Table 4. Univariate and Multivariate Analyses of the Value of Each Variable in Predicting Cardiac Events

Univariate Multivariate
Predictive Factors During
the Acute Phase X P X P
Age 3.13 0.076
Reperfusion time 1.38 0.238
Peak CK-MB 3.01 0.082
Peak Tenascin-C 14.8 0.0001 _ 10.82 0.001
BNP on day 5 432 0.037
BNP on day 28 7.94 0.004 423 0.039
LVEDV 3.61 0.057
LVESV 8.76 0.003 0.36 0.543
LVEF 6.96 0.008 0.76 0.381
Total Defect Scores 6.51 0.011 0.03 0.852

LVEDV = left ventricular end-diastolic volume; EF = ejection fraction

LVESV = left ventricular end-systolic volume
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Abstract

Mutations in genes for sarcomeric proteins such as titin/connectin are known to cause dilated cardiomyopathy (DCM). However,
disease-causing mutations can be identified only in a small proportion of the patients even in the familial cases, suggesting that there
remains yet unidentified disease-causing gene(s) for DCM. To explore the novel disease gene for DCM, we examined CRYA B encoding
aB-crystallin for mutation in the patients with DCM, since oB-crystallin was recently reported to associate with the heart-specific N2B
domain and adjacent 126/127 domain of titin/connectin, and we previously reported a N2B mutation, GIn4053ter, in DCM. A missense
mutation of CRYAB, Argl57His, was found in a familial DCM patient and the mutation affected the evolutionary conserved amino acid
residue among a-crystallins. Functional analysis revealed that the mutation decreased the binding to titin/connectin heart-specific N2B
domain without affecting distribution of the mutant crystallin protein in cardiomyocytes. In contrast, another CRYAB mutation,
Argl120Gly, reported in desmin-related myopathy decreased the binding to both N2B and striated muscle-specific 126/27 domains
and showed intracellular aggregates of the mutant protein. These observations suggest that the Argl57His mutation may be involved
in the pathogenesis of DCM via impaired accommodation to the heart-specific N2B domain of titin/connectin and its disease-causing

mechanism is different from the mutation found in desmin-related myopathy.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Dilated cardiomyopathy; Desmin-related myopathy; aB-crystallin; Titin/connectin; Mutation

Dilated cardiomyopathy (DCM) is a disease of unknown
etiology characterized by cardiac enlargement accompanied
by systolic dysfunction and often manifested with congestive
heart failure [1]. Although the majority of DCM patients are
sporadic cases and may be caused by extrinsic factors such as
ischemia and metabolic disease, family histories can be
found in 20-35% of patients, suggesting that intrinsic factors
or genetic abnormalities cause DCM at least in a part of the
patients [2]. There are several reports on the gene mutations
in DCM, and the genetic etiologies of DCM may be classified
into at least five groups: (1) abnormalities in the components

" Corresponding author. Fax: +81 3 5280 8055.
E-mail address: akitis@mri.tmd.acjp (A. Kimura).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2006.01.154

for cytoarchitecture of cardiomyocytes, such as mutations in
genes for a-cardiac actin, desmin, dystrophin, 8-sarcoglycan,
metavinculin, titin/connectin, muscle LIM protein (MLP),
T-cap/telethonin, and Cypher/ZASP [3-11], (2) mutations
in the genes for sarcomeric proteins of the heart, such as car-
diac B-myosin heavy chain and cardiac troponin T [12], (3)
mutations affecting supply and/or regulation of energy
demand, such as CPTase II deficiency, tafazzin gene muta-
tions, and recently reported 4 BCC9 mutations [13-15], (4)
defects in the component of nuclear envelope, which may
participate in signal transduction between the cytoplasm
and the nucleus, such as mutations in lamin A/C
gene [16], and (5) cardiac ion channel mutations [17]. In
addition, mutation of a transcriptional coactivator was
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recently reported to cause DCM accompanied by hearing
loss [18].

Among these genetic causes, the majority can be classi-
fied into the cytoarchitectural abnormalities that may cause
abnormal force transmission across the Z-line between the
sarcomere [19]. The disease-causing mutations in cytoarchi-
tectural components are in general found in the heterozy-
gous state (exception is the dystrophin mutation that can
be found in hemizygous state in male patient), and hence
the disease is inherited as autosomal dominant genetic
trait. The genetic defects or mutations in the disease genes,
however, could be identified only in a minor proportion of
DCM patients, even if they have apparent family histories,
i.e., familial DCM patients. On the other hand, linkage
studies suggested many different disease loci in different
multiplex families with DCM. These observations indicate
that there are many other disease genes to be identified for
better understanding the molecular pathogenesis of DCM.

aB-crystallin is one of several crystallins in the vertebrate
lens [20], but can be found in tissues other than lens, includ-
ing cardiac and skeletal muscles. Content of aB-crystallin in
cardiac muscle is 3-5% of the total soluble protein [21], and
the muscle fibers are protected from the effect of ischemia,
preventing extensive structural damage, by the aB-crystallin

{22-24]. It was reported that the aB-crystallin moved from
cytosol to myofibrils following ischemia [25]. Immunoelec-
tron microscopic analysis of rat hearts has shown that
aB-crystallin can be found in a narrow region of the I-band
rather than in the Z-disc and is associated with desmin fila-
ments connecting neighboring myofibrils [26]. Recently,
mutations in the gene for oB-crystallin (CRYAB) were
reported in striated muscle disorder inciuding desmin-relat-
ed myopathy (DRM), characterized by skeletal muscle
weakness associated with cardiomyopathy [27,28]. These
observations suggested the important role of aB-crystallin
in biological function of striated muscles on the physiologi-
cal and pathological conditions. In addition, it was recently
reported that the aB-crystallin bound titin/connectin in the
I-band region, more specifically at the N2B and 126/127
domains, and this was supported by both co-purification
and co-localization of oB-crystallin with titin/connectin
[26,29].

Titin/connectin is a giant muscle protein expressed in the
cardiac and skeletal muscles, spanning entire half of the sar-
comere from Z-line to M-line, and plays a key role in muscle
assembly, force transmission at the Z-line, and maintenance
ofresting tension in the I-band region [30,31]. We and others
have recently reported several mutations in the titin/
connectin gene (77TN) associated with cardiomyopathy
[8,32], including a DCM-associated nonsense mutation,
GIn4053ter, and another missense mutation, Ser3799Tyr,
found in hypertrophic cardiomyopathy (HCM), at the N2B
domain of titin/connectin in the I-band region [8] where
aB-crystallin interacts with titin/connectin [29]. Since the
N2B domain is expressed only in the cardiac muscle [30,31],
its mutation as well as mutation of its associated protein such
as aB-crystallin might cause cardiac muscle disease. It is then

ofinterest to search for CRYA Bmutationsin DCM as well as
to investigate whether the cardiomyopathy associated TTN
mutations would affect the binding to aB-crystallin.

In this study, a novel CRYAB mutation was found in
familial DCM and its functional alteration was investigat-
ed along with the DRM-causing mutation. This is the first
report of DCM-associated CRYAB mutation which
showed different functional alteration from the DRM-
associated mutation.

Materials and methods

Subjects. One hundred and thirty genetically unrelated Japanese
patients with DCM were chosen as subjects. Among them, a family history
of the disease was observed in 36 cases. All the patients manifested with
typical DCM phenotype as described previously [11,33]. These patients
had been analyzed for mutations and no mutations were found in any
genes. Control subjects were 200 unrelated healthy Japanese individuals
selected at random. After acquiring informed consent, blood samples were
obtained from each subject. The protocol for research was approved by
the Ethics Reviewing Committee of Medical Research Institute, Tokyo
Medical and Dental University.

Genomic DN A extraction and mutational analysis of CRYAB. Genomic
DNA extracted from peripheral blood of each panels was subjected to
polymerase chain reaction (PCR) under standard conditions by using of
primer pairs specific to each region analyzed. Sequence information for the
primers is as follows: IF, 5-CTGTAGCTGCAGCTGAAGG-3'; IR, 5'-
CAGGAGGTTCCAGTAAGGAC-3; 2F, 5-AGACAGCACCTGT
GTAATCAG-3'; 2R, 5'-GCACTACCTGGACTATTACAG-3; 3F, 5'-
CTCTCTGCCTCTTTCCTCAT-3'; 3R, 5-GTCACAAGACTTTCATT
CACTG-3'. The PCR was performed separately with combinations of
primers, 1F and 1R, 2F and 2R, and 3F and 3R. The PCR products from
patients were sequenced from the primers on both strands.

