expenment, pertostin AbAe continuously actvated the phos-
phorvlanion of FAK for 9 h after the addition of it to serum-
starved cell cultures, whereas in the control, the signal had
decreased by 6 h (Fig. 4 D). These results demonstrate that
penostin AbAe activated FAK phosphorylation and promoted
formanon of dynamic protrusions. Next, we tested the mounl-
ity of pnmary cardiac fibroblasts from periostin~ ~ mice in the
presence of periostin AbAe. The result showed that peniosun
AbAe strongly acnvated the cell migranon of these fibroblases
{Fig. 4 E). Moreover, this migration cansed by periostin AbAe
was significantly reduced by anubodies against either penostin
or av-integnn; by PP2, which is known as a compound that
specifically inhibits adhesion-induced FAK phosphorylation (28);
and by knockdown of FAK by siRNA (Fig. 4 E). suggesting
that periostin AbAe would activate the cell motility of their
tibroblasts by FAK signaling through av-integnin in mice sub-
jected to AML Finally, we inhibited the integrin-mediated
FAK pathway by using chemical compounds and aRNAs
(Fig. 4 F). FAK inhibitors or siRNA down-regulated the Akt
phosphorylation, and Akt inhibitors did not change FAK
phosphorylation after stimulation by periostin Abde, indicat-
ing that Akt 15 a downstream molecule of FAK and periostin
Abde. Moreover, av-integnn siR NA treatment blocked both
FAK and Akt phosphorylation after simulaton by periostin
AbAe. These results indicate thac periosiin AbAe can stmulate
FAK and Akt phosphorylation through aev-integrin,

We demonstrated that in the case of periostin deficiency,
the collagen amount was reduced in the infarct myocardium,
resulung in frequent cardiac rupture in the AMI Our results,
together with the previous findings by Norris et al. (7) on the
role of periostin in collagen fibnllogenesis of skin and tendon,
strongly suggest that fibnllar collagen formation, which con-
tributes essentially to a mechanically stable scar formation, was
impaired mn the early stage of M1 in the penosan deficiency,
resulting 1n a high rate of cardiac rupture. Furthermore, we
have found chat the reduced mechanical strength, rupture of
the infarct region. and repression of LV dilation in periostin
deficiency were most hkely caused by a reduced number of
cardiac fibroblasts and by the insufficient creation of a durable
collagen nerwork caused by a lower rate of collagen synthesis
ind cross-linking. To reveal more about the importance of
collagen production or collagen cross-linking for protection
against heart rupture, after AMI, we treated mice with an in-
hibitor of lysyl oxidase, thus inhibiting collagen cross-linking,
Interestingly, the data showed a high amount of collagen pro-
duction with a larger number of vimenan-positive cells in the
infarct region, resulung in effecoive blockage of heart rupture
(unpublished data). These data suggest that penostn-sumulated
mugration of cardiac fibroblasts into the infarct region, the cells
of which produce a high amount of collagen. 1s more essentual
than collagen cross-linking by periostin.

The expression of TGFB was markedly up-regulated in the
infarct border during the scar formartion phase after AMI, and
the phosphorylation of smad 2/3 was consequently increased
(unpublished data), whereas there was no sigmificant ditfer-
ence in the TGFB transcripnion level between periostin® * and
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©~ mice; TGFP also enhanced the penostn expression in the
intarct border after AMI because anti-TGFB antibody treat-
ment blocked the periosun expression (Fig. $6, available at
hetp:/ / www. jem.org/egl/ content/ full/jem, 2007 1297/DC1)

The expression of both TGFR and periostin is up-regulated by
angiotensin 11 and attenuated by angiotensin receptor blockers
after AMI (29, 30), suggesting that penosan may play a role
via angiotensin [I-TGFB signaling. The combined results on
the biomechanical propernies and the collagen content of the
solated infarce heart support the concepr that the periostin-
linked collagen fibrous skeleton is an important determinant
of cardiac rupture.

The results given here indicate that periostin signals acu-
vate cell migranon of cardiac fibroblasts from outside into the
infarct region through FAK phosphorylation, and then the
mugrated cells differenniate into aSMA-posinive fibroblasts, re-
sulting in strengthening of the saffness of the LV wall through
collagen synthesis after AMI. FAK is known to be involved in
yrosine phosphorylation during integrin-mediated signaling,
and this molecule plays an important role in the response of
migratng cells to mechanical stress (31). Recently, FAK has
been implicared as a downstream targer associated with angio-
tensin [l-snmulated cell migranon (32). The mechanism un-
derlying the periostin action of promoting the recruitment of
cardiac fibroblasts followed by healing of the infarct region
appears to involve activation of the FAK pathway, indicaung
that the periosun-induced increase in FAK phosphorylation in
the infarct myocardium enhanced the moulity of these fibro-
blasts. In contrast, three-dunensional culture studies imply that
the matnx suffness regulares cell fate by modulanng integnin
signaling (31, 33). Considening these accumulared results, we
suggest that periostin 1s mainly produced by fibroblasts through
angiotensin [I-TGFB signaling and may convey pathologi-
cally rapid remnforced mechamcal signals to FAK-integnn sig-
naling after AMI. The fibroblastic cells activated by these
signals secrete penostin, which in turn increases their motiliey,
contractility, and synthesis of ECM proteins, thus promoting
turther recruitment and acovation of fibroblasts. Periostin may
serve as the tngger of these feedback mechanisms in the ongo-
ing healing processes. Addinonal studies o elucidate in more
detail the charactenstics of cardiac fibroblasts may lead to a
deeper understanding of the role of periosun after AMI, as
well as ad in idenafying the molecular targets of therapies to
augment cardiac performance and wall suffness after AMI.

