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Histopathologic and quantitative autoradiographic study: Histological examina-
tion by hematoxylin and eosin staining and Van Gieson staining showed loss of
myofibers and infiltration of white blood cells in the infarcted area (Figure 1 A-
1C, upper and lower panels). Autoradiography revealed a high level of ''In-anti-
I'NC-Fab radioactivity in the granulation tissue around the necrotic area in the
acute MI rats 5 days after producing MI (Figure 1C, upper panel), which corre-
sponds to the localization of TNC molecule detected by immunohistochemistry
(Figure 2). The regions of high accumulation of '"'In-anti-TNC-Fab in autorad-
iography coincided with the border zone of acute MI (Figure 1C, upper panel). In
the sham-operated rats, accumulation of radioactivity was observed in a small
part of the epicardial region. which was adjacent to the area of chest operated on
(Figure 1A-1C, middle panels). The average of autoradiographic intensity of
"n-anti-TNC-Fab in the infarcted area was 164.7 photostimulated luminescence
(PSL)Y/mm’, and 41.9 PSL/mm? in the noninfarcted area. The ratio of autoradio-
graphic intensities of '""'In-anti-TNC-Fab of infarcted area to noninfarcted area
was 3.93, indicating a rich accumulation of '""In-anti-TNC-Fab in the infarcted
area. On the other hand, the average autoradiographic intensity of "'In-nonspe-
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Table 1. Number of Rats Accordimg to Cardiac Repair Diagnosed by
In-Anti-Tenascin-C-Fab and Myocardial Infarction Diagnosed by
T Te-MIBI

" le-MIBI

Myocardial No
infarction Infarction

'In-anti-tenascin-C-Fab  Cardiac repair 5 |
No repanr ] 2

cific Fab in the infarcted area was 104.4 PSL/mm?, while that of the noninfarcted

area was 67.3 PSL/mm? (Figure I1C. lower panel). The ratio of autoradiographic
intensities of '"'In-nonspecific Fab of infarcted area to noninfarcted area was
1.55.

In vivo SPECT imaging: Finally, the 5 acute Ml rats (3 days after producing MI)
and the 3 sham-operated rats were examined to determine whether or not '""In-
anti-TNC-Fab could be used to detect in vive myocardial injury. The radiochem-
ical purity of "'In-anti-TNC-Fab was higher than 90%. In vive dual-isotope
SPECT imaging showed the complementary uptake of '"'In-anti-TNC-Fab (Fig-
ure 3A, 3C, red in upper panels) and "™ Te-MIBI (Figure 3B, 3C, green in upper
panels). No specific myocardial uptake of '"'In-anti-TNC-Fab was observed in
sham-operated rats, although there was some uptake in the operated chest (Figure
3A-3C, middle panels). The complementary regional myocardial uptake of "''In-
anti-TNC-Fab (radioactive half-life, 2.8 days) and "™ Tc-MIBI (half-life, 6.0
hours) (Figure 3D, 3E, upper panels) was confirmed by autoradiography. Myo-
cardial uptake of '"'In-anti-TNC-Fab was found more often in hearts with MI (P
=0.035) (Table II). The uptake of """In-anti-TNC-Fab was observed in the inferior
myocardial region in one rat without *Tc-MIBI defect.

DisCuUssIoN
Our results demonstrate that the myocardial uptake of ''In-anti-TNC-Fab
was significantly higher in acute M1 rats than in sham-operated rats. In autorad-
iography, high levels of radioactivity were clearly observed in the regions indic-

ative of cardiac repair in acute MI rats. SPECT demonstrated the suitability of

this tracer for in vivo imaging.
The expression of TNC was induced in interstitial fibroblasts of the border
zone within 24 hours of permanent coronary ligation and it was reduced approx-
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A B C D

Figure 4. Examples of dual-isotope SPECT imaging after acute M1 Four examples of transverse dual-isstope SPECT
images after acule Ml (A-I}). Upper panels show head side and lower ones show tal side. Red color indicates the uptake
of "'In-anti-TNC-Fab and green color, the uptake of ™ Tc-MIB! Myocardium 1s encircled by vellow broken lincs

imately 7 days after M1." The 3 different time points after acute MI indicated that
the peak uptake of '"'In-anti-TNC-Fab was within 7 days after Ml in this study.

Localization of expression of TNC confirmed that the local uptake of '''In-
anti-TNC-Fab was similar to the immunohistochemical findings with the same
antibody. To measure the effect of nonspecific deposition caused by low blood
flow around ischemia, '""In-nonspecific Fab was also investigated, The ratio of
the radionuclide activity of infarcted area to noninfarcted area for '"'In-nonspe-
cific Fab was 19% of the activity ratio for '"In-anti-TNC-Fab. It has been
reported that the nonspecific accumulation around the myocardial infarcted arca
should receive careful attention.'” Here, no significant difference in activities
was found between infarcted and noninfarcted areas after injection with '"'In-
nonspecific Fab.

The Fab fragment specific for TNC was used in this study to reduce the total
molecular weight of anti-TNC antibody. A radioactive tracer with a smaller mol-
ccule is expected to have a faster washout in blood and liver. Although Fab has
neither reduced disulfide bonds nor a hinge region in Fab’, Fab was able to bind
to the chelating agent SCN-Bz-DTPA. The washout of anti-TNC Fab using SCN-
Bz-DTPA was comparable to that of anti-TNC Fab’ using EMCS-Bz-EDTA.""

Based on the notion of allowable nonspecific accumulation, in vive SPEC]
imaging revealed regional uptake of '"'In-anti-TNC-Fab. It was demonstrated at
sites complementary to “™Tc-MIBI uptake (Figure 3, upper panels, Figure 4A-
D). One sham-operated rat with the uptake of '"'In-anti-TNC-Fab was probably
caused by inflammation after the sham-operation. The liver uptake of '"'In-anti-
I'NC-Fab may also disturb myocardial evaluation. Therefore, careful observation
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is needed at the myocardium adjacent to liver. However, an agreement between
the existence of cardiac repair and MI certified that '"'In-anti-TNC-Fab reveals
tissue repair caused by acute MI in vivo. In clinical situations after acute reperfu-
sion therapy, '"In-anti-TNC-Fab may be a reliable indicator to start intensive
therapy for injured myocardium, since " Tc-perfusion tracer is not able to differ-
entiate stunned from necrotic myocardium within several days after ML'®

Various tracers for myocyte death imaging have already been developed.
"'In-antimyosin Fab imaging can be used to visualize active myocyte dam-
age.'"™" and thus has been employed in the diagnosis of MI*” ®™Tc-annexin-V
imaging has been reported for the noninvasive identification of apoptotic cell
death in patients with acute MI*" and heart transplantation.”” *"Tc-labeled
matrix metalloproteinase targeted radiotracer was introduced as a remodeling
marker after MI.*" Since there has been no method available for interstitial tissue
imaging in patients, anti-TNC-Fab is superior to myocyte death imaging and is
expected to depict cardiac tissue repair as an interstitial tissue tracer.

