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Abstract

Hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) are caused by mutations in 14 and 15 different
disease genes, respectively, in a part of the patients and the disease genes for cardiomyopathy overlap in part with that for limb-
girdle muscular dystrophy (LGMD). In this study, we examined an LGMD gene encoding caveolin-3 (CAV3) for mutation in the
patients with HCM or DCM. A Thr63Ser mutation was identified in a sibling case of HCM. Because the mutation was found at the
residue that is involved in the LGMD-causing mutations, we investigate the functional change due to the Thr63Ser mutation as
compared with the LGMD mutations by examining the distribution of GFP-tagged CAV3 proteins. It was observed that the
Thr63Ser mutation reduced the cell surface expression of caveolin-3, albeit the change was mild as compared with the LGMD
mutations. These observations suggest that HCM is a clinical spectrum of CAV3 mutations.

© 2003 Elsevier Inc. All rights reserved.
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Because idiopathic cardiomyopathy is one of the
major causes of severe heart failure and sudden death in
young, it is important to elucidate the etiology and
pathogenesis. Hypertrophic cardiomyopathy (HCM)
and dilated cardiomyopathy (DCM) are two major
clinical phenotypes of the idiopathic cardiomyopathy.
HCM is characterized by left ventricular (LV) hyper-
trophy accompanied by myofibrillar disarrays and
manifested with diastolic dysfunction of cardiac ventri-
cles, while DCM is characterized by dilated ventricular
cavity with systolic dysfunction [1].

It has been known that more than half of HCM pa-
tients have family history of the disease consistent with
autosomal dominant genetic trait, whereas about 20—
30% of DCM patients have the family history mainly
consistent with the autosomal dominant inheritance [2].
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Recent molecular genetic approaches have revealed that
HCM is caused by mutations in the genes for sarcomeric
proteins, including MYH7 (cardiac myosin heavy
chain), TNNT2 (cardiac troponin T), and TTN (titin)
[2,3]. On the other hand, mutations in the sarcomere
genes including MYH7, TNNT2, and TTN also cause
DCM [4-6] in addition to the mutations in the genes for
sarcolemma or Z-disc related proteins, such as DMD
(dystrophin), DES (desmin), and SGCD (d-sarcoglycan)
[7-9]. We have recently reported that the mutations in
MLP and TCAP, both being the Z-disc protein genes,
cause DCM [10]. However, mutations in these disease-
causing genes could be found in less than half of HCM
and in a few percent of DCM, at least in Japanese [11].

It is quite interesting that mutations in DES, SGCD,
DMD, and TCAP were also reported to cause muscular
dystrophy [12-15]. In addition, a 77N mutation is re-
cently reported as a cause of tibial muscular dystrophy
[16]. These observations demonstrated that the disease
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genes for cardiomyopathy overlapped in part with the
disease genes for muscular dystrophy. Therefore, we
reasoned to search for mutations in caveolin-3 (CAV'3)
gene, a disease-causing gene for autosomal dominant
limb-girdle muscular dystrophy (LGMD) type 1C [17],
in the Japanese patents with HCM or DCM. CAV3
mutations are also reported to cause rippling muscle
disease and asymptomatic hyperCKemia [18,19].

CAV3 encodes a raft protein, caveolin-3, a compo-
nent of caveolae [20]. Caveolin-3 is expressed in cardiac,
skeletal, and smooth muscles and interacts at the scaf-
folding domain with nNOS, PKC, and G proteins that
are related to the hypertrophic signal [20]. Caveolin-3
also interacts with angiotensin II type 1 receptor that
plays an important role in cardiac hypertrophy [21], and
the overexpression of CA4 V3 inhibits phenylephrine- and
endothelin-1-induced hypertrophy of cardiomyocytes
[22]. These findings suggested that caveolin-3 might be
involved in the pathogenesis of cardiomyopathy, espe-
cially for HCM. Indeed, caveolin-3 knockout mice
showed hypertrophy of cardiomyocytes at 2 months of
age, and manifested with left ventricular hypertrophy,
chamber dilation, and decrease in fractional shortening
at 4 months of age [23]. These phenotypes are similar to
those observed in HCM patients.