MATERIALS AND METHODS

Preparation of rabbit polyclonal antibodies against periostin. We
raned polyclonal RD1 annbodies againse penostin by using the pepude
DNLDSINRRGLESNVN (represenung aa 143138 of human penostin) for
human penosan and the pepode ENLDSDIRRGLENNVN (representing
i3 143=160 of mouse penostin) for mouse penostn. The annbodies were
afintry-puritied by using the respective immunogenic peptide

Histology, i g. and electron microscopy. Human tssue
amples were obtaned durng autopsy and fixed 10 4% neutral formalin or

20 formalin. A towl of 41 cases, ranging from 3 fetus to an 8%-yr-old pa-
went, including 15 cases of myocardial infarction, were examined. All the
cases were approved for use in research by the Ethic Comnuttee of the
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University of Tokyo. Afier having been embedded in paraffin, specimens
were cut at 3 4-pm thickness. Hemutoxylin and eoun, elisnca von Gieson
and Azan sauning procedures were performed  Immunchistochemistry by
the ABC method was done by using an 16000 apparatus (Biogenex)

For histologacal analvsis of the infarcted mice. the antmuals were kllh—d a
1, 2,3, 4.5, 7, 14, or 28 d after wargery under and were perfi
fixed wath 4% paraformaldehyde at physiological pressure. Fixed hum wete
sectioned transversely into three equal segments from their spex o base and
bedded or embedded in paraffin. 4-pm-thick secnom were used for
hustological analysis or tor immunostaming. Antbodies aguna av-mtegnn
(Laboratory Vison), aSMA (Sigmu-Aldnch), FAK (BD Biosiences), pY 397FAK
|lnwrmg:nj pS473Ake (Cell Signaling Technology). Akt (Cell Signaling
Technology), ¢ I (Novotec), fibronectin (34), Ki67 (YLEM), acave
caspwsed (Promega), vimenon (PROGEN), smooth muscle myosmn-1 (SM1;
Kyowa Hakko Led), and Mac3 (BD Biosciences) were used for immuno-
waning. t\msgcn unmasking techniques were not performed, ¢xcept for
anti-a For g of pY39TFAK and pS473Akr, the
Caralyzed $lpal Amplification qm was wed (Dako). In the cave of Auo-
rescence studies, the signals were observed under 4 confocal microscope
(FLUOVIEW FV1000; Olympus)

Sections of infarcted heant were generated from 6 periostin® * and 6
male muce at 5 and 28 d after AML, and they were prepared for electron mi-
croscopy as previowsly desenbed (35) Sham-operated mice were wed for
the control. Collagen fibnl d were d in scanned images gen-
erated from electron micrographs with Image | software. Collagen fibnls and
the ber of vi P or aSMA-posnve cells in at least 6 fields
derived from each of the basement-, mid-, and apex-part of the infarct re-
gion of heart tections were quantified (6 mice per group). Ammal studies
were conducted under a protocol approved by the | ional Animal Use
and Care Committee.

e,

cry

Quantification of coll links and collagen contents. Snap-
frozen m!‘.m:: nssues fmm periostin® * and ~ ~ muce were wed. Pyndinohne
and hy yproline ¢ were d i by the previowsly descnbed
HPLC method (36).

Ad i diated fer. C of Ad-nkLacZ and

Ad-periostin AbAe vectors was performed by use of an Adeno-X Expression
Syseem 2 (BD) Bamclerun] The virus punfication method used, mvolving
cesium chlond g wa pmwmly described (37 1 d be-
fore LAD hgation, a volume of 100 ul ¢ g 1.6 % 10" PFU of Ad-nls-
LacZ or Ad-periostin Abde virus was injected into & tal ven of male
penaitin” T omice,

Statistical analysis. All numencal results were presented as the mean £ the
SEM. Smusucal analyses of the echocardiognphy and cell migranon assay
were performed with a Smdent’s unpaired ¢ test. Cardiac ruprure frequency
was compared by the x* test. Survival curves after AMI were obtaned by the
Kaplan-Meier method, and compared by the log-rank test. Differences were
consdered sigmificant at P < 005

Online supplemental material. Fig S1 chows the confimunon of the
periostin expression in cardiac fibroblass. Fig 52 mdicates the generation of
penostin~~ mice. Fig 53 shows the immunofluorescence analysic of fibro-
necun after AML Fig. 54 shows immunofluorescence analyss for gene-
mansierred peninin~ * nfaret heare Fig 53 depico the amalyws for the
phospharylation of Akt after AMI. Fig. $6 shows a cause-and-effect relanon-
ship beeween TGFB and periostin atter AMI Table S1 provides the echo-
cardiographic data. Full methods and asoctated references are available in
the Supplemental matenab and methods, The online versson of this article 1s
available ar hup://www jemiorg cgy conent full/jem 2007 1297/DC1

The authors thank M. lkumi and E lkeno for technical assistance in generating
knockout mice: S Matsumura and M. Yoshioka for thair tecnnical help in the
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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 is 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 avasculanty and CTC rupture.