The human serum TNC level is reported to be a predictor of the progression
of LV remodeling and prognosis.”’ Because serum TNC is synthesized and
released by cardiac fibroblasts, local scintigraphic evaluation of TNC in myocar-
dium may also be a predictor. The present animal study showed that the level of
myocardial expression of TNC after acute Ml was higher than the level of
released TNC in the blood, and that radiolabeled anti-TNC-Fab might directly
evaluate TNC Kinetics in the myocardium. Scintigraphic analysis is thought to be
of benefit by assessing myocardial TNC expression instead of serum TNC levels.

TNC expression is also induced in the injured myocardium in various heart
diseases during the active stage.”**’ We have previously demonstrated that TNC
is expressed at the initial stage of myocarditis in an autoimmune mouse model
before necrosis or inflammatory cell infiltration was histologically apparent.'”
Expression of TNC has also been observed in human coronary atherosclerotic
plaque® and in restenotic neointima after angioplasty.”™ It loosens the strong
adhesion of cardiomyocytes,” induces matrix metalloproteinases,”™ enhances the
recruitment of myofibroblasts,” and possibly supports collagen fiber deposi-
tion.™ Increased expression of TNC was observed early in relation to the onset of
fibrosis and cardiac repair.” Therefore, in vivo imaging of TNC expression would
be beneficial for understanding free cell rearrangement and tissue repair.

From a clinical aspect, monoclonal anti-TNC antibody has been injected
into surgically-created resection cavities during brain tumor resections.’!
Although we must always be careful about anaphylactic shock against injected
antibody, many clinical studies support the beneficial effects of anti-TNC anti-
body.

In conclusion, the present study verified that TNC antibody fragment can be
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used to localize sites of cardiac repair in the heart by ex vivo and in vivo imaging.
Although further studies will be necessary, radiolabeled anti-TNC-Fab may be
useful for the noninvasive detection of cardiac repair after acute M1.
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Mutational Analysis of Fukutin Gene in Dilated
Cardiomyopathy and Hypertrophic Cardiomyopathy

Takuro Anmura, DVM#*; Yukiko K. Hayashi, MD**; Terumi Murakami, MD#**:
Yasushi Oya, MD'; Sayaka Funabe, MD'"; Eri Arikawa-Hirasawa, MD'';
Nobutaka Hattori, MD**; Ichizo Nishino, MD*#*; Akinori Kimura, MD* !

Background Mutations in FKTN encoding for fukutin cause Fukuyama-type congenital muscular dystrophy
characterized by severe muscle wasting and hypotonia with mental retardation. Fukuyama-lype congenital mus-
cular dystrophy is a recessive genetic trait. FKTN mutations in patients with dilated cardiomyopathy (DCM)
have been investigated by our research group. The patients showed hyper-CKemia with mild or no muscle weak-
ness and without mental retardation, suggesting that the clinical spectrum of FKTN mutations are wider than
previously thought. The current study was designed to further explore the association of FKTN mutations with
DCM or hypertrophic cardiomyopathy (HCM).

Methods and Results A total of 172 patients with DCM, 144 patients with familial HCM and 384 control indi-
viduals were analyzed for FKTN mutations. There was a DCM patient who was a compound heterozygote of a
3-kb insertion mutation and a missense mutation Cys101Phe. The patient showed hyper-CKemia with mild muscle
involvement and no brain involvement. In contrast, 2 other DCM patients and 3 controls were heterozygous for
the insertion mutation and normal allele, showing that the heterozygous insertion mutation itself was not associ-
ated with DCM. No mutation was found in the HCM patients.

Conclusions These observations indicated that the compound heterozygous FKTN mutation was a rare cause
of DCM. Hyper-CKemia might be indicative of FKTN mutation in DCM.  (Cire S 2009; 73: 158 -161)

Key Words: Cardiomyopathy; Genes; Genelics; Muscles

sified into 2 clinical phenotypes: hypertrophic cardio-

myopathy (HCM) and dilated cardiomyopathy (DCM),
is a primary heart muscle disorder caused by functional
abnormalities in the cardiomyocytes and a major cause of
sudden cardiac death and progressive heart failure! Although
the etiology of ICM has not been completely elucidated,
recent molecular genetic studies have shown that ICM can
be caused by a variety of genetic abnormalities! Inheritance
of familial HCM is usually autosomal dominant, whereas
that of familial DCM is autosomal dominant, autosomal
recessive, or X-linked recessive, ie, various type of disease
inheritance can be found in DCM cases? It also should be
noted that causative gene mutations could be found not only
in familial cases but also in sporadic cases, indicating that
the absence of family history cannot exclude a possibility of
causative gene mutation in ICM cases! In addition, muta-

I diopathic cardiomyopathy (ICM), which is mainly clas-
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tions in muscular dystrophy-causing genes might also lead
10 1CM phenotype, as exemplitied that titin/connectin gene
(TTN) mutations were found in patients with HCM# DCM*
or tibial musclular dystrophy and limb-girdle type muscu-
lar dystrophy (LGMD)® and that Tcap gene (TCAP) muta-
tions were found in HCM and DCM7 as well as in LGMD#
These observations indicate that there is an etiological
overlap between ICM, and the skeletal muscle disorders?

Mutations in FKTN encoding for fukutin cause Fukuyama-
type congenital muscular dystrophy (FCMD; MIM233800),
the second most common muscular dystrophy in Japan after
Duchenne muscular dystrophy, FCMD is an autosomal
recessive disease manifested with severe muscle wasting and
mental retardation!"!! The majority of the FCMD patients
were homozygous for a 3-kb insertion in the 3" non-coding
region of FKTN, whereas a small population of FCMD
patients were compound heterozygotes of the 3-kb insertion
and a missense mutation!?'3 In addition, we recently iden-
tified compound heterozygotes of the insertion and a mis-
sense mutation in 2 sibling cases and 2 sporadic cases of
DCM. who manifested with minimal muscle weakness and
elevated serum creatine kinase (CK) concentration, hyper-
CKemia, but not mental retardation!* However, it remains
unknown whether FKTN mutation can be associated with
ICM not accompanied by signs of muscular dystrophy and
in which type of ICM patients who should be examined for
FKTN mutations as a disease-causing gene.

In the present study, we searched for FKTN mutations in
a large panel of patients with DCM or HCM. We found a
compound heterozygote of FKTN mutations in | out of 172
DCM patients, who also had mild muscular dystrophy and
hyper-CKemia.
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Methods

Study Population

We studied 172 genetically unrelated Japanese patients
with DCM and 144 patients with familial HCM. Among
the DCM patents, family history was not found in 100
patients (sporadic cases), whereas apparent family history
was found in 72 patients: 4 were probands of sibling cases
(possible autosomal recessive cases) and 68 pauents were
probands of DCM families, in which disease was inherited
as a autosomal dominant genetic trait. In addition, family
history consistent with autosomal dominant inheritance
was found in all HCM patients. The patients were diag-
nosed based on medical history, physical examination, 12-
lead electrocardiogram (ECG). echocardiography, and
other special tests if necessary. Diagnostic criteria for DCM
and HCM were described previously!$ These patients had
been investigated for mutations in the known disease genes
for ICM, such as sarcomere genes and Z-disc component
genes) and no disease-causing mutations were identified.
All patients showed no sign of brain involvement, ie,
typical FCMD cases were clinically excluded, Control sub-
jects were 384 unrelated healthy Japanese individuals
selected at random. After acquiring informed consent,
blood samples were obtained from each participant. The
research protocol was approved by the Ethics Review Com-
mittee of Medical Research Institute. Tokyo Medical and
Dental University and that of National Institute of Neuro-
science, National Center of Neurology and Psychiatry.

