies on a large scale (e.g.,
using DNA microarrays) might shed light on molecular
events associated with these distinct steps of the disease.
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