Methods and Results—We found that tenomodulin, which s 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 ube 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 areas 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
pattern and that local absence of tlenomodulin, angiogenesis, and matrix metalloproteinase activation are associated with
CTC rupture. (Circulation. 2008;118:1737-1747.)

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

Ithough the heart is a vasculanzed organ, the cardiac

valves and chordae tendineae cordis (CTC) are avas-
cular tissues.' This avascularity is abrogated in several
valvular heart diseases (VHDs).** Chondromodulin-I,
which is an antiangiogenic factor isolated from bovine
cartilage,** is also expressed in the eye and is critically
involved in the maintenance. Recently, we have reported
that chondromodulin-1 was abundantly expressed by the
valvular interstitial cells in normal cardiac valves.” Gene
targeting of chondromodulin-1 resulted in enhanced vascu-

lar endothelial 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 atherosclerosis, VEGF-A
expression, neovascularization, and calcification were ob-
served in areas of chondromodulin-l downregulation.
These findings provide evidence that chondromodulin-I
plays a pivotal role in maintaining normal valvular
function by preventing angiogenesis that might lead
to VHD
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Rupture of the CTC is a well-known cause of mitral
regurgitation. To elucidate the molecular mechanism, we
investigated the expression of chondromodulin-I in the CTC.
Unexpectedly, both normal and ruptured CTC lacked expres-
sion of chondromodulin-1, suggesting that the mechanism
underlying the avascularity or protective function of the CTC
differed from that operating in cardiac valves, even though
the cardiac valves and CTC lie in proximity to each other and
have a similar avascular appearance. The atrioventricular
valve leaflets and CTC comprise diverse cell lineages and
highly organized matrices that are populated by canilage'® !
and tendon'>"" cell types, respectively. The cartilage cell
markers aggrecan and Sox9 are observed in valvular leaflets
during embryogenic valvulogenesis, whereas the tendon-
associated genes Scleraxis and Tenascin are expressed in the
CTC."!% On the basis of these observations and our previous
findings regarding chondromodulin-I in cardiac valves,” we
speculated that CTC avascularity might be related to the
avascular properties of tendon rather than those of cartilage.

Recently, we isolated tenomodulin, which is a novel
chondromodulin-I-related gene with 33% amino acid iden-
tity. Tenomodulin is a 317-amino acid glycoprotein found in
hypovascular tissues, such as tendons, ligaments, the epimy-
sium, and eyes.!"-'" Tenomodulin contains BRICHOS and
cysteine-rich domains®® and has antiangiogenic activities. It is
processed in vivo in certain tissues. and the proteolytically
cleaved, 16-kDa C-terminal domain promotes tenocyle pro-
liferation.?'22 In the present study, we investigated whether
tenomodulin is 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 Japan CLEA (Tokyo,
Japan). Japanese White rabbits were purchased from Sankyo Labo-
ratory Service Corporation (Tokyo, Japan), Porcine eyes and hearts
were purchased from a public slaughterhouse ( Tokyo, Japan). Adult
beagle dogs were purchased from NARC Corporation (Chiba,
Japan). All expenimental procedures and protocols were approved by
the animal care and use commitiees of Keio University and con-
formed 1o the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals,

Reverse Transcription Polymerase Chain Reaction
Total RNA was isolated with the use of Trizol reagent (GIBCO-
BRL) and treated with DNase | (Roche). Reverse transcription
polymerase chain reaction (RT-PCR) was performed as descnbed
previously” with the following primers: murine tenomodulin, 5
AGAATGAGCAATGGGTGGTC-3 (forward), 3'-CTCGACCTCCTT-
GGTAGCAG-5" (reverse), murine  GAPDH, 3"-TTCAACGGCA-
CAGTCAAGG-3'  (forward), 3-CATGGACTGTGGTCATGAG S’
{reverse); porcine tenomodulin, 3’ -GGTGGTCCCTCAAGTGAAAG-Y
(forward), ¥V-CTCGTCCTCCTTGGTAGCAG-S’ (reverse). porcine
GAPDH, 5-TGATGACATCAAGAAGGTGGTGAAG-3 (forward), 3’
TCCTTGGAGGCCATGTGGACCAT -5 (reverse)
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Immunohistochemical and