Mutational Analysis of FKTN in ICM

Genomic DNA extracted from peripheral blood was sub-
jected to polymerase chain reaction (PCR). To detect the
3-kb mnsertion in FKTN, we carmied out PCR in all partici-
pants using 2 primer sets as described previously!*!% Entire
exons and their flanking regions of FKTN were directly
sequenced on both strands by using an ABI PRISM 3100
automated sequencer (PE Applied Biosystems Foster City,
CA, USA) as reported previously!*

Immunohistochemical Analysis

Monoclonal anti-a-DG (VIA4-1, Upstate Biotechnology,
Lake Placid, NY. USA) and monoclonal anu-3-DG
(43DAGI/8DS, Novocastra Laboratories, Newcastle upon
Tyne, UK) were used for immunostaining of biopsied skel-
etal muscle samples as described previously!+

Results

The 3-kb insertion mutation was searched in 172 DCM
patients and 144 HCM patients. We found that 3 patients
(all were sporadic DCM cases) carried the insertion muta-
tion in the heterozygous state, This 3-kb insertion was not
detected in other patients, but was identified in 3 out of 384
controls. We then sequenced all exons and adjacent introns
of FKTN in the 3 sporadic DCM patients carrying the 3-kb
insertion (Fig 1A) and found a missense mutation (¢.302G>T,
p.Cys101Phe) in one case (Fig1B), suggesting that this
patient was a compound heterozygote of FKTN mutations

The patient was a 19-year-old female who manifested
with exertional dyspnea and mild muscular weakness at
neck and proximal extremities along with bilateral calf
hypertrophy. She had shown hyper-CKemia (6.570TU/L)
without any muscle symptoms from the age of 17 years.
Since then. she was followed up by physicians as a result of
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Figl. Gene and histochemical analyses of the dilated cardiomyopa-
thy (DCM) patient carrying the FKTN mutation. (A ) Detection of 3-kb
ingertion. Left, normal individual without mutation; middle, Fukuyama-
type congenital muscular dystrophy patient carrying homozygous 3-
kb insertion; right, the DCM patient with FETAN mutation, The patient
showed both normal and insertion bands. (B) Direct sequencing data
from the DCM patient. Polymerase chain reaction products containing
exon 4 of FKTN gene from the patient were directly sequenced. Nucle-
otide sequences are shown along with predicied amino acid sequences
An arrowhead indicates the mutation resulting in TGC (Cys) to TTC
(Phe) change. (C) Echocardiography of the patient. Endodiastolic (a,
b) and endosystolic (¢, d) data for sagital (a, ¢) and verical (b, d)
views showing lefl ventricular dilation. (D) Hematoxylin and eosin
staining (HE) and immunohistochemical analysis. On HE, only mild
varation in fiber size was found. Immunohistochemical analysis using
a monoclonal antibody VIA4-1 that recognizes heavily-glycosylated
form of e-dystroglycan («DG), showed reduced sarcolemmal staining,
whereas the staining of J~dystroglycan ((7DG) using monoclonal anti-
body 43DAG1/EDS showed no abnormality. Bar=50 q«m
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the hyper-CKemia of unknown etiology. Diffuse left ven-
tricular hypokinesis with left ventricular ejection fraction
(LVEF) of 38% was observed at the age of 18 years, along
with diffuse muscle atrophy and mild necrosis-regeneration
process in biceps brachii muscle biopsy. She felt excertional
dyspnea from the age of 18 years and when she was 19
years old, her ECG showed incomplete nght bundle branch
block, and her echocardiogram showed systolic dysfunction
with ventricular dilatation (LVEF, 41%:; left ventricular
end-diastolic diameter, 53mm; left ventricular end-systolic
diameter, 43 mm: fractional shortening, 20%), whereas no
ventricular hypertrophy was observed (inter ventricular
septum, 6 mmy; posterior wall, 7mm). Biochemical analysis
showed that she had hyper-CKemia (2,485 1U/L). Immuno-
histochemical analysis of biopsied muscle sample showed
marked decrease of a-dystroglycan staining, whereas distri-
bution and expression of -dystroglycan was not changed
(FigIB). This finding was consistent with FKTN muts-
tions!* albeit that no family history of DCM or muscle
disease was evident with her. From these observations, she
was finally diagnosed as LGMD manifested with mild DCM
phenotype.

In addition, we sequenced the entire coding regions and
adjacent introns of FKTN from 72 patients with familial
DCM (4 consistent with recessive inheritance and 68 with
dominant inheritance), The sequencing analyses showed 2
variations, | non-synonymous change inexon 5 (¢.608G > A,
p-Arg203Gin) and 1 synonymous change in exon 8 (¢.1026C
>A, p.Leu342Leu), in several patients. However, both vari-
ations were reported to be polymorphisms in the SNP data-
base (rs34787999 and rs 17309806, respectively), suggesting
that these were polymorphisms not related with DCM.

Discussion

The 3-kb insertion into the 3"-untranslated region of the
FKTN, which has been derived from a single ancestral
founder and causes a significant reduction of FKTN mRNA,
could cause FCMD in homozygous states or in compound
heterozygous states with another point mutation! 23 FCMD
is one of the most severe congenital muscular dystrophy in
combination with brain malformation, principally cerebral
and cerebellar cortical dysplasia!®!'! In contrast to the
severely affected skeletal muscle, cardiac muscle involve-
ment is quite rare in FCMD patients. However, we recently
showed that the compound heterozygous mutations could
also be associated with DCM accompanied by minimal
limb girdle muscle involvement and normal intelligence!*
These observations implied the wide phenotypic spectrum
of the FKTN mutations. In the current study, we identified a
patient carrying the 3-kb insertion and a missense muta-
tion, who manifested with DCM and mild skeletal muscle
phenotype. Clinical phenotype of the patient in this study
was similar to those reported previously!* further support-
ing that the compound heterozygous mutation was associ-
ated with DCM. Because we have not examined her parents
for the FKTN mutations, we could not formally exclude a
possibility that these 2 mutations were in frans and not in
cis. However, if the mutations were in cis, this patient
should have one normal allele and the other non-expressing
allele due to the 3-kb insertion, which is in a similar situa-
tion as the heterozygote of the 3-kb mutation; the situation
not causing any disease phenotypes as discussed below.