Amino acid sequence comparison of aA-crystallin and aB-crystallin from
various species. Protein sequence of human aB-crystallin predicted from
nucleotide sequence (GenBank Accession No. NM_001885) was aligned
with those of macaque (AB125159), elephant (AJ617732), bovine
(INM_174290), sheep (AY819023), dog (XM_536576), rat (NM_012935),
mouse (NM_009964), duck (U16124), chicken (U26661) and zebrafish

(NM_131157), along with oA-crystallin sequences from human
(NM_000394), bovine (NM_174289), sheep (AY819022), rat
(NM_012534), mouse (NM_013501), platypus (AJ617724), lizard

(AJ617726), cavefish (Y11301), and zebrafish (BC083177). The predicted
translation from mRNAs to proteins and alignment was performed using
DNASIS Software (Hitachi).

Mammalian two-hybrid (M2H) assays for binding affinity between
oB-crystallin and titinlconnectin. Human CRYAB cDNA fragments
(GenBank Accession No. NM_001885, nucleotides 26-550) were amplified
from cardiac total RNA by using the RT-PCR method. A wild-type (WT)
¢DNA fragment was obtained by using primers CRYAB-2H-SalF
(5'-GTCGACTTATGGACATCGCCATCCACCACCCCTGGATC-3,
underlined sequences are added for cloning) and CRYAB-2H-NotR
(5'-GCGGCCGCTTTCTTGGGGGCTGCGGTGACAGCAGGCTTC
TCTT-3'). Two equivalent mutant cDNA fragments having G to A (DCM
associated Argl57His mutation) or A to G (DRM-associated Argl20Gly
mutation) substitutions introduced by primer-directed mutagenesis
method were obtained by using combinations of the following primers,
CRYAB-2H-8alF and CRYAB-157THF (5-GCCCTGAGCaCACCA
TTCCCATCACCCGTG-¥, lowercase letter is the mutation to be
introduced) with CRYAB-157HR (5'-GGGAATGGTGtGCTCAGGGC
CAGAGACCTG-3') and CRYAB-2H-NotR for the Argl57His muta-
tion, and CRYAB-2H-SalF and CRYAB-R120GF (5-GAGTTCCACgG
GAAATACCGGATC-3') with CRYAB-RI20GR (5-GATCCGGTAT
TTCCcGTGGAACTC-3') and CRYAB-2H-NotR for the Argl20Gly
mutation, respectively. 77N cDNA fragments encoding N2B (X90568,
nucleotides 11,379-12,189) or 126/127 domains (X90568, nucleotides
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12,849-13,416) were obtained using the following primers: N2B-SalF (5'-
GTCGACTTGAATTGCAATCCATTTTGGAG-3") and N2B-NotR (5'-
GCGGCCGCGCTTTCCTTAGAAAGAAGGTC-3') (for N2B domain);
126/127-2H-SalF (5'-GTCGACTTGAGGATGGCCCCATGATACATA
CACCTTTA-3") and 126/127-2H-NotR  (5'-GCGGCCGCCACTGT
CACAGTTAGTGTGGCTGTACACCTGACACTG-3") (for 126/127
domain), respectively. The DCM or HCM-associated TTN mutations
(GInd0S3ter or Ser3799Tyr, respectively) [8] were introduced into the TTN
cDNA fragment by primer-mediated mutagenesis method. The following
primers were used; N2B-SalF and N2BinM2R (5'-CTGTACCTCCTa
CACTTTCT-3') in combination with N2BinM2F (5-AGAAAG
TGtAGGAGGTACAG-3’) and N2B-NotR for the Gln4053ter mutation.
N2B-HCMmutF (5-GTCGACTTGAATTGCAATaCATTTTGGAG-3")
and N2B-NotR were used to obtain a cDNA clone for the Ser3799Tyr
mutation. All cDNA fragments were cloned into pCRII (Invitrogen),
sequenced to confirm that no PCR errors were introduced, and excised by
digestion by Sall and Notl. The excised cDNA fragments were then cloned
into the p-ACT vector containing pVP16 asa prey (for 77N cDNAs) and the
p-BIND vector containing pGAL4 as a bait (for CRYAB cDNAs)
(CheckMate Mammalian two-hybrid system, Promega). These constructs
were sequenced to ensure that no errors were introduced.

Hela cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37°C with 5% CO,. Cells were seeded at
1.0 x 10%/well in six-well plates 24 h before the transfection. 0.3 pg each of
the p-ACT-based plasmids and the p-BIND-based plasmids was co-
transfected along with pGS5luc vectors into HeLa cells by 1.8 ul of
TransFectin Lipid Reagent (Bio-Rad) per well. The transfected cells were
cultured again for 24 h at 37 °C in 5% CO; and the cells were lysed to
measure the amount of Firefly and Renilla reniformis luciferase activities
using the Dual-Luciferase Reporter Assay System (Promega) according to
the manufacturer’s instruction. At least four experiments were performed
for each combination of constructs. The Firefly luciferase activities were
corrected by R. reniformis luciferase activities which normalize the trans-
fection efficiency and the arbitrarily units (AU) were expressed as
means =+ standard deviation (SD). Statistical differences were examined by
Student’s ¢ test and p values of less than 0.05 were considered to be sta-
tistically significance. Cells co-transfected in a combination of p-ACT-
TTN cDNA-based plasmids and only p-BIND vectors, or only p-ACT
vectors and p-BIND-CRYAB ¢DNA-based plasmids expressed virtually
no luciferase activity, showing no self-activation in our system.

Cell culture and transfection procedures. Neonatal cardiomyocytes were
isolated from one or two days of age Sprague-Dawley rats by repetitive
digestion with 0.2% collagenase type II (Worthington) and purified by
discontinuous gradient method with Percoll [34]. 2 x 10° cells were plated
on the collagen-I-coated 8-well coverslips (Beckton-Dickinson) in DMEM
containing 10% FBS and 1% penicillin/streptomycin for 24 h. For tran-
sient transfection into neonatal cardiomyocytes, 0.4 pg of p-BIND-based
constructs (CRYAB WT, RI57H or R120G) was added into each well
with 0.8 ul of TransFectin Lipid Reagent. Twenty-four hours after the
transfection, cardiomyocytes were washed, fixed, and stained as described
in the following section.

Immunohistochemical analysis. Transfected rat cardiomyocytes were
fixed for 10 min in 100% ethanol at —20 °C and incubated for 1 h with 3%
bovine serum albumin in phosphate-buffered saline at room temperature.
The primary and secondary antibodies used were mouse anti-GALA
monoclonal antibody (Santa Cruz) and Alexa fluor 568 goat anti-mouse IgG
(Molecular Probes), respectively. Immunofluorescence microscopy was
performed using a laser confocal microscope (Axioplan2 MOT; Carl Zeiss).

Results
Identification of a missense mutation in CRYAB in DCM

Sequence variations in CRYAB were searched for in the
Japanese DCM patients using the direct sequence method.