Immunofluorescence Staining

Conceived or nonconceived adult mouse hearts were perfused from
the apex with phosphate-buffered saline, perfusion-fixed with 4%
paraformaldehyde in phosphate-buffered saline, and used for immu-
nostaining as described previously,* The CTC were dissected
immersion-fixed overnight at 4°C in 4% paraformaldehyde, and ther
embedded in paraffin. Before application of the primary antibodies
paraffin was removed from the sections 1n xylene, and the section:
were heated in a microwave oven in 10 mmol/L citrate buffer
solution (pH 6.0) (Muto Pure Chemicals Co, Japan) for 3 minutes
After sections were rinsed in phosphate-buffered saline, they were
i with [ Block (Dainippon Sumitomo Pharma, Osa-
ka, Japan) | hour in room air and incubated overnight at 4°C with 5%
normal rabbit serum and rabbit polyclonal antibody to tenomodu-
lin,'” 2! rabbit polyclonal antibody to VEGF-A (1:200 dilution; Santa
Cruz Biotechnology, Santa Cruz, Calif), von Willebrand factor
(vWF) (1:200 dilution; Laboratory Vision Corporation), elastin (1:50
dilunon; Elasun Products Co). collagen wype | (1:50 dilution;
Rockland), matrix metalloproteinase (MMP)-1 (Daiichi Fine Chem-
ical),** MMP-2 (Daiichi Fine Chemical),** MMP-3 (Daiichi Fine
Chemical),** MMP-9 (Daiichi Fine Chemical),®* MMP-13 (1:100
dilution; Biogenesis).** CDI11b (1:200 dilution: BD PharMingen),
CD14 (1:50 dilution; Santa Cruz Biotechnology), and vimentin (1:20
dilution; Sigma-Aldrich, 5t Louis, Mo). Immunohistochemical sig-
nals were detected by applying 0.05% 3,3'-diaminobenzidine tetra-
hydrochloride (Sigma-Aldrich) containing 0.01% hydrogen peroxide
in 0.05 mol/L. Tris-buffered saline (pH 7.6) as a chromogenic
substrate. The sections were then « ined with h xylin,
dehydrated in a graded ethanol series, and mounted in Permount
(Fisher Scientific).

For immunofluorescence studies, the sections were incubated with
secondary antibodies conjugated with Alexa 488 or Alexa 546
(Molecular Probes, Carlsbad, Calif). Slides were observed under a
confocal laser- i pe (LSM 510 META, Carl Zeiss,
Chester, Va). Optical sections were obtained at 10241024 pixel
resolution and analyzed with the use of LSM soltware (Carl Zeiss).
We substituted nonimmune rabbit serum for primary antibodies as a
negative control for each immunostaining experiment.

Quantitative analysis of the stained arca was performed by
converting images to monochrome with optimum saturation and
counting the black pixels with the use of NIH Image sofiware,
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Isolation of Adult Rabbit CTC Interstitial Cells
The heants were dissected from anesthetized |2-week-old Japanese
White rabbits. Primary culture of the CTC was examined by
modifying the protocol for cardiac 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 explant culture. Pieces
that measured 1% 1 mm were cut from the ussue, placed in | 2-well
collagen-coated dishes (Iwaki), and grown in Dulbecco's modified
Eagle’s medium (Sigma-Aldrich) with 50% fetal bovine serum for
24 hours at 37°C. An additional | mL Dulbecco’s modified Eagle’s
medium with 50% fetal bovine serum was added and left for another
24 hours at 37°C. After the medium and tissue pieces were removed,
Dulbecco's modified Eagle's medium with 10% fetal bovine serum
was added, and the cells were cultivated at 37°C. Medium was
changed every 3 days. Conditioned medium was obtained from
confluent CTC interstitial cells 3 days after the medium was changed
and used in further analyses

Cell Culture

Human coronary anery endothelial cells (HCAECSs) were purchased
from Takara Biotechnology, maintained according to the manufac-
turer’s instructions, and used an passages 3 10 5 in the present swdy

Human Samples
Samples comprising 16 CTC were collected from 15 patients
undergoing mitral valve replacement or plasty due to its rupture and
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| autopsy patient (8 male and 8 female: mean age, 62.4= 1 1.6 years)
Samples were fixed immediately after removal in formaldehyde and
then embedded in paraffin. For controls, 20 microscopically and
macroscopically normal. noncalcified, smooth, and pliable mitral
CTC were collected from 12 autopsied patients (10 male and 2
female; mean age, 62.7=16.5 years), The use of autopsied and
surgical specimens of human tissue was approved by the insututional
review board of Keio University and the National Cardiovascular
Research Center.

Filing the Midlayer of CTC in a Canine Model
After administration of light anesthesia with intravenous injection of
pentobarbital (30 mg/kg), adult beagle dogs weighing 14 w 16 kg
(mean, 15.2=0.6 kg) were intubated. mechanically ventilated with
room air by a Harvard respirator, and anesthetized with 3% sevoflu-
rane and nitrous oxide. The right thoracotomy was performed at the
fourth intercostal space, followed by generation of a pericardial
cradle, and an extracorporeal bypass was created between the
supenor and inferior vena cava and the ascending sorta with an inline
oxyg ir. Both hemody and gas exchange were monitored.
The right arium was opened, and the septal cusp of the tricuspid
valve was directly shown. The surface of the several CTC of the
septal cusp of tricuspid valve was filed out to remove the elastin
layer. Then the heart was closed, extracorporeal bypass was re-
moved, and the chest was closed. Afier | or 3 months, the dogs were
anesthetized with pentobarbital and cuthanized with KCI. The filed
CTC were obtained (n=35, each group), and then the histological and
immunohistochemical examinations were performed.

Other methods are described in the online-only Data Supplement.

Statistical Analysis
Values are presented as mean*SEM. Statistical significance was
evaluated with the unpaired Student 7 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 had fully access to and take full responsibility for the
integrity of the data. All authors had read and agree to the manuscript
as wrilten.