The 3-kb insertion was also found in 2 other sporadic
DCM cases, but these patients did not carry any additional
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FKTN mutations nor did they show hyper-CKemia, indi-
cating that heterozygote of the insertion mutation and
normal allele did not manifest with cardiomyopathy or
muscle diseases. In addition, we identified 3 heterozygous
carriers of the 3-kb insertion in 384 Japanese controls
(0.78%). and this carrier frequency was similar to those
previously reported by 2 other groups (6 in 676; 0.89%!6
and 15 in 2,814; 0.53%'7). In this study, we investigated
familial HCM patients for FKTN mutations even though
the disease was inherited as an autosomal dominant trait as
in the most cases of familial DCM. Because mutations in
the muscular dystrophy genes such as 7TN and TCAP cause
skeletal muscle disease as the autosomal recessive trait and
cardiomyopathy (HCM or DCM) as the autosomal domi-
nant trait, we had not been able to exclude a possibility of
FKTN mutations in autosomal dominant cases. However,
no FKTN mutation was found in the patients with familial
HCM as in familial DCM, examined in this study. These
observations suggest that FKTN mutations should be con-
sidered as a cause of DCM, albeit not a major cause, espe-
cially in the sporadic cases or sibling cases.

What was the characteristic feature of DCM caused by
FKTN mutations? The patient carrying the causative FKTN
mutations showed hyper-CKemia before manifesting with
cardiomyopathy and skeletal muscle symptoms. All the
patients carrying the compound heterozygous mutations in
the previous study had elevated serum CK concentrations,
although they showed no or minimal skeletal muscle phe-
notypes! The hyper-CKemia can also be found in the
patients carrying FKTN mutations affected with FCMD'
or LGMD!"%*0 These observations are in good agreement
with the association between the FKTN mutations and
hyper-CKemia. In our cohort of DCM patients, we identi-
fied diseasc-causing mutations in 4 sporadic DCM patients
who showed continuously hyper-CKemia. One was the
patient carrying the FKTN mutations reported here, whereas
the other 3 patients had abnormalities in the dystrophin
gene (DMD) with a deletion of exon 3, exon 44, or exons
45-51. The DCM patients with DMD mutations showed
elevated serum CK concentrations of approximately 500
1,O00TU/L. The finding was in part consistent with that
DCM patients carrying DMD mutations were reported to
show hyper-CKemia even though they had no or minimal
symptoms of muscle involvement?!22 These observations
suggested that hyper-CKemia in patients with DCM might
be an indicative sign of FKTN or DMD mutations.

In summary, we have investigated FKTN mutations in a
large panel of patients with DCM or HCM and found that a
sporadic DCM case with hyper-CKemia was a compound
heterozygote of FKTN mutations.
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Molecular Cardiology

Local Tenomodulin Absence, Angiogenesis, and Matrix
Metalloproteinase Activation Are Associated With the
Rupture of the Chordae Tendineae Cordis

Naritaka Kimura, MD: Chisa Shukunami. DDS. PhD; Daihiko Hakuno, MD, PhD:
Masatoyo Yoshioka, MD. PhD: Shigenori Miura, PhD; Denitsa Docheva. PhD: Tokuhiro Kimura. MD:
Yasunori Okada, MD, PhD: Goki Matsumura, MD. PhD: Toshiharu Shin’oka. MD. PhD:
Ryohei Yozu, MD, PhD: Junjiro Kobayashi, MD. PhD; Hatsue Ishibashi-Ueda, MD, PhD:

Yuji Hiraki, PhD; Keiichi Fukuda, MD, PhD

Background—Rupture of the chordae tendineae cordis (CTC) is a well-known cause of mitral regurgitation. Despite its
importance, the mechanisms by which the CTC 15 protected and the cause of its rupture remain unknown. CTC is an

avascular tissue. We investigated the molecular mechanisms underlying the avascularity of CTC and the correlation

between avascularity and CTC rupture.

Methods and Results—We found that tenomodulin, which is a recently isolated antiangiogenic factor, was expressed
abundantly in the elastin-rich subendothelial outer layer of normal rodent, porcine, canine, and human CTC
Conditioned medium from cultured CTC interstitial cells strongly inhibited twbe formation and mobilization of
endothelial cells; these effects were partially inhibited by small-interfering RNA against tenomodulin. The
immunohistochemical analysis was performed on 12 normal and 16 ruptured CTC obtained from the autopsy or

surgical specimen. Interestingly, tenomodulin was locally absent in the ruptured ar

as of CTC, where abnormal

vessel formation, strong expression of vascular endothelial growth factor-A and matrix metalloproteinases, and
infiltration of inflammatory cells were observed, but not in the normal or nonruptured area. In anesthetized
open-chest dogs. the tenomodulin layer of tricuspid CTC was surgically filed. and immunohistological analysis

was performed after several months, This intervention gradually caused angiogenesis and expression of vascular

endothelial growth factor-A and matrix metalloproteinases in the core collagen layer in a time-dependent manner

Conclusions—These findings provide evidence that tenomodulin is expressed universally in normal CTC in a concentric

patiern and that local absence of tenomodulin, angiog
CTC rupture. (Circulation. 2008;118:1737-1747.)

1es1s, and matria metalloproteinase activation are associated with

Key Words: angiogenesis @ chordae tendineae cordis m metalloproteinases m tenomodulin m valves

Ithough the heart is a vascular

ed organ, the cardiac

valves and chordae tendineae cordis (CTC) ure avas-
cular nssues.! This avascularity i1s abrogated in several
Chondromodulin-1.
which 15 an antiangiogenic factor isolated from bovine

valvular heant diseases (VHDs), 4

cartilage,™ ¥ is also expressed in the eye and 15 cntically
involved in the maintenance. Recently, we have reported
that chondromodulin-1 was abundantly expressed by the
valvular interstinial cells in normal cardiac valves.® Gene

targeting of chondromodulin-1 resulted in enhanced vascu-

lar endothehial growth factor (VEGF)-A expression, lipid
deposition, and calcification in the cardiac valves of aged
mice. In human VHDs. including infective endocarditis,
rheumatic heart disease. and atheroscleromis. VEGF-A
expression. neovascularization. and caleification were ob-
served in areas of chondromodulin-1 downregulation
I'hese findings provide evidence that chondromodulin-]
plays a pivotal role in maintaining  normal  valvular
function by preventing angiogenesis that might lead
1o VHD
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Rupture of the CTC is a well-known cause of mitral
regurgitation. To elucidate the molecular mechamsm, we
mvestigated the expression of chondromodulin-l in the CTC.
Unexpectedly, both normal and rupured CTC lacked expres-
sion of chondromodulin-l, sugpestung that the mechanism
underlving the avasculanty or protective function of the CTC
ditfered from that operating in cardiac valves, even though
the cardiae valves and CTC lie in proximity to euach other and
have o similar avascular appearance. The atrioventricular
valve leallets and CTC compnse diverse cell lineages and
highly organized matnices that are populated by cartilage'™ !
and tendon'* " cell types. respectively, The cartilage cell
miarkers aggrecan and Sox9 are observed in valvular leaflets
during embryogenic valvulogenesis, whereas the tendon-
associated genes Seleraxis and Tenascin are expressed in the
CTC. % On the basis of these observations and our previous
findings regarding chondromodulin-1 in cardiac valves,” we
speculuted thut CTC avascularity might be related 10 the
avascular properties of tendon rather than those of cartilage,