In this study, a novel CAV3 mutation was found in
an HCM family, and functional change due to the mu-
tation was investigated along with the LGMD-causing
mutations. This is the first report of the CA4 V3 mutation
in cardiomyopathy not associated with the skeletal
muscle phenotypes.

Material and methods

Subjects. One hundred and forty-six and one hundred and thirty
genetically unrelated index patients with HCM and DCM, respec-
tively, were the subjects. Apparent family histories of the disease
consistent with autosomal dominant inheritance were observed in all
HCM cases and in 32 DCM cases. All the index patients were diag-
nosed to have idiopathic cardiomyopathy as described previously
[3,6,11]. These patients were selected for this study since no mutation
in the known disease genes was identified in them. The DCM patients
had been analyzed for mutations in the a-cardiac actin, desmin, dys-
trophin, lamin A/C, MLP, titin, and Tcap genes, while the HCM pa-
tients were searched for mutations in the B-myosin heavy chain,
cardiac troponin T, a-tropomyosin, cardiac myosin binding protein-C,
myosin regulatory light chain, myosin essential light chain, cardiac
troponin I, cardiac o actin, MLP, titin, and Tcap genes [6,10,11].
Family relatives of the index patient carrying a CA V3 mutation were
also examined for the mutation and clinical status. Control subjects
were 260 unrelated healthy Japanese individuals selected at random.
Blood samples were obtained from each subject after a given informed
consent. The study protocol was approved by the Ethics Reviewing
Committee of the Medical Research Institute, Tokyo Medical and
Dental University.

Mutational analysis of CAV3. Genomic DNA was extracted from
peripheral blood from each subject and subjected to PCR under stan-
dard conditions by use of primer pairs specific to each region analyzed.
Sequence information for the primers is as follows. 1F, 5-AGCTCGGA

TCTCCTCCTGTG-3; 1R, 5-AAACCTGACACTCTCCGCCC-3;
2F, 5-GTGGCTTCTGTGAGTTGAGG-3'; 2inR, - ATGGCACCA
CCGCCCAGAT-3; 2inF, 5-TCTGTTGTCCACGCTGCTGG-3;
and 2R, 5-CCTGCCCTGCCACCGCTGTT-3'. The PCR was sepa-
rately done with combinations of primers, 1F and IR, 2F and 2inR, and
2inF and 2R. The PCR products from patients were searched for se-
quencing variations using the PCR-SSCP methods, as described previ-
ously [24]. When an abnormal SSCP pattern was observed, the PCR
product was cloned into pCRII vector (Invitrogen) and several inde-
pendent clones were sequenced on both strands to confirm the sequence
variation.

Construction of GFP-tagged caveolin-3 gene. A full-length human
caveolin-3 cDNA (GenBank Accession No. AF043101) was amplified
by reverse transcription (RT)-PCR from cDNA templates originated
from heart, as described previously [6]. The primers used in the RT-PCR
method were CAV3-F, Y-ATGGCAGAAGAGCACACAGA-3' and
CAV3-R, 5-TTAGACCTCCTTCCGCAGCA-3'. Each mutation was
introduced into the cDNA fragment by primer-directed mutagenesis
method, as described [6], by using combinations of the following primers,
respectively: T63S; CAV3-F and 63S-MF; 5-TACACCAGCTTCACT
GTCTCC-3' with 63S-MR; 5-AGTGAAGCTGGTGTAGCTCAC-3'
and CAV3-R, T63P; CAV3-F and 63P-MF; 5-TACACCCCCTTCAC
TGTCTCC-3 with 63P-MR; - AGTGAAGGGGGTGTAGCTCAC-
3 and CAV3-R, del63-65; CAV3-F and DEL63-65MR; 5-GGAGACG
GTGTAGCTCACCTT-3" with DEL63-65MF; 5-TACACCGTCTCC
AAGTACTGG-3 and CAV3-R. These fragments were cloned into
pcDNA3.1/NT-GFP-TOPO (Invitrogen) and several clones were cho-
sen to confirm the DNA sequence. The cloned cDNAs with or without
mutations were confirmed for the sequence and used in the transfection
experiment.