We found a T to G transition in an intron (+4 in intron 2)
and a heterozygous missense mutation (CGC to CAC at
codon 157 in exon 3, replacing arginine with histidine,
Argl57His, Fig. 1A) in the DCM population. While the
former transition was found in many patients, the missense
mutation was found only in a 71-year-old female patient
(CM191) who had apparent family history. The Argl57His
mutation was not found in 400 control chromosomes and
the mutated residue was evolutionary conserved in
aB- and aA-crystallin from various species (Fig. 1B). Clin-
ical manifestations of this patient were mild and had been
slowly expressed; she developed cardiac symptoms only
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Fig. 1. Mutational analysis of CRYAB in DCM. (A) Direct sequencing
data of CRYAB exon 3 from a control (left) and the proband (right).
Codon 157 of the control was CGC (Arg), whereas the patient was
heterozygous for a CAC (His) mutation. (B) Protein sequence of human
aB-crystallin predicted from nucleotide sequence (GenBank Accession
No. NM_001885) was aligned with those of macaque (AB125159),
elephant (AJ617732), bovine (NM_174290), sheep (AY819023), dog
(XM_536576), rat (NM_012935), mouse (NM_009964), duck (U16124),
chicken (U26661), and zebrafish (NM_131157), along with aA-crystallin
sequences from human (NM_000394), bovine (NM_174289), sheep
(AY819022), rat (NM_012534), mouse (NM_013501), platypus
(AJ617724), lizard (AJ617726), cavefish (Y11301), and zebrafish
(BC083177). Boxs indicate evolutionary highly conserved residues in the
proteins from various species. Dashes indicate identities to the human «B-
crystallin sequence. The DCM-associated Hisl57Arg mutation found in
this study and a sequence variation found in database (Alal72Pro) are
indicated. *indicates spaces introduced to maximize the homology.
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after fourth decade. Her electrocardiogram showed appar-
ent inverted T waves in V4-V6 leads and ventricular tachy-
cardia (data not shown). She had six siblings; two of them
(56 year and 66 year) were affected with DCM and sudden
cardiac death was observed in the other two siblings (at the
age of 60 year and 72 year). It was, however, not clear
whether these siblings had the mutation or not, because
three of them had died and genetic testing was refused by
the other one.

Difference between DCM- and DRM-associated CRYAB
mutations in regard to the cytoplasmic distribution in
neonatal rat cardiomyocytes

Since the DRM-associated CRYAB mutation, Argi20-
Gly was reported to cause aggregation of mutant protein
in cells [27], we investigated the cellular distribution of
Argl157His mutant aB-crystallin protein as compared with
the Argl20Gly mutant. For this purpose, rat primary
cardiomyocytes were transfected with the p-BIND based
GAL4-CRYAB constructs with or without the mutations
and the transiently expressed GAL4 fusion proteins in cells
were detected by anti-GAL4 antibody under a confocal
microscope (Fig. 2). The GAL4 signals fused to the
DRM-associated Argl20Gly mutation showed apparent
cytoplasmic GAL4-aB-crystallin-labeled aggregates in
almost all cells producing GAL4-oB-crystallin, which was
consistent with previous report [27]. On the other hand,
the GALA signals fused to the DCM-associated Argl57His
mutation were distributed throughout the cytoplasm and
showed similar localization as compared to that of
GALA-CRYAB WT.

Functional alterations in binding of aB-crystallin and titin/
connectin caused by the mutations

To further explore the functional changes caused by the
DCM-associated Argl57His mutation or DR M-associated
Argl20Gly mutation in binding oB-crystallin at the N2B

and I26/127 domains of titin/connectin, we performed
mammalian-two-hybrid (M2H) assays. A bait plasmid con-
taining WT or mutant CRYAB cDNA was co-transfected
with a prey plasmid containing TTN cDNA corresponding
to N2B or 126/I127 domains of titin/connectin. As shown in
Fig. 3, the luciferase activity in the transfectants containing
the WT TTN-N2B construct with the DCM-associated or
DRM-associated mutant CRYAB constructs (0.25
£ 0.029 or 0.13 £ 0.027 AU, respectively) was significantly
lower than those of WT TTN-N2B and WT CRYAB
(1.00+0.14 AU, p<0.001 in each case) (Fig. 3A).
The luciferase activity in the transfectants of the
DCM-associated mutant CRYAB with TTN-126/127
(0.13 £ 0.066 AU) was slightly lower than those of WT
CRYAB and TTN-126/127 (0.19 & 0.060 AU), but the dif-
ference did not reach statistical significance (p =0.23)
(Fig. 3B). In contrast, the luciferase activity in the transfec-
tants of DRM-associated mutant CRYAB and WT TTN-
N2B (0.073 4 0.015 AU) was significantly lower than those
of WT CRYAB and WT TTN-N2B (p <0.01) (Fig. 3B).
Negative controls containing either aB-crystallin or titin/
connectin plasmids showed only little and negligible lucif-
erase activity indicating no self-activation in these
constructs.

Because the alteration of binding between oB-crystallin
and titin/connectin N2B domain may play an important
role in developing cardiomyopathy, we investigated by
using the M2H assay whether the DCM-associated
GIn4053ter mutation and HCM-associated Ser3799Tyr
mutation in the N2B domain of titin/connectin [8] would
affect binding to aB-crystallin. It was shown that the lucif-
erase activity obtained from transfectants containing WT
CRYAB with GlIn4053ter TTN-N2B was 0.16 £0.012
AU, which was significantly lower than those for WT
CRYAB and WT TTN-N2B (p <0.001, Fig. 3A). Quite
interestingly, the HCM-associated Ser3799Tyr mutation
also significantly decreased the luciferase activity
(0.37 £ 0.001 AU, p<0.001, Fig. 3A) albeit to a lesser
extent than the DCM-associated GIn4053ter mutation.

Fig. 2. Fluorescence images of transiently expressed (A) wild-type (WT) and mutant aB-crystallin fused to pGAL4. Twenty-four hours after transfection
with each construct, rat cardiomyocytes were processed for indirect immunofluorescence to detect the distribution of GALA-tagged aB-crystallin. The
localization of (B) aB-crystallin R157H (Argl57Hs) was similar to that of aB-crystallin WT in rat neonatal cardiomyocytes. In contrast, aggregates (white
arrowhead) were detected by the GAL4 antibody in the cardiomyocytes transfected with (C) R120G (Argl120Gly) aB-crystallin cDNA. Bar, 10 pm.
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Fig. 3. Binding of uB-crystallin with titin/connectin in the presence of DCM or DRM-associated mutations. Luciferase activities obtained in the M2H
assay. Data are represented as means & SD (n = 4 for each case). *p <0.01 vs WT; *¥*p < 0.001 vs WT. (A) Binding pairs are titin/connectin N2B domain
wild-type (WT) with aB-crystallin WT, aB-crystallin RI57H (Argl 57His) or aB-crystallin R120G (Arg120Gly) mutants, and titin/connectin N2B domain
Q4053X (GIn4053ter) or S3799Y (Ser3799Tyr) mutants with aB-crystallin WT. (B) Binding pairs are titin/connectin 126/127 domain with aB-crystallin

WT, aB-crystallin R157H or aB-crystallin R120G mutants.

Discussion

We report here a CRYAB mutation, Argl57His, found
in a late-onset DCM patient. The mutation affected the evo-
lutionary conserved amino acid residue of crystallins and
not detected in 200 healthy controls. We could not exclude
a possibility that the Argl57His mutation might be a rare
polymorphism not associated with DCM. However, upon
searching for sequence variations of human CRYAB in
the literature and public databases (UCSC genome browser,
NCBI OMIM, and Entrez SNP), we found five non-synon-
ymous sequence variations, Glu30ter {from AAG to TAG
at codon 30; rs11549440), Ser41Tyr (from TCT to TAT at
codon 41, rs2234703), Pro51Leu (from CCA to CTA
at codon 51; 1s2234740), Argl20Gly (from CGC to CAC
at codon 129; r528929489), and Alal72Pro {from GCC to
CCC at codon 172; rs11549441). Ser41Tyr and ProS1Leu
are polymorphisms confirmed for the presence, and the
Argl20Gly was a disease-causing mutation found in
DRM [27]. When we aligned amino acid sequences of oB-
crystallin and aA-crystallin from various species, Serdl,
Pro51, and Alal72 were not evolutionary conserved (Figs.
1 and 4), whereas Argl20 was completely conserved
(Fig. 4), suggesting the functional importance of Argl20.
On the other hand, Glu30 was also well conserved, but
the Glu30ter variation should encode for a truncated crys-
tallin protein that will cause oB-crystallopathy such as