Recently, we isolated tenomodulin, which is a novel
chondromodulin-l-related gene with 33% amino acid iden-
tty. Tenomodubn s a 317-amino acid glycoprotemn found in
hypovascular tissues, such as tendons, ligaments. the epiny-
sm, and eyes.'"™ ' Tenomodulin contauns BRICHOS and
cysteme-rich domuns™ and has antiangiogenic activities. It is
processed in vivo in certain tissues, and the proteolytically
cleaved, 16-kDa C-terminal domain promotes tenocyte pro-
Iiteration. = In the present study, we investigated whether
tenomodulin s expressed in the CTC and its potential
involvement in CTC avascularity. We also investigated the
cause of the rupture of CTC by comparing the normal and
ruptured CTC from the viewpoint of angiogenesis and the
involvement of tenomodulin

Methods

Animals

Wild-type ICR mice were purchased from Jupan CLEA (Tokyo.
Japan). Japanese White rabbits were purchased from Sankyo Labo-
ratory Service Corporution (Tokyo, Japan), Porcine cves and heans
were purchased from a public slaughterhouse (Tokyo, Japan). Adult
beagle dogs were purchased from NARC Corporation (Chiba,
Japany. All experimental procedures and protocols were approved by
the antmal care and vse committees of Keio University and con-
towmed 1o the National Institutes of Health Guidelines for the Care
wned Use of Labaratory Animals

Reverse Transcription Polymerase Chain Reaction
Total RNA was isoluted with the use of Trizol reagent (GIBCO-
BRL) and wreated with DNase | (Roche) Reverse trunseription
polymerase chain reaction (RT-PCR) was performed as described
previously” with the following primers: munne tenomoduling 5'-
AGAATGAGCAATGGGTGGTC-3" (forwand), 3 -CTCGACCTCOTT-
GOTAGCAG-S  (reverse),  munne  GAPDH,  5'-TTCAACGGCA-
CAGTCAAGG- (forward),  3-CATGGACTGTGGTCATGAG-S'
teversel, porcine tenomoduling $-GOTGGTOCCTCAAGTGAAAG-Y
torwand), 3-CTCGTCCTCCTTGGTAGCAG-5" (reversel, porcine
GAPDH. 5" TGATGACATCAAGAAGGTGGTGAAG-3 (forward), 3=
TCCTTGOAGGCCATGTGGACCAT -5 reverse)

Immunohistochemical and

Immunofluorescence Staining

Concerved or noneonceived adult mouse hearts were perfused from
the apex with. phosphate-bulfered saline. perfusion-fixed with 4%
paratormaldehyde in phosphate-butfered saline, and used for immuy-
nestaining as deseribed presiously 2t The CTC were dissecied,
tmmersion-lixed overnight w 4°C in 4% paraformaldehyde, and then
embedded in paraffin. Before application of the primary antibodies,
paraffin was removed from the sections in xyvlene, and the sections
were heated in o midrowave oven e 10 mmol/L eitrate bulter
solution (pH 6.01 (Muto Pure Chemicals Co. Japan) for 3 minutes,
After sections were nnsed in phosphate-bufTered saline. they were
incubated with ImmunoBlock (Danippon Sumitomo Pharma, Osy-
ki Japan) | hour in room air and incubated overnight at 4°C with 5%
noml rabbit serum and rabbit polyclonal untibody to tenomodu-
lin.'"* rabbit polyelonal antibody to VEGF-A (1:200 dilution: Santa
Cruz Biotechnology, Sante Cruz. Calif), von Willebrand factor
(VW) 1:200 dilution: Laboraory Vision Corporation), elastin ( 1:50
diluton: Elastin Products Coy, collagen type 1 (1:50 dilution;
Rockland), manix metalloproteinase (MMP)-1 (Daiichi Fine Cheme
cal). st MMP-2 (Datichi Fine Chemical)."* MMP-3 (Daiichi Fine
Chemical),®* MMP-9 (Datichi Fine Chemical),”* MMP-13 (1:100
dilution: Biogenesis),™ CDI1Ib (1:200 dilution: BD PharMingen),
CDE 50 dilution: Saata Cruz Biotechnalogy ), and vimentin (1:20
dilution: Sigma-Aldrich, St Louis, Mo). Immunohisiochemical sig-
nuls were detected by applving 0.05% 3,3 -diaminobenzidine 1etr-
hvdrochlonde (Sigma-Aldrich) contaming 0.01% hydrogen peroside
in 005 mol/l. Tris-buffered saline (pH 7.60 as 4 chromogeme
subsiraie. The sections were then counterstained with hematoxylin,
dehvidrated n g graded ethanol series. and mounted in Permount
(Fisher Scientific),

For immunofluorescence studies, the sections were incubated with
secondary untibodies conjugated with Alexa 488 or Alexa 546
(Malecular Probes, Carlsbad, Calify, Slides were observed under o
confocal laser-scanning microscope (LSM 510 META; Carl Zeiss,
Chester, Vi), Optical sections were obtuined at 10241024 pisel
resolution amnd analyeed with the use of LSM software (Carl Zeiss)
We substituted nonimmune rabbit serum for promary antibodies as o
negative control for cach immunostaining experiment

Quintitative lysis of the stained area was performed by
converting amages o monochrome with optimum saturation and
counting the hlack pisels with the use of NIH Image software

Isolation of Adult Rabbit CTC Interstitial Cells
The hearts were dissected from anesthetized | 2-week-old Jupunese
White rubbits. Primary culture of the CTC was examined by
madifying the protocol for cardiae valvular interstitial cells™ and
Achilles tendons. ™ Briefly, the CTC was rapidly removed, and the
superficial endothelial cells were removed by cotton swab, chopped
under a stereomicroscope, and used for the explanm culture. Pieces
that measured 11 mm were cut from the tssue, placed in 1 2-well
collagen-comted dishes (Iwaki), and grown in Dulbecea’™s madified
Eugle's medium (Sigma-Aldrich) with 30% fetal bovine serum for
24 hours at 37°C. An additional | mL Dulbeceo’s modified Eagle's
medium with SO fetal Bovine serum wis added and left for another
24 hours at 37°C After the medium and tissue pieces were removed,
Dulbecen’™s mudified Eagle’'s medivm with 105 feta] bovine serum
wils added, and the cefls were coltivared ot 37°C. Medium was
changed every 3 days, Conditioned medium was obtained from
confluemt CTC interstitial cells 3 days after the medivm was changed
und wsed in further analyses,

Cell Culture

Human coronary artery endothelial cells (HCAECs) were purchased
from Tahura Biotechnology, maintiined according to the manufac-
turer’s mstructions, and wsed at passages 3 10 5 i the present study

Human Samples
Samples comprising 16 CTC were collected tfrom 15 patients
undergoing mitral valve replacement or plasty due Lo its rupture and
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I autopsy patient (8 male and 8 female: mean age, 624 12.6 years)
Sumples were fixed immediately after removal in formaldehyde and
then embedded in paraffin, For controls, 20 microscopically. and
mucroscopically normal, noncaleified. smooth. and pliable mitral
CTC were collevted from 12 autopsied patients (10 male and 2
female: mean age, 62.7216.5 years), The use of autopsied and
surgical specimens of human tissue was approved by the institutional
review board of Kew University and the National Cardiovascular
Research Center