Cell culture and transfection to detect GFP signals. COS7 or
NIH3T3 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. Petri-dishes
were plated with 2 x 103 cells and incubated for 24 h. The cells were
transfected with 4 ng GFP-tagged CA4V3 constructs using the lipofec-
tion (LipofectAMINE; Life Technologies) according to manufac-
turer’s instructions. The cells were cultured for additional 48 h, fixed
with 4% paraformaldehyde in PBS buffer at room temperature, and
mounted on Vectashield (Vector laboratories). GFP signals were ex-
amined under a confocal laser-scanning microscope (Olympus).

Western blot analysis. COST7 cells were transfected with GFP-tagged
CAV3 constructs, incubated for 48 h, washed with PBS, and harvested in
10 mM Tris, pH 8.0, 0.15M NaCl, and 5mM EDTA (TBS) containing
1% Triton X-100, with protease inhibitor (Sigma), as described by Song
et al. [25]. The cells were harvested and centrifuged at 14,000g for 10 min
at 4°C to separate Triton-insoluble membrane fraction (pellet) and
Triton-soluble cytoplasmic fraction (supernatant). Equal amount of the
pellet and supernatant was applied to SDS-PAGE in 12% polyacryl-
amide gels and transferred to a nitrocellulose membrane (Schleicher &
Schuell). The membrane was blocked with 3% non-fat dried milk and
incubated for overnight at 4°C with N-terminal caveolin-3 gout IgG
polyclonal antibody (Santa Cruz). After washing with TBS containing
0.05% Tween 20, the membrane was incubated with alkaline phospha-
tase-conjugated donkey anti-gout IgG antibody (Promega) as a second
antibody for 1h and stained by alkaline phosphatase conjugated kit
(Bio-Rad). These assays were repeated at least for 5 times, and each blot
was analyzed by NIH image to measure the amount of wild type or
mutant caveolin-3 in the membrane and cytoplasmic fractions.

Results
Identification of a CAV3 mutation in patients with HCM

Sequence variations in CAV3 were searched for in
the Japanese patients with HCM and DCM using the
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PCR-SSCP method. Three variations not accompanied
by amino acid replacement, nucleotide changes of C to
T, Cto A, and C to A, at nucleotide position of 96, 165,
and 201, respectively (nucleotide position from
AF043101), and a missense mutation in exon 2 were
found in the patients. The former variations were also
found in the healthy controls at a similar frequency,
showing that they were polymorphisms not associated
with the cardiomyopathy. In clear contrast, the missense
mutation was detected in a male index patient with
HCM (CM39) as an abnormal SSCP pattern (Fig. 1A).
This SSCP pattern was not found in more than 500
control chromosomes, and the sequence analysis re-
vealed that it was due to a C to G transition in codon 63,
replacing ACC (Thr) with AGC (Ser) (T63S) (Fig. 1B).
Because both normal and mutant sequences were ob-
tained from the patient, he was heterozygous for the
mutation. Other parts of CAV3 from the index patient
were also sequenced to confirm that he had no other
mutations in CA4 V3 (data not shown). The mutation was
located in the scaffolding domain that was crucial for
interaction with cardiac hypertrophy-associated signal-
ing molecules. The mutation was also found in his
younger brother (CM40) affected with HCM and was
not found in their mother who did not show LV hy-
pertrophy (Fig. 1A). It was, then, suggested that the
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Fig. 1. Mutational analysis of the caveolin-3 gene. (A) PCR-SSCP
analysis of exon 2. Lane 1 was a healthy control and lanes 2 and 3 were
sib-cases of HCM. A pedigree of the patients is shown, and the ab-
normal band pattern represented by filled triangles was found in the
proband patient (CM 39, lane 2) and his affected brother (CM40, lane
3). Since the normal bands were found in the patients, they were het-
erozygous for the mutation. Their father had died suddenly at the age
of 41. Their mother had no cardiac disease and no abnormal SSCP
pattern (lane 4). (B) Nucleotide sequence of normal and mutant alleles
obtained from CM39, showing that he was heterozygous for the mu-
tation. Codon 63 of normal allele was ACC (Thr), while that of mutant
allele was AGC (Ser). (C) Alignment of caveolin-3 amino acid se-
quences at a scaffolding domain (codon 54-73) from human and other
species. The mutation found in the HCM family was at codon 63 of
which threonine residue (Thr) was evolutionary conserved.