DRM (OMIM 608810, 123590). Since the Glu30ter and
Alal72Pro variations were found only in the Cerela’s
mRNA data and not confirmed for the presence in human
genome, these variations might be sequence artifacts. In this
study, we demonstrated that the CRYAB mutation caused
functional alteration such that the mutation reduced the
binding of aB-crystallin to the N2B domain, but not to
126/127domain, of titin/connectin. In addition, we showed
that the DCM-associated TTN mutation in the N2B
domain, Gln4053ter, also reduced the binding of titin/con-
nectin to aB-crystallin. These observations suggested that
the CRYAB Argl57His mutation was associated with
DCM and not a simple polymorphism.

aB-crystallin serves as chaperone belonging to the low-
molecular-weight heat shock proteins present in the highest
quantities in heart [21]. It was demonstrated from studies
of aB-crystallin knock-out and overexpression mice that
aB-crystallin plays protective roles against ischemia-reper-
fusion-induced damage such as impaired cardiac contractil-
ity as well as increased necrosis and apoptosis [24,35]. The
translocation of aB-crystallin from cytosol to myofibrils,
especially to a narrow region of the I-band during cardiac
ischemia, has been reported and may be related with its
protective role [25,26]. In addition, aB-crystallin has
recently been shown to associate with the I-band region
of titin/connectin [26,29]. Because both aB-crystallin and
titin/connectin mutations found in DCM reduced binding
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Fig. 4. Amino acid sequence alignment of a-crystallins from various species and variations found in database. Protein sequence of a-crystallins from
various species was predicted from nucleotide sequence as described in Fig. 1. Sequence variation found in database (Glu30ter, Ser41Tyr, and Pro51Leu)
and the disease-causing mutation reported for DRM (Argl20Gly) is indicated. Boxes indicate evolutionary highly conserved residues in the proteins from
various species. Dashes, dots, and stars indicate identity to human aB-crystallin, not shown, and spaces introduced to obtain maximum homology,

respectively.

interaction between the heart-specific N2B domain of titin/
connectin and aB-crystallin, it was speculated that the
impaired localization of oB-crystallin into the I-band
region of cardiac muscle may predispose early progression
to heart failure under the stressed condition. This may be
consistent with late-onset nature of DCM associated with
the CRYAB mutation. It was of interest that the HCM-
associated T7TN-N2B mutation also showed decreased
binding to aB-crystallin. It is not clear the mechanism of
decreased binding of titin/connectin N2B region and
aB-crystallin in developing different clinical phenotypes
of cardiomyopathy, but the DCM-associated TTN muta-
tion affected the binding more severely than the HCM-as-
sociated mutation, suggesting that more severe functional
change might cause earlier decompensation of ventricular
function.

A number of muscular dystrophy and isolated DCM are
caused by mutations in the same disease genes. Although
the cardiac involvement, DCM-like phenotype, is often
found in the patients with muscular dystrophy caused by
the disease gene mutations, a part of the DCM patients
carrying the disease gene mutations are affected without
skeletal muscle phenotype. The etiological link between
hereditary cardiomyopathy and inherited striated muscle
myopathy has led to a question as how the mutations in
the genes/proteins expressed in both skeletal and cardiac
muscles cause heart specific disease, isolated DCM. The
most probable explanation is that the difference in the clin-
ical phenotypes, muscular dystrophy and DCM, can be
caused by mutations in different functional domains affect-
ing different functions. In this study, the Argl57His mutant
aB-crystallin showed decreased binding to the I-band

region of titin/connectin in the M2H assay. Interestingly,
the altered binding was observed with the cardiac-specific
N2B domain but not with the 126/127 domain which is just
near the N2B domain and expressed in both skeletal muscle
and cardiac muscle, and these functional alterations were
not associated with the formation of mutant protein aggre-
gates. In contrast, the Arg120Gly mutation that was iden-
tified in a family with DRM [27] decreased binding to both
N2B and 126/127 domain and led to the accumulation of
mutant aB-crystallin aggregates. It was also reported that
the Argl20Gly mutation decreased binding to striated
muscle-specific desmin filament and promoted aggregation
of desmin filament [36]. The reason why the CRYAB
Argl57His mutation caused cardiac muscle dysfunction
but not the skeletal muscle myopathy may be due to the
cardiac-specific functional alteration. In addition, the
Argl20Gly mutation showed a dominant-negative effect
in promoting aggregation of desmin [36], while the
Argl57His mutation was not expected to show domi-
nant-negative effect since the binding ratio of aB-crystallin
and titin/connectin was assumed to be 1:1 [29] and the
CRYAB Argl57His mutant protein did not generate any
aggregations in cardiomyocytes as demonstrated in this
study. Moreover, because a subtle functional change of
striated muscle-associated molecule could affect only the
cardiac muscle, while the skeletal muscle would be affected
by more severe functional change, as reported for caveolin-
3 mutations [37], theoretical functional loss of aB-crystallin
in heterozygous carrier of the Argl 57His mutation (not less
than half) might be enough to affect the function of cardiac
muscle. These differences in the nature of mutational effect
might also contribute to the difference in affected muscles
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by these mutations, although the causative role of
Argl157His mutation should be tested directly such that
heterozygous knock-in mice of CRYAB Argl57His muta-
tion would develop DCM.

Titin/connectin is the so far known largest (~3 MDa)
protein expressed in the striated muscle, and arranged in
an anti-parallel manner to span the entire sarcomere, with
their amino- and carboxyl-terminal ends in the Z- and
M-lines, respectively [30,31]. Titin/connectin appears to be
a key component in the assembly and function of vertebrate
striated muscles, i.e., it has an important role as anchoring
protein for the other sarcomere/Z-disc proteins [30]. Indeed,
the abnormalities of titin itself and titin-associated proteins
such as cardiac myosin-binding protein-C, o-actinin, and
T-cap/telethonin cause DCM [8,9,32,38,39], despite the fact
that the functional alteration in “titin-related cardiomyopa-
thy”” may depend on the mutations in each gene. Here, we
propose that the genes encoding for titin-associated proteins
are good candidates of novel disease genes for DCM. For
example, a recent report shows that the heart-specific N2B
domain of titin/connectin binds to four and half LIM protein
2 (FHL2) which tethers the metabolic enzymes such as aden-
ylate kinase, phosphofructokinase, and muscle creatinine
kinase [40], implying that FHL2 can be a candidate disease
gene for DCM.
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Chondromodulin-I maintains cardiac valvular function

by preventing angiogenesis

Masatoyo Yoshiokal?, Shinsuke Yuasa'?, Keisuke Matsumura®?, Kensuke Kimura'?, Takayuki Shiomi?,
Naritaka Kimura!*, Chisa Shukunami®, Yasunori Okada®, Makio Mukai®, Hankei Shin“, Ryohei Yozu®,
Masataka Sata’, Satoshi Ogawa?, Yuji Hiraki® & Keiichi Fukuda!

The avascularity of cardiac valves is abrogated in several valvular heart diseases (VHDs). This study investigated the molecular
mechanisms underlying valvular avascularity and its correlation with VHD. Chondromodulin-1, an antiangiogenic factor isolated
from cartilage, is abundantly expressed in cardiac valves. Gene targeting of chondromodulin-i resulied in enhanced Vegi-A
expression, angiogenesis, lipid deposition and calcification in the cardiac valves of aged mice. Echocardiography showed acrtic
valve thickening, calcification and turbulent flow, indicative of early changes in aortic stenosis. Conditioned medium obtained
from cultured valvular interstitial celis strongly inhibited tube formation and mobilization of endothelial cells and induced their
apoptosis; these effects were partially inhibited by chondromodulin-I small interfering RNA. In human VHD, including cases
associated with infective endocarditis, rheumatic heart disease and atherosclerosis, VEGF-A expression, neovascularization and
calcification were observed in areas of chondromodulin-1 downregulation. These findings provide evidence that chondromodulin-i
has a pivotal role in maintaining valvular normal function by preventing angiogenesis that may lead to VHD.

A balance of angiogenic and antiangiogenic factors is critical to
normal development and organ homeostasis. Although the heart is
a vascular-rich organ, cardiac valves are avascular and oxygen supply is
via diffusion from the blood stream!. Under pathological conditions
such as atherosclerosis, rheumatic valvular heart disease (RHD) or
infective endocarditis, cardiac valves express angiogenic factors leading
to neovascularization®?, The contribution of antiangiogenic factors to
he maintenance of avascularity in cardiac valves is unknown.