Filing the Midlayer of CTC in a Canine Model
After sdmimistration of light anesthesia with intravenous injection of
pentobarbital (30 mp/kg), adult beagle dogs weighing 14 10 16 ke
(mean, 152406 kg) were intubated, mechanic ally ventilated with
room air by o Harvard respirator. and anesthetized with 3% sevoflu-
rane and nitrous oxide. The right thoracotomy was performed  the
fourth intercostal space. followed by generation of o pericardial
cradle, and an extracorporeal bypass was created  between the
superior and inferior vena cava and the ascending aorta with an inline
oxygenator. Both hemodynamics and gas exchange were monitored
The right atrium was opened, and the septal cusp of the tricuspid
valve wis directly shown. The surface of the severnl CTC of the
septal cusp of tricuspid valve was fled out o remove the elastin
layer. Then the heart was clised, extracorporeal bypass was re-
moved, and the chest was closed. After | or 3 months, the dogs were
anesthietized with pentobarbital and euthanized with KCL The filed
CTC were obtuined (n -5, ¢ach group). and then the histological and
immunohistochemical examinations were performed

(ther methods are described in the online-only Data Supplemem

Statistical Analysis
Vilues ure presented as mean * SEM. Statistical significance wis
evaluated with the unpaired Student ¢ test for comparisons between
2 mean values, Multiple comparisons between =3 groups were
performed with an ANOVA test. A value of P<0.05 was considered
significant

The authors hud fully sccess 1o and take full responsibility for the
integrity of the data. All authors had read and agree 1o the manuscript
as wrillen

Results

Expression of Tenomodulin in Normal CTC
Imitially, we investigated whether tenomodulin was expressed
in normal cardiac valves and CTC. Tenomodulin transcripts
were first detected in the murine heart at embryonic day 14.5
and were expressed contuously in adulthood (Figure 1A), It
was expressed specifically in the CTC but not in the atrium,
ventncle, or cardiuc valves (Figure 1B), Western blotting
with antibodies specific for the C-terminal portion of tenom-
odulin identified the 45-kDa glycosylated and 40-kDa nong
lycosylated forms of tenomodulin in porcine CTC: these
proteins were also detected in the eyve (Figure 1C). Interesi-
ingly. the CTC, but not the eye. was immunopositive for the
16-kDa C-terminal cleaved domain of tenomodulin, suggest-
ing truncarion of the C-terminus to produce the secreted
Western blot analysis for the N-terminal domain of tenom-
odulin in the CTC revealed strong 29- and 24-kDa bands. as
well as fuint 45- and 40-kDu bands, whereas the eye con-
tamed mainly the 45- and 40-kDa fragments. Taken together,
these results indicate thar truncation of the C-terminal domain
of tenomodulin oceurs in a tissue-specific manner and that the
truncuted N-terminal domain persists in the CTC
Immunohistochemistry of the murine heart localized teno-
modulin to the CTC (Figure | in the online-only Data
Supplement). Hemutoxylin-cosin (HE) staining (Figure 2A),

orm
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Figure 1. Expression of tenomodulin in CTC. A, Temporal
exprassion of tenomodulin (TEM) in the mouse heart, RT-PCR was
performed on samples from embryonic and adult hearts. Positive
signals were seen In the embryonic heart from embryonic day (€)
14.5 onward, Adult mouse eyes were used as paositive controls. B,
AT-PCR of tenamodulin in the porcine heart, Tenomodulin mANA
was specifically expressed in the CTC but not in the atrium, ventri-
cle, or cardiac valves. C, Western blot analysis for tenomodulin in
the porcine cardiac valve and CTC with the use of antibody spe-
cific for the C-terminus {top panel) and N-terminus (middle panel)
of tenomodulin. Eye was used as positive control. Note that the
CTC expressed not only 45- and 40-kDa bands but also a 16-kDa
band, although the eye expressed only the 45- and 40-kDa bands.
This suggests that the C-terminal domain is processed in the CTC
but not in the eye

elastica van Gieson staining (Figure 2B), and immunohisto-
normal human CTC, 1e. the
superficial endothehial layer (Figure 2E). the elastin-rich mid
luyer (Figure 2G). and the coll:
(Figure 2H). This structure was consistent with thaf reported
previously,
mid layer (Figure 2C) and was not detected in the other
layers. The normul CTC showed no
chondromodulin-1 (Figure 2D) or VEGF-A (Figure 2F). and
there was no abnormal vessel formation. Tenomodulin was

chemistry revealed 3 layers in the

n type l-rich core layer

Tenomodulin was restricted to the elastin-rich

cxpression  of

deposited at the interstitial space of the elastin-rich layer.
although it did not colocalize directly with elustin (Figure 21)

Tenomodulin Secreted l~mm CTC Interstitial Cells
Has Antiangiogenic A
We investigated whether CTC interstitial cells produce teno-
modulin and the effect that this might have on the mhe
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Figure 2. Localization of tenomoedulin in normal human CTC.
Normal human CTC was investigated by histological and immu-
nohistochamical analyses, A, HE staining. B, Elastica van
Gieson (EVG) staining. Immunghistachemistry for normal human
CTC with anti-tenomaodulin (TEM) (C), anti-chondromodulin-|
{CHM-1} (D), anti-vWF (E), anti-VEGF-A (F), anti-elastin (3), and
anti-collagen type | (H) antibodies. Tenomodulin was expressed
at the elastin-rich mid layer of normal human CTC, and it did
nol colocalize directly with elastin (1).

morphogenests of HCAECs. Primary CTC interstitial cells
were obtained from explant cultures of rabbit CTC (Figure
3A). The explanted cells formed an orthogonal pattern of
overgrowth. These cells were negative for the aceryl-LDL.-
Dil conjugate, which is consistent with CTC being composed
of CTC interstitial cells. Immunostaining detected tenomodu-
lin in the cytoplasm of CTC interstitial cells but not in
NIH3T3 cells. RT-PCR confirmed that the cultured CTC
interstitial cells expressed tenomodulin und that this expres-
sion could be inhibited by treatment with a specific small-
mterfering RNA (siRNA) (Figure 3B)

The HCAECs showed capillary-like tube formation on
Matngel (Figure 3C). These structures were less apparent
after treatment with conditioned medium trom CTC intersh-
tial cell cultures (CIC-CM) compared with mock medium or
the conditioned medium from NIH3T3 cell cultures
(NIH3T3-CM). The HCAECs that were cultured in condi-
toned medium from siIRNA-treated CTC interstitial cells
regained the ability o form capillary-like structures. Condi-
tioned media from cultures of NIHIT3 cells transfected with
the C-terminal domain of tenomodulin (recombinant protein)
simularly inhibited tube formanon. Quantitative analysis re-
vealed that CIC-CM inhibited tube formation by 58.3% and
that tenomodulin-specific SIRNA treatment recovered tube-
forming capacity by 38.7% (Figure 3D).