FHCM T63S

1 38 f scaffolding domain .

"

P104L

R26Q A45T | T63P

LGMD1C

Fig. 2. Schematic representation of exon/intron organization of CAV3
and variations found in HCM and LGMDIC. In this study, T63S
mutation was found in the HCM patients. This mutation was located
in the scaffolding domain (line below the exon 2) which was a func-
tionally important domain. Mutations reported in LGMDIC includ-
ing T63P and del63-65 mutations [17,26] were also shown.

del63-65

mutation was inherited from their father, but this could
not be confirmed since the father who was also affected
with HCM had died suddenly at the age of 41 and he
had no sibling to be examined for the mutation. The
threonine at codon 63 was evolutionary conserved in the
scaffolding domain of caveolin-3 (Fig. 1C). Quite inter-
estingly, two mutations involving the codon 63, The63-
Pro (T63P) and a deletion of 3 amino acids at positions
from 63 to 65 (del63-65) were reported in LGMDIC
(Fig. 2).

Clinical findings of the index patient, CM39, were
mild. At the age of 16, he showed marginal concentric
LV hypertrophy (LV wall thickness was 11 mm with
septal hypertrophy of apical side), and his LV end-dia-
stolic pressure was high (17mmHg) in catheterized
pressure study. His electrocardiogram showed high
voltage (R wave in V5 lead was 30-34 mm) with apparent
ST-T changes (inverted T in V4-V6 leads and mild ST
depression and flattened T in limb leads). Following a
follow-up of 9 years, although LV wall thickness was not
changed remarkably, both LV dilated and systolic di-
mension were increased. Similar phenotypes were found
in CM40. Both of them as well as their father had no
symptoms of skeletal muscle disorder and no elevation of
serum CK, suggesting that they were not affected with
either LGMD, rippling muscle disease, or hyperCKemia.

Functional change of CAV3 due to the mutation

To study the functional alteration of CA V3 due to the
T63S mutation, we constructed a GFP fusion gene for
testing the distribution of transfected caveolin-3 mole-
cule. Two LGMD mutations, T63P and del63-65, were
also investigated for comparison of functional altera-
tions due to the LGMD-causing CAV3 mutations.

The GFP-CAV3 constructs with or without muta-
tions were transfected into cultured cells and the tran-
siently expressed GFP signals were investigated by
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Fig. 3. Fluorescence image of transiently expressed wild type or mutant
CAV3 fused to GFP. Representative results are shown as pair-panels
of GFP signal-image and phase-contrast image for each CAV3 con-
struct. Distribution of GFP-tagged caveolin-3 in the transfected COS7
and NIH3T3 cells was examined under the confocal microscopy. Wild
type CAV3 was expressed almost exclusively at the plasma surface
membrane. In contrast, the expression of mutant CA V3 constructs was
decreased at the cell surface and retention in the cytoplasm was ob-
served.

confocal microscopic analysis. In COS7 cells (Fig. 3, left
panels), GFP signals fused to the wild type caveolin-3
were expressed almost exclusively at the cell surface. In
contrast, signals from both of the LGMD-causing mu-
tants (T63P and del63-65) were observed in the cyto-
plasm, and the surface expression was remarkably
decreased in each case, as has been reported for del63—
65 and another LGMD-causing mutation Prol04Leu
[20]. On the other hand, the HCM-associated mutant
(T63S) showed decreased cell surface expression of GFP
signals and retention in the cytoplasm, but the change
was to a lesser extent than that found for the LGMD
mutants. Similar results were obtained in NTH3T3 cells
(Fig. 3, right panels). These findings indicated that the
differences in the caveolin-3 distribution were depending
on the mutations themselves and not on the cell types.