The mesenchymal cells of cardiac valve tissue, known as valvular
interstitial cells (VICs), have an incomplete basal lamina, are sparsely
distributed, and have direct and extensive contacts with collagen
fibers, elastin microfibrils and proteoglycans of the extracellular
matrix*®, Cartilage is another avascular tissue, and transcription
factors considered essential for chondrogenesis during endochondral
ossification, including Sox9 (ref. 7), NFATC?, Cbfal (ref. 9) and MSX2
(ref. 10), and growth factors such as BMP2 (ref. 11) and TGFf2
(ref. 12), are also expressed in developing cardiac valves. Sox9, in
conjunction with Sox5 and Sox6, can induce the expression of genes
specific to cartilage, including chondromodulin-1 (encoded by Chmli,
also known as Lectl), even in nonchondrogenic cells'®, and are
essential to cardiac valve development’. Chm-I is a 121 —amino acid
residue glycoprotein derived from a 335—amino acid residue type II
transmembrane precursor located primarily in avascular tissue of the
eye and cartilage!%1%. After translation, the Chm-I precursor is cleaved

by furin proteases'$, and secreted Chm-I accumnulates in the interstitial
space of the cartilage matrix'?. The inhibition of endothelial cell
proliferation and tube morphogenesis by Chm-I provided the first
evidence of the antiangiogenic activity of this protein!’—20,

The aim of this study was to determine the role of antiangiogenic
factors in valvular heart disease (VHD). We show that CHM-I is
expressed strongly in normal cardiac valves, but at markedly reduced
levels in human VHD and Apoe~ mice. We also provide direct
evidence that Chm-I has a role as an antiangiogenic factor by showing
that loss of Chm-I leads to neovascularization, as well as unusual
calcification and infiltration of inflammatory cells into the matrix of
cardiac valves. These data provide new insight into the mechanisms
underlying maintenance of avascularity in cardiac valves and the
disruption of this process in pathological conditions. Understanding
these mechanisms may form the basis of new therapeutic regimens for
the treatment of VHD.

RESULTS

Cardiac valves express chondromodulin-l

RT-PCR for Chml showed a faint level of expression in the heart,
cartilage and eye (Supplementary Fig. 1 online). Chm1 expression was
strong in cardiac valves, but absent from the atrium and ventricle.
Expression of Chm1 first appeared in the heart at embryonic day (E)
9.5 and persisted in the adult. Quantitative PCR showed that Chml
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expression was 800 times higher in cardiac valves than in the atrium or
ventricle. Western-blot analysis identified the 25-kDa mature glyco-
sylated form of Chm-I in rat and human cardiac valves, which was
also present in cartilage.

immunohistochemical analysis

Immunohistochemistry (Fig. 1 and Supplementary Fig. 2 online)
showed localization of Chm-I to all four cardiac valves. Analysis of
serial sections showed that Chm-I and Vegf-A expression did not
overlap. Chm-I was detected throughout the VICs and extracellular
matrix, but not in the outer endothelial cell layer.

During development, cardiac valve precursor cells from the atrio-
ventricular cushions and outflow tract express Chm-I from E9.5. In
E10.0 embryos, Chm-I is expressed in the cardiac jelly covering the
trabeculating cardiomyocytes of the left ventricle, the outer curvature
of the right ventricle and the outflow tract. Chm-I expression in the
ventricles decreased gradually as development progressed, and by
mid-embryogenesis, both transcripts and protein were absent.
The non-overlapping localization of Chm-I and Vegf-A was apparent
at all development stages.
Chm1 disruption induces angiogenesis in cardiac valves
Cardiac valves of 8-week-old ChmI~~ mice were histologically similar
to those of wild-type mice. By old age (90.2 + 7.4 weeks), the aortic
valves of Chm 1~ mice were significantly more bulky and the density of
VICs more sparse than in age-matched wild-type mice (P < 0.05;
Fig. 2). The mean thickness of the aortic valve gradually increased after
32 weeks and reached a thickness 1.8 times greater than that of wild-
type mice at 90 weeks. No significant morphological changes were
observed in the mitral or other valves (P < 0.05 at 90 weeks). Cardiac

Figure 1 Immunohistochemistry and
immunofiuorescence staining of Chm-| protein
in developing and adult mouse heart. (a) Chm-|
was expressed in all four valves in the adult.
Positive signals are shown in brown. The left
two micrographs are views along the short axis;
the right two micrographs are views along the
long axis. AV, aortic valve; IVS, interventricular
septum; LV, left ventricle; MV, mitral valve;

PA, pulmonary artery; PV, pulmonary vaive.
(b—e) Immunofluorescence staining for Chm-{
and Vegf-A in the aduit mouse heart. The boxed
region in b is shown in ¢ and e; the boxed region
in ¢ is shown in d. (f) Serial sections of the
mitral valve immunostained for Chm-{, vWF,
vimentin and actinin. {g) Immunofluorescence
staining for Chm-| and Vegf-A in various
developmental stages. A, atrium; AVC, atrio-
ventricular cushion; EC, endothelial cell; LA,
left atrium; OFT, outflow tract; RY, right ventricle;
TV, tricuspid valve.

vaives of ChmI™'~ mice had newly developed
capillary-like structures and were Chm-
I—negative and Vegf-A—positive. Vegf-A
expression was not observed in valves from
young adults but was upregulated in aged
animals. Cells forming capillary-like structures
were positive for von Willebrand factor
(VWF)—specific antibody, confirming that
they were endothelial cells. Calcium deposits
in the cardiac valves of ChmI™~ mice were
detected with von Kossa staining, and the
presence of inflammatory cells was confirmed by Mac-1 staining.
New vessel formation and invasion of inflammatory cells are indicative
of sclerotic processes. Sudan IV staining showed that affected valves
were laden with lipid. Deposits of calcium and lipid were relatively
large at the laminae ventricularis compared with the other laminae.
ChmI*'™* littermates did not show these characteristics. Capillary
structures in three leaflets of the aortic valve were counted in each
20-um section. The capillary number in Chm1™ mice was 13.8 times
higher than that in Chm1*/* mice (P < 0.01). The aortic valves showed
strong expression of Vegf-A, enhanced de novo capillary-like structures,
increased calcium and lipid deposits, and Mac-1—positive staining.
Changes in these characteristics were not notable in other valves.

Early phase aortic sienosis in CAmI~ mice

Echocardiography revealed bright echogenic aortic valves that moved
backward and forward with slight acoustic shadowing, suggestive of
thickening or calcification (Fig. 3). A color Doppler study showed a
mosaic turbulent jet distal to the aortic valve. No echogenic object or
turbulent jet was observed in ChmI*/* mice. An M-mode scan showed
marked thickening of the aortic valve. There were no significant
differences between ChmI*"* and ChmI™~ mice in left ventricular
wall thickness, left ventricular end-diastolic and end-systolic dimen-
sions, ejection fraction, brightness of the mitral valve, or turbulent
flow in the area of the mitral valve. The area trace of the aortic valve
gradually increased from 32 weeks (P < 0.01) and had increased
approximately 3.8-fold by 90 weeks (P < 0.001).

Analysis of sclerotic cardiac valves in Apog™ mice
The expression of antiangiogenic Chm-I and angiogenic Vegf-A was
examined in the cardiac valves of aged Apoe™~ mice (87.3 + 5.3 weeks
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old, n = 10) as a model of atherosclerosis with abnormal lipid deposits
and calcification in cardiac valves. Chm-I was absent from calcified
regions (Fig. 4) in aortic and mitral valves containing Vegf-A positive
cells. Age-matched wild-type mice (88.5 + 4.8 weeks old, n = 8)
showed the expected physiological Chm-I—positive and Vegf-
A—negative expression pattern and no sclerotic changes or calcifica-
tion. In situ hybridization for Chm1I showed no signal in the sclerotic
aortic valve leaflet in Apoe™™ mice, whereas age-matched wild-type
mice showed positive signals. The Chm-I-positive area in aged
Apoe mice was less than 48.0% the sizé of that in age-matched
wild-type mice (P < 0.01). The Vegf-A—positive area and the
microvessel density in aged Apoe™™ mice were significantly greater
compared with age-matched wild-type mice (P < 0.01).