Results

Expression of Tenomodulin in Normal CTC
Initially, 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 continuously in adulthood (Figure 1A), It
was expressed specifically in the CTC but not in the atrium,
ventricle, or cardiac 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 eye (Figure 1C). Interest-
ingly. the CTC. but not the eye, was immunopositive for the
16-kDa C-terminal cleaved domain of tenomodulin, suggesi-
ing truncation of the C-terminus 1o produce the secreted form.
Western blot analysis for the N-terminal domain of tenom-
odulin in the CTC revealed strong 29- and 24-kDa bands, as
well as faint 45- and 40-kDa bands, whereas the eye con-
tained mainly the 45- and 40-kDa fragments. Taken together.
these results indicate that truncation of the C-terminal domain
of tenomodulin occurs in a tissue-specific manner and that the
truncated N-terminal domain persists in the CTC
Immunohistochemistry of the murine heart localized teno-
modulin 1o the CTC (Figure | in the online-only Data
Supplement). Hematoxylin-eosin (HE) staining (Figure 2A),
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Figure 1. E:proadon of tenomodulin in CTC. A, Temporal
expression of tenomodulin (TEM) in the mouse heart. AT-PCR was
performed on samples from embryonic and adult hearts. Positive
mmmmmwmmmdﬂm
14.5 onward. Adult mouse eyes were used as positive controls. B
AT-PCR of tenomoduiin in the porcine heart. Tmnmnrrm
was specifically expressed in the CTC but not in the atrium, ventri-
cle, or cardiac valves. C, Westem blot analysis for tenomadulin 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 eys expressed only the 45- and 40-kDa bands.
Th:swggausmalﬂmthnmmuprmedmﬂ\eCTC
but not in the eye

clastica van Gieson staining (Figure 2B), and immunohisto-
chemistry revealed 3 layers in the normal human CTC, ie, the
superficial endothelial layer (Figure 2E), the elastin-rich mid
layer (Figure 2G), and the collagen type I-rich core layer
(Figure 2H). This structure was consistent with that reported
previously.! Tenomodulin was restricted to the elastin-rich
mid layer (Figure 2C) and was not detected in the other
layers. The normal CTC showed no expression of
chondromodulin-1 (Figure 2D) or VEGF-A (Figure 2F), and
there was no abnormal vessel formation. Tenomodulin was
deposited at the interstitial space of the elastin-rich layer,
although it did not colocalize directly with elastin (Figure 21).

Tenomodulin Secreted From CTC Interstitial Cells
Has Antiangiogenic Activity

We investigated whether CTC interstitial cells produce teno-
modulin and the effect that this might have on the tube
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Figure 2. Localization of tenomodulin in normal human CTC.
Normal human CTC was investigated by histological and immu-
nohistochemical analyses. A, HE staining. B, Elastica van
Gieson (EVG) staining. Immunohistochemistry for normal human
CTC with anti-tenomodulin (TEM) (C), anti-chondromodulin-|
(CHM-1) (D), anti-vWF (E), anti-VEGF-A (F), anti-elastin (G), and
anti-collagen type | (H) antibodies. Tenomodulin was expressed
at the elastin-rich mid layer of normal human CTC, and it did
not colocalize directly with elastin (1),

morphogenesis of HCAECs. Primary CTC interstitial cells
were obtained from explant cultures of rabbit CTC (Figure
3A). The explanted cells formed an orthogonal pattern ol
overgrowth. These cells were negative for the acetyl-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 and that this expres-
sion could be inhibited by treatment with a specific small-
interfering RNA (siRNA) (Figure 3B).

The HCAECs showed capillary-like tube formation on
Matrigel (Figure 3C). These structures were less apparent
after treatment with conditioned medium from CTC intersti-
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-
tioned medium from siRNA-treated CTC interstitial cells
regained the ability to form capillary-like structures. Condi-
tioned media from cultures of NIH3T3 cells transfected with
the C-terminal domain of tenomodulin (recombinant protein)
similarly inhibited tube formation. 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 interstitial cells lost their migratory capacity compared

with that cocultured with NIH3T3 cells. Treatment of CTC
interstitial cells with tenomodulin-specific SIRNA allowed
the HCAECs to regain 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 inhibited migraton. Quantitative anal-
ysis showed that CTC interstitial cells decreased the number
of migrating 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 5A). The ruptured areas contained numerous large
abnormal vessels in the mid layers 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 contained
the aforementioned large abnormal vessels. In addition, their
inner surfaces were coated with vWF-positive endothelial
cells rather than smooth muscle cells. Computer image
analysis showed that the total cell numbers, vWF-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 SE). The adjacent nonruptured
CTC obtained at autopsy and during mitral valve replacement
revealed 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 downregulated.