Because the confocal microscopic analysis was a
qualitative assay of the functional alteration of CAV3
mutations, the change was assessed semi-quantitatively
by the Western blot analysis. GFP-tagged CAV3 con-
structs were transiently expressed in the COS7 cells. The
transfected cells were treated with Triton X-100, and the
insoluble (raft) and soluble (cytoplasmic) fractions were
separated by the centrifugation as pellet (P) and super-
natant (S), respectively. The raft and cytoplasmic frac-
tions were size-fractionated in a SDS-polyacrylamide
gel by electrophoresis and analyzed by Western blot
assay using anti-caveolin antibody (Fig. 4). The wild
type caveolin-3 was almost exclusively distributed in the
raft fraction, while all mutant caveolin-3 (T63S, T63P,
and del63-65) showed the decreased distribution in the
raft fraction and retained in the cytoplasmic fraction.
The average ratio of caveolin-3 in the raft and cyto-
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Fig. 4. Western blot analysis of GFP-tagged caveolin-3 proteins ex-
pressed in the transfected COS7 cells. Wild type and mutant GFP-
tagged CA V3 constructs were transfected into the COS7 cells. By using
Western blot method, the distribution of caveolin-3 in the raft and
cytoplasmic fractions was examined. Pellet (P) corresponds to the raft
(Triton-insoluble) fraction, while supernatant (S) is derived from the
cytoplasmic (Triton-soluble) fraction. Wild type (WT) caveolin-3 was
exclusively found in the raft fraction, whereas the mutant (T63S, T63P,
and del63-65) caveolin-3 showed decreased expression in the raft
fraction and retention in the cytoplasmic fraction. Transfectants of
GFP vector alone served as control showing no endogenous expression
of CAV3 in COS7 cells.

Table 1
The average ratio of GFP fused caveolin-3 proteins distributed in the
membrane and cytoplasmic fractions

CAV3 Pellet #1 (%) Supernatant #2 (%)
WT 97.5+1.2 20+1.2
T63S 75.6 4.1 245+43
T63P 57.6+2.6 42.4+2.6
del63-65 47.0+4.4 529+44

#1, Raft fraction; #2, cytoplasmic fraction.

plasmic fractions for each construct is listed in Table 1.
The distribution to raft was severely affected by the
LGMD-causing mutations, T63P and del63-65, show-
ing 57.6+£2.6% and 47.0 +4.4%, respectively, as com-
pared with 97.5+ 1.2% of the wild type, whereas it was
relatively mild (75.6 £4.1%) for the HCM-associated
mutation.

Discussion

In this study, we identified for the first time a CAV3
mutation associated with HCM in a sibling case. The
mutation, T63S, was found at the evolutionary con-
served residue and not found in the healthy controls.
Quite interestingly, Thr63 was involved in the other
mutations causing LGMD, although the HCM patients
with the CAV3 mutation did not suffer from muscle
disorder and showed normal level of serum CK during
the follow-up period. It may be worth noting that the
clinical phenotypes of the HCM patients were not typ-
ical. Nevertheless, these patients showed high voltage in
ECG and suggestive diastolic dysfunction with elevated
LV end-diastolic pressure. These observations imply
that the CAV3 mutation caused mild HCM in these
patients. This is consistent in part with that CAV3
knockout mice showed concentric left ventricular hy-
pertrophy [23]. Although the cardiac phenotypes of
LGMDIC patients have so far not been described in
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detail, diastolic dysfunction and mild hypertrophy might
be seen in the patients, and hence should be evaluated.
This may be important because the obligatory carrier of
the T63S mutation, father of the HCM sib-cases, had
died suddenly at the age of 41.

It was interesting to note that the HCM-related mu-
tation occurred at the same codon as the LGMD muta-
tions. Because the clinical phenotypes of HCM and
LGMD are quite different, at least for that skeletal muscle
is not obviously affected in HCM, we hypothesized that
the functional alterations due to the HCM-associated
mutation may be qualitatively or quantitatively different
from the LGMD mutations. To test the hypothesis, we
investigated the localization or distribution of mutant
caveolin-3 by using GFP-tagged CAV3 constructs. The
confocal microscopic analysis and Western blot analysis
demonstrated that the wild type caveolin-3 was exclu-
sively expressed on the surface plasma membrane. In
contrast, both the HCM- and LGMD-related mutations
reduced the surface expression, albeit the relatively mild
change in the case of the HCM-associated mutant.