VIC-derived Chm-l directly suppresses angiogenesis

‘We next investigated whether VICs produce Chm-I and, if so, whether
VIC-derived Chm-I can affect proliferation or tube morphogenesis of
human coronary artery endothelial cells (HCAECs). Primary VICs
were obtained from explant cultures of rat cardiac valves (Fig. 5).
Explanted cells comprise a heterogeneous population of cobblestone
and spindle-type cells characteristic of VICs after 3 d (ref. 21) and

ARTICLES

Figure 2 Abnormal angiogenesis, inflammatory
cell infiltration and mineralization in cardiac
valves of aged Chm1~~ mice. (a,c} Hematoxylin
and eosin staining of aortic valves in aged
ChmI™ and age-matched wild-type mice at low
magnification. ChmI~~ mice had bulky leaflets.
Chm1-- mice were confirmed negative for Chm-|
immunostaining. Vegf-A staining in the aortic
valve showed a strong positive signal only in .
ChmI7- mice. Only ChmI~- mice exhibited lipid
deposits (arrowheads) by Sudan IV staining.
(b,d) Hematoxylin and eosin staining at

high magnification. Capillary-like structures
(arrowheads) were observed only in aged
Chm1~- mice. The cell density decreased at the
neovascular area. Immunofluorescence staining
for VWF and Mac-1 are shown; positive signals
were observed only in ChmI~mice. Von Kossa
staining showed calcium deposits in ChmI1-~
mice (arrowheads). The boxed regions ina and ¢
are shown in b and d, respectively. The cell
density (e) and the number of vWF-positive

cells (f) in three leaflets of the aortic valve were
counted for every 20-um section stained for
immunofluorescence in which at [east one leaflet
was visible. The cell density and the number of
vWF-positive cells were determined at 90 weeks
of age for Chml~- (n = 12) and ChmI** (n =
12) mice. {g) The mean thickness of the aortic
valves was investigated at 8, 20, 32, 64 and

90 weeks of age. §P < 0.05; *P < 0.01.

) 2 um
Sudan IV AY -

formed an orthogonal pattern of over-
growth®. The cells were negative for the
acetyl-LDL-Dil conjugate, consistent with
cardiac valves being composed of VICs.
Immunostaining showed Chm-I in the cyto-
plasm of VICs and the absence of Chm-I in
NIH3T3 cells. RT-PCR and western-blot ana-
lysis confirmed that VICs secreted Chm-I into
the culture media. Furthermore, Chm-I secre-
tion was inhibited by treatment of VICs with
specific small interfering RNA (siRNA).

HCAECs formed capillary-like tube structures on Matrigel after 6 h
(ref. 22). Capillary-like structures were less prominent following
treatment with conditioned medium from VICs (VIC-CM) compared
with mock medium or conditioned medium from control NIH3T3
cells (NIH3T3-CM). HCAECs cultured with conditioned medium
from siRNA-treated VICs regained their ability to form capillary-like
structures. The total length of capillary-like structures was evaluated
using NIH image software. Quantitative analysis of the length of tube
formation compared with controls showed that VIC-CM inhibited
tube formation by 75.9% (P < 0.001) and that ChmI-specific siRNA
led to recovery of tube formation capacity by 62.9% (P < 0.001).

Chm-I also inhibited the migration capacity of HCAEGs. In a
modified Boyden chamber assay, HCAECs cocultured with VICs lost
their migratory capacity compared with NIH3T3 cells. Treatment of
VICs with Chmi-specific siRNA led to HCAECs partially regaining
migratory capacity. Control siRNA had no effect on VIC-mediated
inhibition of migration. Quantitative analysis showed that VICs
decreased the number of migrated cells by 82.1% (P < 0.001), and
that siRNA specific to Chml recovered the migratory capacity by
25.7% (P < 0.01). These results imply that Chm-I has a pivotal role as
a chemoattractant-inhibitor in cardiac valves.

8 20 32 64 90
Waeeks

NATURE MEDICINE VOLUME 12 [ NUMBER 10 | OCTOBER 2006

1153

-292-



(]
£
2
5

[]

£

@

B

=
E

©
£
£

]

<

2

=
2

©
=
=

Q.
&
£

o

5

2
o

@
£
=
2
]

3
Q.

©

e

=
2

&
=
©
S
=]
&
©

ARTICLES

o

Aged Chm1~

VS {mm)

Aged Chm1~-

M-mode

M-moda

LVESD (mm)

Aged Chm i~

Chm 1+

LVEDD (mm)

Area trace (x100 mm?)

8 20 32 64 9
Weeks

Figure 3 Echocardiography of ChmI~~ mouse hearts. (a,b) Top, two-dimensional echocardiography showed an abnormal bright echogenic mass in

the aortic valve leaflets in ChmI~~ mice that were not detected in the aortic valves of ChmI** mice. Middle, a color Doppler study showed a mosaic
turbulent jet distal to the aortic valve in Chm1~- mice that was not detected in the aortic valve of ChmI*+ mouse hearts. Inset shows the aortic vaive level
short-axis view of each long-axis figure. Bottom, M-mode scanning of the aortic valve area. Arrowheads indicate the thickened and calcified aortic valve
leaflets in ChmI-- mice. Mice were 90 weeks of age. (c) Thickness of the interventricular septum. (d) Thickness of the left ventricular posterior wall.

(e) Left ventricuiar end-diastolic dimension (LVEDD). (f) Left ventricular end-systolic dimension (LVESD). (g) Ejection fraction (EF). (h) Time course of the
area trace of the aortic vaive. WT, wild-type; young KO, young adult knockout mice at 8 and 20 weeks of age; aged KO, young adult knockout mice at 90
weeks of age; Ao, aorta; AV, aortic valve; IVS, interventricular septum; LA, left atrium; LV, left ventricle; LVFW, left ventricular free wall; PW, posterior wall;

RV, right ventricle. §P < 0.05; *P < 0.01; NS, not significant.

Morphological changes in HCAECs following treatment with VIC-
CM were suggestive of apoptosis. To determine whether Chm-I induces
apoptosis, we stained HCAECs treated with VIC-CM with Annexin V
and propidium iodide. Positive staining for Annexin V--fluorescein
isothiocyanate (FITC) showed induction of apoptosis, and fluorescent
cells were both propidium iodide—positive (early apoptotic labeling
pattern) and —negative (late apoptotic labeling pattern). HCAECs
treated with NIH3T3-CM were Annexin V—FITC—negative. Annexin
V—FITC—positive fluorescent cells increased by 8.0-fold in VIC-
CM—treated cells (P < 0.01). VIC-CM treated with siRNA specific
to Chml strongly attenuated VIC-mediated apoptosis (P < 0.01).
The antiangiogenic activity of Chm-I was confirmed by examining
the effects of purified recombinant human CHM-I on tube formation
and migration in vitro. The recombinant human CHM-I inhibited
tube formation and migration in HCAECs and induced apoptosis in a
dose-dependent manner (Supplementary Fig. 3 online). To test
whether Chm-I has hyperplastic or cell survival effects on VICs, cell
survival was assessed using the MTT assay with or without siRNA
specific to Chml. We found no significant difference in survival
between VICs treated with siRNA specific to Chml and untreated
VICs or VICs treated with control siRNA. This result indicates that
Chm-1 is not a survival factor for VICs (Supplementary Fig. 4 online).
These findings imply that Chm-I protects cardiac valves from endothe-
lial infiltration and vascular formation.