Tenomodulin Secreted From CTC Interstitial Cells
Inhibited the Migratory Capacity of the HCAECs

In a modified Boyden chamber. HCAECs cocultured with
CTC mterstitial cells lost their migratory capacity compared

with that cocultured with NIH3T3 cells. Treatment of CTC
interstitial cells with enomodulin-specific sSiIRNA allowed
the HCAECS to reguin partial migratory capacity (Figure 4A),
whereas the control SIRNA had no such effect. Coculturing
with NIH3T3 cells transfected with the C-terminal domain of
tenomodubin similarly inlibited migration. Quantitative anal-
vsis showed that CTC interstitial cells decreased the number
of migranng cells by 73.2% and that specific sSIRNA recov-
ered the migratory capacity by 36.6% (Figure 4B). These
results imply a pivotal role for tenomodulin as an angiogen-
esis inhibitor in the CTC

Marked Downregulation of Tenomodulin and
Abnormal Vessel Formation in the Ruptured CTC
We examined specimens from 16 patients with CTC rupture
(Figure SA), The ruptured areas contained numerous large
abnormal vessels in the mid lavers and core layers, and there
was marked tissue degeneration. Elastin was  preserved,
whereas tenomodulin was markedly downregulated in the
ruptured area but not in remote nonruptured areas. These
tenomodulin-poor areas expressed VEGF-A and conained
the aforementioned large abnormal vessels. In addition. their
mner surfaces were coated with vWF-positive endothehal
cells rather than smooth muscle cells, Computer image
analysis showed that the total cell numbers. vWE-positive cell
numbers, and the percentages of VEGF-A-positive areas
were markedly increased, whereas the proportions of
tenomodulin-positive areas in the ruptured CTC were mark-
edly decreased (Figure 5B to 5E). The adjacent nonruptured
CTC obtained at autopsy and duning mitral valve replacement
revedled normal structures without abnormal vessel forma-
tion or aberrant MMP or VEGF-A expression (data not
shown). These findings indicated that the CTC ruptures in a
fragile area where numerous abnormal vessels are created and
tenomodulin expression was locally downreguluted,

Expression of MMPs and Cell Infiltration in the
Ruptured CTC

The ruptured area of the CTC showed strong expression ot
MMP-1 and MMP-2 and moderate expression of MMP-13,
which comesponded 10 the expression of VEGE-A (Figure 6A)
In contrast. MMP-3 expression was weak, and MMP-9 was
not detected. No MMP signals were detected in the normal
CTC or in the nonruptured area. High numbers of inflamma-
tory cells positive for CD1 b, CD14, and vimentin ifiltrated
the ruptured area but not the normal CTC or the nonruptured
area. The guantitative analyses are shown in Figure 6B o 6E.
These findings suggest that abnormal vessel formation in the
CTC is accompanied by MMP activation and infiltration of
inflammatory cells.

Mechanical Stretching and Hypoxia Suppress the
Expression of Tenomodulin by CTC

Interstitial Cells

To investigate the cause of tenomodulin downregulation, we
investigated whether tenomodulin expression by CTC mter-
stital cells was affected by varnous stimuli, such as mechan-
cul stretching, hypoxia. or oxidative stress. CTC interstitial
cells would be expected to experience these types of stimuli
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Figure 3. Expression of tenomodulin in CTC interstitial cells and its effect on tube formation in HCAECs. A, Rabbit CTC interstitial cells (CIC) after
postexplant culture. At 7 days, CTC interstitial cells showed a cobblestone-ike or spindle-like appearance. At 14 days, CTC interstitial cells exhibited
a fibroblast-like appearance. Ex indicates explant of CTC. CTC interstitial cells were negative for acetyl-LDL-Dil staining: HCAECs are shown as a
ntrol {inset). Immuncfivorescence staining of tenomodulin (TEM) in rabbit CTC interstitial calls and NIH3T3 cells is shown; nuclet
h ToPro-3. B, Effact of siRNA on tenomodulin exprassion in cultured CTC interstitial calls. RT-PCR for tenomodulin w rformad, Lane
» lan IC +siANA specific to tenomodulin; lane 3, CIC ~control siRNA; lane 4, eve for positive control of tenomodulin, C, Tube formation
assay. CIC-CM inhibited tube formation of endothelial cells on Matrigel. Represantative micrographs of tube formation of HCAECS are shown. Tube
formation was significantly suppressad by CIC-CM but not by NIH3T3-CM (negative control), Treatment of CTC rstitial cells with sIHNA spe <
to tenomodulin but not control SIRNA reduced the CIC-CM ced suppression. Recombirant C-terminal tenomodulin represented the condi-
toned medium of NIH3T3 cells transfected with C-tenminal tenomodulin expression plasmids. D, Quantitative analysis of tube lengths in tube forma-
tion assay, “P--0.01 vs control,
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Figure 4. Effect of tenomodulin in CTC interstitial cells on HCAEC migration. A, Cell migration assay. CTC interstitial cells (CIC) abro-
gated HCAEC chemotaxis in vitro. HCAECs wera inhibited from migrating when cocultured with CTC interstitial cells but not when cul-
tured without cells (control) or with NIH3T3 cells (negative control). Treatment of CTC interstitial cells with siRNA specific to tenomodu-
lin (TEM) but not control siRNA reduced the suppression of chemotaxis. Recombinant C-terminal tenomodulin represantad the

coculture with NIH3T3 cells transfected with C-terminal tenomodulin expression plasmids. B, The graph shows quantitative analysis of
the migrated cell numbers in cell migration assay, "F+<0.01 vs control,

when subjected to abnormal forces (as in hypertension) or anesthetized canine model, and the tenomodulin-rich layer
during inflammation (as in infective endocarditis). Initially, wis removed by filing (Figure 7A). Hemody
we stimulated the CTC interstitial cells using a cell-strerching ment revealed that there were no significant differences in
device. and 6 hours later, the expression of tenomodulin was heart rate. systolic pressure, diastolic pressure, pulmonary
not detectable (Figure 1A i the online-only Data Supple- arterial pressure, pulmonary capillary wedge pressure, right
ment). Next, CTC interstitial cells were incubated under the ventricular systolic pressure, right atrial pressure, and cardiac
hypoxic condition of almost no oxygen. Although the cells output between the control (presurgery) dogs and the dogs at
were ilive. the expression of tenomodulin was not detected as 3 months after surgery. Color Doppler echocardiography
carly as | hour later (Figure 1IB in the online-only Data revealed no significant increases n tricuspid regurgitation at
Supplement). Finally, CTC interstitial cells were reated with 3 months after surgery.
several concentrations of antimycin A, which mediates oxi- HE staining and immunostaiming for vWF revealed abnormal
dative stress. Tenomodulin expression was observed at an vessel formation m the core luyer next to the surgically filed
antimycin A concentration < 10 pg/ml but was undetectable tenomodulin-deficient area at 3 months (Figure 7B, 7C). Immu-
ar 30 pg/mL antimycin A (Figure 11C in the online-only Data nohistochemical analyses were performed at | and 3 months, at
Supplement). These findings suggest that various stimuli, which point the acute inflammanon had terminated. VEGF-A,
such as mechamical stretching, hypoxia, and oxidative stress, MMP-1. MMP-2, and MMP-13 were observed from | month.
cause the down regulation of renomodulin expression in CTC with their expression extending to = 13% of the core layer depth
(Figure 7D). At 3 months, the expression of these factors was
Absence of the Tenomodulin Layer Induces stronger and extended to 37% of the core layer depth. Moreover,
Angiogenesis and MMP Activation abnormal neovasculanzation was observed only at 3 months.
We investigated the effects of the tenomodulin layer on indicating that angiogenesis and MMP activation ure caused by
angiogenesis and MMP activation in the collugen-rich core loss of the tenomodulin-rich layer rather than operation-imduced
layer. The CTC of the wicuspid valve was examined in an inflammation (Figure 7E w0 7G)
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Despite their climcal importance, little is known about the
mechanmisms underlying VHDs 7 =% The present study reveals
a key role for tenomodulin as a potent antiangiogenic factor
in the prevention of atrioventriculur valvular regurgitation
utter CTC rupture. We show for the first time that both the
C-terminal and N-terminal domains of tenomodulin are ex-
il layer of normal CTC, whe