Expression of MMPs and Cell Infiltration in the
Ruptured CTC

The ruptured area of the CTC showed strong expression of
MMP-1 and MMP-2 and moderate expression of MMP-13,
which comesponded to the expression of VEGF-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 CD11b, CD14, and vimentin infiltrated
the ruptured area but not the normal CTC or the nonruptured
area. The quantitative analyses are shown in Figure 6B 1o 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 enomodulin downregulation, we
investigated whether tenomodulin expression by CTC inter-
stitial cells was affected by various stimuli, such as mechan-
ical stretching, hypoxia, or oxidative stress. CTC interstitial
cells would be expected 1o experience these types of stimuli
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Figure 3. Expression of tenomoduliin in CTC interstitial celis and its effect on tube formation in HCAECs. A, Rabbit CTG intersttial celis (CIC) after
postexplant culture. At 7 days, CTC interstitial cells showed a cobblestone-like or spindle-iike appearance. At 14 days, CTC interstitial cells exhibited
2 fibroblast-like appearance. Ex indicates explant of CTC. CTC interstitial cells were negative for acetyl-LDL-Dil staining; HCAECs are shown as a
positive control (inset). Immunofluorescence staining of tenomodulin (TEM) in rabbit CTC interstitial cells and NIH3T3 cells is shown, nuclel were
stained with ToPro-1. B, Effect of siRNA on tenomodulin expression in cultured CTC interstitial cells. AT-PCA for tenomodulin was performed. Lane
1. GIC: lane 2, CIC+5iRNA specific to tenomodulin; tane 3, CIC +control SIRNA, lane 4, eye for positive control of tenomodulin. G, Tube formation
assay. CIC-CM inhibited tube formation of endothelial cells on Matrigel. Representative micrographs of tube formation of HCAECs are shown. Tube
formation was significantly suppressed by CIC-CM but not by NIH3T3-CM (negative controf). Treatment of CTC intersfitial cells with siRNA specific
1o tenomodulin but not control siRNA reduced the CIC-CM-induced suppression. Recombinant C-terminal tenomodulin represented the condi-
noned medium of NIH3T3 cells transfected with C-terminal tenomodulin expression plasmids. D, Quantitative analysis of tube lengths in tube forma-
hon assay. "P<0.01 vs control

control NIH3T3 rTEM
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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 were 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 represented the
coculture with NIH3T3 cells transfected with C-terminal tenomodulin exprassion plasmids. B, The graph shows quantitative analysis of
the migrated cell numbers in cell migration assay. "P<0.01 vs control.

when subjected to abnormal forces (as in hypertension) or
during inflammation (as in infective endocarditis). Initially,
we stimulated the CTC interstitial cells using a cell-stretching
device, and 6 hours later, the expression of tenomodulin was
not detectable (Figure [IA in the online-only Data Supple-
ment). Next, CTC interstitial cells were incubated under the
hypoxic condition of almost no oxygen. Although the cells
were alive, the expression of tenomodulin was not detected as
carly as | hour later (Figure IIB in the online-only Daia
Supplement). Finally, CTC interstitial cells were treated with
several concentrations of antimycin A, which mediates oxi-
dative stress. Tenomodulin expression was observed at an
antimycin A concentration < 10 pg/mL but was undetectable
at 30 pg/mL antimycin A (Figure [IC in the online-only Data
Supplement). These findings suggest that various stimuli,
such as mechanical stretching, hypoxia, and oxidative stress,
cause the down regulation of tenomodulin expression in CTC

Absence of the Tenomodulin Layer Induces
Angiogenesis and MMP Activation

We investigated the effects of the tenomodulin layer on
angiogenesis and MMP activation in the collagen-rich core
layer, The CTC of the tricuspid valve was examined in an

anesthetized canine model, and the tenomodulin-rich layer
was removed by filing (Figure 7A). Hemodynamic measure-
ment revealed that there were no significant differences in
heart rate, systolic pressure, diastolic pressure, pulmonary
anenial pressure. pulmonary capillary wedge pressure, nght
ventricular systolic pressure, right atrial pressure, and cardiac
output between the control (presurgery) dogs and the dogs at
3 months after surgery. Color Doppler echocardiography
revealed no significant increases in tricuspid regurgitation at
1 months after surgery.

HE staining and immunostaining for vWF revealed abnormal
vessel formation in the core layer next to the surgically filed
tenomodulin-deficient area at 3 months (Figure 7B, 7C). Immu-
nohistochemical analyses were performed at | and 3 months, at
which point the acute inflammation had erminated. VEGF-A,
MMP-1, MMP-2, and MMP-13 were observed from | month,
with their expression extending 0 = 15% of the core layer depth
(Figure TD). At 3 months, the expression of these factors was
stronger and extended 1o 37% of the core layer depth. Moreover,
abnormal neovasculanzation was observed only at 3 months,
indicating that angiogenesis and MMP activation are caused by
loss of the tenomodulin-nich layer rather than operation-induced
nflammation (Figure 7E 10 7G)
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Figure 5. A, Representative histology and
immunohistochemistry of the ruptured
CTC. Abbreviations are as in Figure 2.
The ruptured areas of CTC did not
express tenomodulin, whereas they
strongly expressed VEGF-A. Note that
many abnormal large vessels were appar-