Pathological analysis of human cardiac valves
Hematoxylin and eosin staining and immunostaining of autopsy or
surgical specimens were used to determine the expression profile of
CHM-I and VEGF-A in cardiac valves of patients with VHD (Fig. 6).
Blood vessels were absent from cardiac valves of patients without
VHD. In normal valves, CHM-I was detected in the laminae fibrosa,
spongiosa and ventricularis layers, but not in endothelial cells, whereas
VEGF-A was absent from all cell layers. By comparison, numerous
vessels were observed in cardiac valves of patients with atherosclerosis,
RHD and infective endocarditis. CHM-I was markedly downregulated
in regions of new vessel formation that strongly expressed VEGF-A. In
normal cardiac valves, or areas without neovascular formation in
infective endocarditis and RHD valves, cells stained with vimentin and
the interstitial space stained strongly with CHM-I. This result suggests
the cells were VICs. By comparison, in regions of neovascularization in
diseased valves, the vWEF-positive cells adjacent to newly developed
vessels were endothelial cells and were at a higher cell density than in
normal cardiac valves. Coimmunostaining showed localization of
CBFA-1 to the neovascular area of diseased valves in which CHM-I
was downregulated, but the absence of CBFA-1 in normal cardiac
valves or regions of diseased valves lacking neovascularization
(Supplementary Fig. 5 online).

Matrix metalloproteinases (MMPs) are important in repair and
remodeling of damaged tissue, and in early atherosclerosis. We thus
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investigated the colocalization of MMPs and CHM-I in various VHDs
(Supplementary Fig. 6 online). In the atherosclerotic valve, MMP-1,
MMP-2, MMP-9 and MMP-13 showed positive signals, whereas in
the infective endocarditis and RHD valves, only MMP-1, MMP-2
and MMP-13 showed positive signals. By comparison, MMP-1 and
MMP-2 showed weak signals in valves with annuloaortic ectasia and
no signal in the individuals without VHD. Furthermore, expression of
MMPs and CHM-I was mutually exclusive. The cells in the MMP-
positive area stained positive for vimentin, desmin (data not shown),
and a-smooth muscle actin (Supplementary Fig. 7 online). In the
atherosclerotic valve, but not in infective endocarditis and RHD
valves, some cells were positive for CD11b and CD14 (data not
shown). MMP expression in atherosclerotic valves was different
from that in valves from patients without VHD, and the interstitial
space did not stain positive for CHM-I as in normal valves. These
results suggest that the cells staining positive for CD11b and CD14
are not VICs but infiltrating macrophages or activated myofibroblasts.
This pathological expression profile was not observed in the cardiac
valves of patients with annuloaortic ectasia or rupture of the
chordae tendineae of the mitral valve. Computer image analysis
showed that vessel number (7.7 + 1.8, P < 0.01; 7.1 13,
P < 0.01; 6.0 £ 1.9, P < 0.01; versus 0 * 0 in control), calcification
area (1.6 £ 0.6%, P < 0.05; 4.1 £ 0.7%, P < 0.01; 5.0 = 0.5%,
P < 0.01; versus 0 + 0% in control), and the percentage of VEGF-
A—positive cells (22.9 £ 6.0%, P < 0. 01; 31.1 * 9.4%, P < 0.01;
18.5 % 6.2%, P < 0. 01; versus 1.5 £ 0.3% in control) were markedly

ARTICLES

Figure 4 Immunohistochemistry,
immunofluorescence staining and in situ
hybridization of Chm-1 and Vegf-A in scierotic
lesions of aged Apoe”-mouse hearts. (a) Left,
immunohistochemistry of Chm-| and Vegf-A in a
sclerotic lesion (arrowheads) of the mitral valve
(MV) of an Apoe mouse heart. Boxed area is
enlarged in the middle panel. Right, an adjacent
section was immunostained using the Vegf-
A-specific antibody. (b) /n situ hybridization of
Chm1 in Apoe™~ and age-matched Apoe*’* mouse
aortic valves (AV). (c,d) immunofluorescence
staining of Chm-1 and Vegf-A in Apoe™ (c} and
age-maiched Apoe*’* mice (d). Vegf-A was
markedly upregulated in the sclerotic valve area
where Chm-1 was downregulated in Apoe™ mice.
Arrowheads indicate the valvular area in which
Chm-1 was downregulated and Vegf-A was
upregulated in Apoe”~ mice. (e,f) Quantitative
analysis of the percentage of the Chm-l-—positive
area and the Vegf-A-—positive area in the

’ cardiac valves of Apoe*’* and Apoe” mice.

= (g) Quantitative analysis of the microvessel

Sanoa . X
egﬁgﬁg‘g@ density in the cardiac valves of Apoe** and
5 Apoe™™ mice. *P < 0.01.

increased in infective endocarditis, RHD and atherosclerosis, respec-
tively, whereas the percentages of CHM-I—positive cells were mark-
edly decreased (10.0 + 3.2%, P < 0.01; 49 £ 22%, P < 0.01; 25.8 =
6.1%, P < 0.01; versus 72.2 *+ 6.1% in control). These findings show
that development of angiogenesis and sclerotic change in diseased
cardiac valves correlate with downregulation of CHM-I and upregula-
tion of MMP expression levels.

DISCUSSION

Despite the clinical importance of heart disease and intense study in
this field, little is known of the mechanisms underlying the degenera-
tion of cardiac valves. The present study addresses this issue by
demonstrating the key role of the potent antiangiogenic factor
Chm-1 in the prevention of VHD by maintaining the avascular nature
of cardiac valves.

Chm-I is expressed in the cartilage, eye and thymus of various
species including human?, rabbit!®, mouse?’, chick?>?, cow'? and
zebra fish?’, The present study showed that Chm-I expression per-
sisted in normal cardiac valves throughout life but was downregulated
in diseased cardiac valves, suggesting that Chm-I has an important
role in maintenance of cardiac valve function. The conceptual frame-
work for this role of Chm-I is shown in Supplementary Figure 8
online. Expression of endostatin, an antiangiogenic factor, is enhanced
in aortic valves under pathological, but not normal conditions?®, The
present study is the first report, to our knowledge, of an antiangio-
genic factor expressed in cardiac valves under physiological conditions
to suppress neovascularization. As cardiac valves are flow-regulating
tissues in a dynamic chambered pump, they are subjected to mecha-
nical stress and damage of the endothelial cell lining on the outer layer
of the valve. Chm-I may protect cardiac valves from inflammation and
vascularization resulting from mechanical damage. To confirm this
hypothesis, we analyzed Chm-I expression profiles in cardiac valves in
normal and diseased states, in various in vitro functional assays, in
ChmI™* mice and in Apoe™'~ mice as an in vivo model of cardiac valve
disease. The mutually exclusive expression pattern of Chm-I and
Vegf-A can be explained by several mechanisms. First, an upstream
signal may control the genetic switch between angiogenic and
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a Explant culture of VICs b
s

-tk

Chm1 expression (%)

Chm-l expression (%)

Figure 5 Expression of Chm-l in VICs and its effect on tube formation,
migration and apoptosis in HCAECs. (a) Rat VICs after post-explant culture.
At 7 d, VICs showed a cobblestone-like (Cb) or spindle-like (Sp) appearance.
At 14 d, VICs exhibited a fibroblast-like appearance. Ex, explant of cardiac
valve. VICs were negative for acetyl-LDL-Dil staining; HCAECs are shown

as a positive control (inset). Immunofluorescence staining of Chm-1 in VICs
and NIH3T3 cells is shown; nuclei were stained with TOTO-3. Upper graph,
RT-PCR for Chm1 in VICs; Lower graph, western-blot analysis of Chm-i
expression in VIC-CM. Lane 1, VIC; lane 2, VIC + siRNA specific to Chm1I;
lane 3, VIC + control siRNA. (b) Tube formation assay. VIC conditioned
medium (CM) inhibited endothelial cell tube formation on Matrigel.
Representative micrographs of tube formation of HCAECs are shown. Tube
formation was significantly suppressed by VIC-CM but not by NIH3T3-CM.
Treatment of VICs with siRNA specific to Chm1 but not control siRNA reduced
the VIC-CM—induced suppression. The graph shows quantitative analysis of
tube lengths. (c) Cell migration assay. VICs abrogated HCAEC chemotaxis

in vitro. HCAECs were inhibited from migrating when cocultured with ViCs,
but not when cultured without cells (control) or with NIH3T3 cells. Treatment
of VICs with siRNA specific to Chm1 but not control siRNA reduced the
suppression of chemotaxis. The graph shows quantitative analysis of cell