The cell surface expression of caveolin-3 was de-
creased in the muscle from patients with the LGMD
mutations, T63P and del63-65 [17,26]. In addition, the
LGMD mutation, del63-65, caused decreased surface
expression, formed aggregates, and intracellular reten-
tion of caveolin-3 in a perinuclear compartment that
was identified as the Golgi complex [20]. The expression
of LGMD mutants, del63—65 and P104L, reduced the
cell surface expression of wild type caveolin-3 by ~80-
85%, demonstrating a dominant negative effect of the
mutation [20]. In another study, the LGMD-causing
mutant caveolin-3 underwent ubiquitination and prote-
asomal degradation, so that the cell surface expression
of total caveolin-3 was further reduced [27]. The loss of
caveolin-3 is shown to cause hyperactivation of p42/44
MAPK cascade that plays an important role in the
cardiac hypertrophy [23,28]. Moreover, T-tubule sys-
tems of caveolin-3 knockout mice were dilated, swollen,
and irregularly shaped, suggesting that the dysregula-
tion of muscle calcium homeostasis may be associated
with the loss of caveolin-3 [29]. Since we could not ob-
tain biopsy samples of cardiac or skeletal muscle from
the HCM patients, the functional and/or pathophysio-
logical changes of caveolin-3 due to the T63S mutation
in vivo remain to be clarified. A transgenic mouse in-
troduced with the CAV3 mutation may resolve the
issues.

As for the severity of functional changes due to the
mutations, the HCM-associated mutation showed mild
dysfunction, while the LGMD-causing mutations ex-
erted severe dysfunction. The difference in the extent of
dysfunction might explain the difference in the pheno-
types due to the CAV3 mutations, cardiomyopathy or
muscular dystrophy. Muscular dystrophy and cardio-
myopathy are often caused by mutations in the same

gene, as exemplified by the dystrophin gene mutations.
The dystrophin mutations in the N-terminal domains
cause DCM, whereas the mutations in the C-terminal
domains cause muscular dystrophy [7,30]. Another ex-
ample is the mutations in titin. We have recently re-
ported that the titin mutations in the cardiac-specific
domain (N2-B) and Z-disc domain cause HCM and
DCM [3,6], while the titin mutations in the striated
muscle-specific domain (N2-A) cause tibial muscular
dystrophy [16]. Therefore, cardiomyopathy-related and
muscular dystrophy-related mutations in both dystro-
phin and titin genes have been mapped on the different
functional domains. These observations suggested that
the difference in the clinical phenotypes, cardiomyopa-
thy and muscular dystrophy, might be explained by that
different functional domains were affected.

In this study, however, we found a CA4 V3 mutation in
HCM at the same domain, exactly at the same codon, as
the LGMD-causing mutations. Then, the clinical differ-
ence could not be attributed to the difference in the
affected functional domain. Our study clearly demon-
strated that the HCM-related mutation and muscular
dystrophy-related mutations caused dysfunction to dif-
ferent extent. The reason why the relatively mild dys-
function of caveolin-3 affects the cardiac muscle but not
the skeletal muscle may be that the cardiac muscle should
follow continuous beating composed of contraction and
relaxation, while the contraction of skeletal muscle is on
demand. Therefore, even a minor functional disturbance
in the striated muscles might affect only the cardiac
muscle. This is analogous to that homozygous or com-
bined heterozygous mutations leading to loss of Tcap
protein cause LGMD [15], whereas a heterozygous mis-
sense mutation of TCAP causes cardiomyopathy [10].
One may argue that, if a “light” mutation causes solely
cardiomyopathy, the “heavy” mutations (for example,
LGMD mutations) would affect more severely the cardiac
muscle. Indeed, cardiac involvement in the muscular
dystrophy is usually manifested as dilated cardiomyopa-
thy, a phenotype sometimes found in late clinical course
(burnout phase) of HCM.

In summary, we identified an HCM-associated CA V3
mutation and evaluated the functional change in com-
parison with the LGMD-related CAV3 mutations.
The HCM-associated mutation showed qualitatively
similar but quantitatively different dysfunction from the
LGMD mutations.
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