-t — ant in the ruptured area of CTC, and they
B % * 50 |_|' were covered with vWF* endothelial cells.
] Elastica van Gieson (EVG) staining and
200 4 3 so immunostaining for elastin and collagen
g = type | revealed that the laminar structure
= ok e was maintained in the ruptured area of
'E NS 4 NS CTC, although they were destroyed. B,
5w Quantitative analysis of the number of
I.E 0 cells in the normal, nonruptured area
3 ‘i (NRA) and ruptured areas (RA) of dis-
o > 10 rupted CTC. C, Quantitative analysis of
the VWF* cell number. D, Quantitative
e o analysis of the percentage of tenomodu-
NRA cm f Rm RA lin* area in normal, NRA, or RA of CTC
P E, Quantitative analysis of the percentage
D L E . of VEGF-A" area in normal, NRA, or RA
a1 i L of CTC. *P<0.01 vs control,
g% -l I
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Discussion The observed expression patterns and biological activi-

Despite their clinical importance, little is known about the
mechanisms underlying VHDs.?7-** The present study reveals
a key role for tenomodulin as a potent antiangiogenic factor
in the prevention of atnoventricular valvular regurgitation
after CTC rupture. We show for the first time that both the
C-terminal and N-terminal domains of tenomodulin are ex-
pressed persistently in the mid layer of normal CTC, whereas
these proteins are downregulated in the diseased CTC.
Moreover, the cleaved C-terminal domain of tenomodulin
secreted from CTC interstitial cells is a critical antagonist of
angiogenesis. Because cardiac valves are flow-regulating
tissues in a dynamic chambered pump. the CTC are subjected
1o mechanical stress™ and damage to the endothelial cell
lining of the outer layer. Tenomodulin probably protects the
CTC from the inflammation and vascularization that result
from mechanical damage. To confirm this hypothesis, we
analyzed the tenomodulin expression profiles of the CTC in
the normal and diseased states

ties suggest that tenomodulin protects against both angio-
genesis and degeneration of the core layer, analogous o
the surface coating applied 1o steel to prevent internal
corrosion. Indeed. observations of the ruptured CTC re-
vealed that VEGF-A and MMPs were strongly activated
with increased formation of abnormal vessels, resulting in
degeneration of the CTC. More importantly, these areas of
degeneration corresponded to regions of local absence of
tenomodulin. The dog experiments clearly support our
hypothesis that angiogenesis and degeneration occur pro-
gressively in areas from which the tenomodulin layer has
been removed. These findings suggest that CTC rupture is
not accidental but can occur when and where the CTC is
weakened by angiogenesis, MMP activation, and the
infiltration of inflammatory cells secondary to the loss of
or damage to the tenomodulin layer. The molecular mech-
anism through which a local deficit of tenomodulin causes
VEGF-A expression remains unknown. We assume that
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Figure 6. A, Immunchistochemistry of CTC from human autopsies and surgical sampies with the use of anti-MMP-1, -MMP-2,
-MMP-3, -MMP-3, -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
specimen, 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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Figure 7. A, Operator's view of the CTC in the tricuspid valve (the septal cusp) in canine model (top panel). The superficial and mid lay-
ars 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 vWF ™ endothelial
celis. D, Immunohistochemistry for VEGF-A, MMP-1, MMP-2, and MMP-13 is demonstrated. E, Quantitative analysis for VEGF-A-posi-
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. *P<0.01, *P<=0.01 vs control (sham operation, 0

manth)

either the downregulation of tenomodulin in CTC intersti-
tial cells or the loss of tenomodulin-producing cells owing
to long-standing mechanical stress or inflammation leads
to the infiltration of endothelial cells and inflammatory
cells, resulting in the activation of MMPs and the expres-
sion of VEGF-A. Tenomodulin plays a major role as an
antiangiogenic factor in CTC: however, our present data
do not exclude the possibility of the existence of other
antiangiogenic factors, This should be clarified in the

future. We propose that tenomodulin loss occurs after (1)
acute inflammation, as in infective endocarditis and rheu-
matic fever, and (2) excessive mechanical stress (o valves,
as in trauma, hypertension.’ and mitral valve prolapse.
The Achilles tendon is one of the most common sites of
rupture. It ruptures spontaneously in the majority of
patients, without substantial trauma ™ Local vasculariza-
tion is implicated in the etiology of this rupture*'-**; high
levels of VEGF-A are expressed by the lenocytes 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 strain tolerance.
leading to spontaneous rupture.*'” The similarities be-
tween these earlier findings and those of the present study
suggest that locally augmented mechanical stress or in-
flammation causes local defects in tenomodulin and in-
duces VEGF-A expression, which may lead 1o MMP
activation, angiogenesis, and degeneration of the CTC o0
the extent that it ruptures. The present findings support the
notion of preclinical investigations of tenomodulin and
proteins of similar function as therapeutic agems for
the prevention of VHD due to rupture or elongation of the
CTC. Understanding these mechanisms should form the
basis for new therapeutic regimens for the treatment of
VHD,
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CLINICAL PERSPECTIVE