pressed persistently in the ¢

these protemns are downregulated in the discased CTC
Moreover. the cleaved C-terminal domain of tenomodulin

st of

secreted from CTC mrerstinal cells 15 a critical ant
angiogenesis, Because candiac valves are flow-regulating
tissues in a dynamie chambered pump. the CTC are subjected
to mechameal stress™ and damage to the endothehal cell
liming of the outer layer. Tenomodulin probably protects the
CTC from the inflammation and vasculanziation that result
from mechamcal damage. To confirm this hypothesis. we
analyzed the tenomodulin expression profiles of the CTC in

the normal and diseased states

The observed expression patterns and biological activi-
ties suggest that tenomodulin protects against both angio-
genests and degeneranon of the core layer, analogous 1o
the surface couting applied to steel 1o prevent internal
corrasion. Indeed, observations of the ruptured CTC re-
vealed that VEGF-A and MMPs were strongly activated
with increased formation of abnormal vessels, resulting in
generation of the CTC. More importantly, these areuas ol

ieration corresponded to regions ol local absence of

tenomodulin. The dog experiments clearly support our

hypothesis that angiogenesis and deg

neration occur pro-

gressively in areas from which the tenomodulin layer has
been removed. These findings suggest that CTC rupture is
not accrdental but can occur when and where the CTC is
MMP actvation, and the

infiltration of inflammatory cells secondary to the loss of

weakened by angiogenesis,
or damage to the tenomodulin laver. The molecular mech-
anism through which a local deficit of tenomodulin causes
VEGF-A expression remains unknown. We assume that

Downloaded from circ.ahajournals.org at KEIO UNIV IGAKUBU LIB on March §, 2009

_2"'3_




1744

Circulation October 21, 2008
A MMP-1 MMP-2 MMP-3
£
o
=
100um
it 2 )
g .
2 .
o : - -
=) - -E"
@ 7 T,
g ) g E A
S o 5T~
& Sy <} @ >
Q - e 100um
CD14
— = -_-“‘“"‘—‘.__
E -~
= =3
100um 10um 10un
o ‘ i ) , e L i \
b=} - », » i ’
s - e P ,3 .
E . . -l ~“ F
@ ) - * “
m s % [ v
B2 . . * £ d
D > o L] '
£ dw . ¥
(&) i2 100 uw~ -.--: s 10un Py . 10um
B * c - y D -
s T ) o~ T <m0 = —
£ T ! e — g =2
® = g
g E B a F-
n ® ~§ = gn
| =4
e = NS ;
L s §e % 1. =
oW o~ " ‘:_‘ L]
% s % ] % [
= s
il
‘\0“@ NRA RA NRA RA 3> NRA RA
Ruptured Chordae Ruptured Chordae Ruptured Chordae

CD14" cell number

MMP-9

100um
100um
Vimentin
——

i
<
“© o
=
»
Y NS
=
“w
ol
» NRA RA
eP@’RmuundChordae

Figure 6. A, Immunohistochemistry of CTC from human autopsies and surgical samples with the use of anti-MMP-1, -MMP-2,

-MMP-3, -MMP-9, -MMP-13, -CD11b, -CD14, and -vimentin antibodies. Normal represented the samples from autopsies with normal
CTC. The chordae rupture represented the ruptured area of the CTC from surgical samples. B, Quantitative analysis of the percentage
of MMP-1-immunostained area in the normal autopsied sample, the nonruptured area (NRA), and ruptured area (RA} of surgical CTC

speciman. C, Quantitative analysis of the percentage of MMP-2-immunostained area. D. Quantitative analysis of the percentage of
MMP-13-immunostained area. E. Quantitative analysis of the number of CD14 cells in CTC. *P--0.01 vs control.
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view of the CTC in the tncuspid valve (the septal cusp) in canine model (top panell. The superficial and mid lay-

ers of CTC were removed by filing (bottom panel). B, HE staining of the CTC at 1 and 3 months. Note that abnormal small vessel was

observed at 3 months. C, Immunohistochemistry for vWF on CTC. Abnormal vessel at 3 months was covered with vIWF

endothelial

cells. D, Immunohistochemistry for VEGF-A, MMP-1, MMP-2, and MMP-13 is demonstrated. E. Quantitative analysis for VEGF-A-pasi-
tive depth compared with the depth of core layer. M indicates month. F, Quantitative analysis for MMP-1-positive depth compared with

the depth of core layer. G, Quantitative analysis of the abnormal vessel numbers. “£=0.01

maonth)

either the downregulation of tenomodulin in CTC intersti
tial cells or the loss of tenomodulin-producing cells owing
o long-standing mechamcal stress or inflammation leads
to the infiltration of endothehial cells and inflammatory
cells. resulting in the achvation of MMPs and the expres-
sion of VEGF-A. Tenomodulin plays a major role as an
antiangrogenic factor in CTC; however, our present data
do not exclude the possibility
antiangi This

of the existence of other

factors should be clarified in the

zenic

“P=0.01 vs control {sham operation, 0

future. We propose that tenomodulin loss oceurs after (1)
acute inflammation, as in infective endocarditis and rheu
matic fever, and (2) excessive mechanical stress to valves,
as in trauma, hypertension.'' and mitral valve prolapse
The Achilles tendon 1s one of the most common sites of
rupture. It ruptures spontaneously in the majority of
patients, without substantial trauma.’
ton 1s imphicated in the enology of this rupture

VEGF-A are expressed by the tenocytes of

Lacal vasculariza-
* high

levels of
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ruptured  Achilles tendons but not by the tenocytes of
normal adult Achilles tendons. ** ' Hypercellularity,
marked vessel formation, and increased MMP expression
lead to weakening of the normal tendon structure and
subsequent decrease in the mechanical striin tolerance.
leading to spontaneous rupture.*™" The similarities be-
tween these earlier findings and those of the present study
suggest that locally augmented mechanical siress or in-
flammation causes local defeets in tepomodulin and in-
duces VEGF-A expression. which may lead to MMP
activation. angiogenesis. and degeneration of the CTC 1o
the extent that it ruptures. The present findings support the
notion of prechinical investigations of tenomodulin and
proteins of similar function as therapeutic agents for
the prevention of VHD due to rupture or elongation of the
CTC. Understanding these mechamsms should form the

basis for new therapeutic regimens for the treatment of
VHD.
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