Tube formation C

Migration assay

Length relative to control
Migrated cells / field

Annexin V-positive cells / field

migration. (d) Induction of apoptosis by VIC-CM. HCAECs cultured with NIH3T3-CM (negative control, upper panels) or VIC-CM (middle panels) were treated
with FITC-conjugated Annexin V. Treatment of VICs with siRNA specific to Chm1 reduced the number of Annexin V—positive cells {lower panels), Arrowheads

antiangiogenic factors. In support of this mechanism, genetic rescue in
Cbfal-knockout mice showed that-Cbfal, a critical transcription
factor mediating endochondral ossification in cartilage, induced a
coordinated change in upregulation of Vegf-A and downregulation of
Chm-I in chondrocytes?®. Cbfal expression was shown to be upregu-
lated in atherosclerotic aortic valves®. It is possible that upregulated
Cbfal represses Chm-I and activates Vegf-A. Second, it is possible that
loss of VICs may be induced by acute inflammation of cardiac valves
in RHD or infective endocarditis; excessive mechanical stress imposed
on valves, such as the bicuspid aortic valves; hypertension; or the
chronic inflammation found in atherosclerosis. A decrease in VIC
number may lead to a reduction in the level of Chm-I produced by
diseased valves, and then to the infiltration of Vegf-A—expressing
cells. It is also possible that a combination of the above two
mechanisms may explain the downregulation of Chm-I and the
upregulation of Vegf-A.

- Suppression of the antiangiogenic activity of VIC-CM by ChmlI-
specific siRNA suggests that Chm-1 is a critical antiangiogenic factor in
cardiac valves. The incomplete suppression of antiangiogenic activity
implies that VICs may secrete other antiangiogenic factors, similar to

show Annexin V—positive cells. The graph shows quantitative analysis of Annexin V staining. *P < 0.01; **P < 0.001; NS, not significant.

those identified in the eye. In the eye, the antiangiogenic factors
endostatin and pigment epithelium—derived factor are expressed in
addition to Chm-1C.

The echocardiographic findings of early changes in aortic stenosis,
neoangiogenesis, infiltration of inflammatory cells, lipid deposition
and calcification were observed only in the cardiac valves of aged
Chml™ mice. The expression of other antiangiogenic factors may
delay development of cardiac valve defects such that the phenotype is
not apparent during embryogenesis or in the young adult. It is
likely that deformation of cardiac valves in aged ChmI~'~ mice results
from ordinary mechanical stress in the absence of the protective
antiangiogenic activity of Chm-1. The aortic valve receives the greatest
mechanical stress of the four heart valves, which may explain the
pathological changes observed in ChmI~”~ mice. The molecular
mechanism underlying the influence of mechanical stress on intracel-
lular signaling needs further investigation.

Previous investigations showed that (i) the expression of angiogenic
factors and neoangiogenesis occurs in VHD?*%0-33; (i) atherosclerotic
plaque progression is associated with angiogenesis®**%; (iii) the early
lesion of degenerative VHD is an active inflammatory process with
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Figure 6 Histology and immunohistochemistry

of cardiac valves from human autopsies and a
surgical samples. (a) Samples from autopsies

with no VHD. HE, hematoxylin and eosin a
staining. CHM-I was strongly expressed, whereas £
VEGF-A was not expressed. (b—d) Representative 2

micrographs of immunchistochemistry for
surgical samples of various VHDs. Prominent
angiogenesis was found in infective endocardit b
is (IE, b), RHD (¢) and atherosclerotic VHD (d).
(e) The aortic valve in annuloaortic ectasia
(AAE) showed no angiogenesis and stained
well for CHM-I, but not VEGF-A, In b, double
immunostaining for CHM-I (brown) and
vimentin {purple) is shown in the neovascular
and non-neovascular areas in the fourth and cC
fifth micrographs from the left, respectively.
The level of CHM-| was markedly diminished in
the large area with strong VEGF-A expression
and new vessel formation. AV, aortic valve;

MV, mitral valve. (f) Computer-assisted
quantitative analysis of vessel number,
calcification area, percentage CHM-1—positive
area, and percentage VEGF-A—positive

area. *P < 0.01; §P < 0.05. NS,

not significant.

RHD 1€

Atherosclerosis £

similarities to atherosclerosis*>*¢% and (iv)
endothelial cells in VHD have significantly
increased angiogenic potency?®. These find-
ings suggest that angiogenesis of cardiac
valves results in the progression of sclero-
genic change. Further supporting this, it was
reported that although VICs in normal valves
stained positively for vimentin but not alpha-
actin or desmin, VICs in myxomatous valves
contained both vimentin and alpha-actin or
desmin (characteristics of myofibroblasts)
and strongly expressed SMemb, MMPs,
cathepsins and IL-1f, which stained weakly
in controls. It was concluded that VICs in
myxomatous valves have features of activated myofibroblasts and
express excessive levels of catabolic enzymes*!. After an investigation
of the expression of MMPs and tissue inhibitor of metalloproteases
(TIMPs) in aortic valve disease, it was reported that levels of MMP-3,
MMP-9 and TIMP-1 were increased in aortic stenosis*?. Taken
together, the present findings and previous investigations support the
hypothesis that antiangiogenic factors protect cardiac valves from
angiogenesis and the development of dystrophic changes. By compar-
ison, angiogenic factors and MMPs promote dystrophic changes.
Further studies to support this hypothesis include investigations to
determine the protective effect of Chml overexpression. The present
findings support preclinical investigations of Chm-I, or proteins with a
similar function, as therapeutic agents in preventing VHD.

=i

Vessel number / HPF

METHODS

RT-PCR. Total RNA was isolated using Trizol reagent (Gibco-BRL) and treated
with DNase I (Roche). RT-PCR was carried out as described previously** using
the following primers: Chml, 5'-CTTAAGCCCATGTATCCAAA-3" (forward),
3'-CCAGTGGTTCACAGATCTTC-5" (reverse); Gapdh, 5-TTCAACGGCA
CAGTCAAGG-3 (forward), 3’-CATGGACTGTGGTCATGAG-5" (reverse).

In situ hybridization. Paraffin-embedded sections were treated with proteinase
K, and in situ hybridization was carried out as described previously*?, Template
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DNA was an 879-bp ¢DNA encoding mouse Chml cloned into the pCR
II-TOPO vector. Color was developed with 0.2 mg ml~! of 3,3'-diaminobenzi-
dine tetrahydrochloride in 50 mmol liter™ Tris HCI, pH 7.6, containing 0.003%
hydrogen peroxide. The sections were counterstained with hematoxylin and
eosin and were observed under microscopy.

Immunohistochemical and immunofluorescence staining. Adult mouse
hearts were perfused from the apex with phosphate-buffered saline, perfu-
sion-fixed with 4% paraformaldehyde in phosphate-buffered saline and used
for immunostaining as described previously!®. The hearts were dissected,
immersion-fixed overnight at 4 °C in 4% paraformaldehyde and then
embedded in paraffin. Before application of the primary antibodies, paraffin
was removed from the sections in xylene and the sections were heated in
a microwave oven in 10 mmol citric acid monohydrate (DAKO), pH 6.0, for
3 min. After sections were rinsed in phosphate-buffered saline, they were
incubated overnight at 4 °C with 5% normal rabbit serum and affinity-purified
rabbit polyclonal antibody to Chm-], rabbit polyclonal antibody to Vegf-A
(1:200 dilution; Santa Cruz Biotechnology), vWF (1:200 dilution; Lab vision
Corporation), Mac-1 (1:200 dilution; BD PharMingen, Inc.), Cbfal (1:50
dilution; R&D systems), MMP-1 (ref. 44; Daiichi fine chemical), MMP-2
(ref. 44; Daiichi fine chemical), MMP-3 (ref. 44; Daiichi fine chemical),
MMP-9 (ref. 44; Daiichi fine chemical), MMP-13 (ref. 44; 1:100 dilution;
Biogenesis), o smooth muscle actin (1:400 dilution; Sigma) or CD11b (1:200
dilution; BD PharMingen). Immunohistochemical signals were detected by
applying 0.05% 3,3’-diaminobenzidine tetrahydrochloride (Sigma-Aldrich)
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