Valvular heart disease is a life-threatening disease. Although the overall incidence of rheumatic valvular heart disease has
been decreasing continuously in developed countries, it has increased with respect to patient age. Rupture of the chordae
tendineae cordis (CTC) is a well-known cause of mitral regurgitation, although its etiology remains unknown and surgical
procedures have focused exclusively on treatment. Cardiac valves and the CTC are avascular tssues, and we have recently
reported that cardiac valves express chondromodulin-1, which is an angioinhibitory factor purified from cartilage that plays
a pivotal role in the maintenance of normal valvular function by preventing angiogenesis. In the present study. we show
that tenomodulin, which is a chondromodulin-I-related antiangiogenic factor isolated from tendons, is concentrically
expressed in normal CTC. Conditioned medium from culred CTC interstitial cells showed a strong angioinhibitory effect,
and the immunohistochemical analysis of human surgical samples showed that tenomodulin was locally absent in the
ruptured areas of the CTC, in which abnormal vessel formation, strong expression of vascular endothelial growth factor-A
and matrix metalloproteinases, and infiltration of inflammatory cells were observed, whereas these features were not
observed in the normal or nonruptured areas. The tenomodulin layers of the tricuspid CTC of dogs were surgically filed,
the animals were euthanized after several months, and immunohistological analyses were performed. Angiogenesis and the
expression of vascular endothelial growth factor-A and matrix metalloproteinases in the core layer were observed in a
time-dependent manner. The present findings support tenomodulin and unknown proteins of similar function as therapeutic
agents for the prevention of CTC rupture. Understanding these mechanisms should form the basis for new therapeutic
regimens for the treatment of valvular heart disease. )
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ARTICLE INFO ABSTRACT
Article history: Common marmoset monkeys have recently artracted much attention as a primate research model, and
Received 7 February 2008 are preferred to rhesus and cynomolgus monkeys due to their small bodies, easy handling and efficient

Available online 10 March 2008 breeding. We recently reported the establishment of common marmoset embryonic stem cell (CMESC)

lines that could differentiate into three germ layers. Here, we report that our CMESC can also differentiate

Keywords: into cardiomyocytes and investigated their characteristics. After induction, FOG-2 was expressed. fol-
Embryonic stem cell lowed by GATA4 and Tbx20, then Nix25 and ThxS. Spontaneous beating could be detected at days 12-
m::" DIAOeE: 15. immunofluorescent staining and ultrastructural analyses revealed that they possessed characteristics
Monkey typical of functional cardiomyocytes. They showed sinus node-like action potentials, and the beating rate
Canfiomydcytes was augmented by isoproterenol stimulation. The BrdU incorporarion assay revealed that CMESC-derived
Differentiation cardiomyocytes retained a high proliferative potential for up to 24 weeks, We believe that CMESC-
Characterization derived cardiomyocytes will advance preclinical studies in cardiovascular regenerative medicine,

Heart regeneration @ 2008 Elsevier Inc. All rights reserved.
Preclinical model

Cardiomyocytes have been known to terminally differentiate a great deal of attention as a potential laboratory and preclinical
and lose their ability to proliferate soon after birth [1]. Some experimental animal, because it has many advantages including a
researchers have reported the possible existence of adult cardiac small body, a short gestation period (approximately 144 days),
stem or progenitor cells [2-4], but unfortunately these cells do early sexual maturity (12-18 months), bears 4-6 progeny/year, is
not have sufficient proliferation ability for repairing the damaged cost efficient and is easy to maintain. Recently, we reported the
heart [5]. Therefore, once the physical or functional loss of myo- establishment of three CMESC lines, which have many similarities
cytes occurs due to myocardial infarction (MI) or myocarditis, a to human ES cells including morphology, surface antigens and cel-
damaged heart cannot recover its structure and function. The char- lular characteristics [7]. It is expected that common marmoset
acteristics of embryonic stem (ES) cells include clonal and unlim-  monkeys and CMESC-derived differentiated cells will provide a
ited expansion, as well as differentiation into various cell types powerful preclinical model for studies in the field of regenerative
including cardiomyocytes [6]. Thus, human ES cells would be an medicine.
attractive cell source for regenerative heart therapy. However, be- Rhesus and cynomolgus monkey ES cells have already been
fore these can be applied clinically, the therapeutic efficacy and established [B,9], and these ES cells are able to differentiate into
safety of ES cell-derived cardiomyocytes must be proven in pre- cardiomyocytes [10.11]. We have reported previously that CMESC
clinical experiments using a primate model system. lines can differentiate into neuron and glia. and induce formation

To date, rhesus and cynomolgus monkeys have been the most of teratomas including cartilage, adipose tissue, skeletal muscle, a
frequently used primate models in preclinical studies. Recently, bronchus-like structure, keratinizing squamous epidermis, epider-
the common marmoset monkey (Callithrix jacchus) has attracted mis and CD31-positive vascular endothelial cells [7]. However, we

were not able to induce cardiomyocyte differentiation from

— CMESC.
L di Add i i - x o
Pt i 1‘.':;"‘“;"““ el %’;‘:ﬁ:;“;mﬁg:;‘;g'g‘;ﬂﬂ To utilize this system for preclinical studies into heart regener-
machi, Shinjuku-ku, Tokyo 160-8582, Japan. Fax: +81 3 5363 3875, ation, we investigated conditions that were suitable for cardiomy-
E-mail address: kfukuda@sc.itc keio.acp (K. Fukuda). ocyte induction from CMESC. Here we report the successful

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved
doi: 10.1016/] bbre 2008.02.141
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differentiation of CMESC into cardiomyocytes. The CMESC-derived
cardiomyocytes were characterized in detail.

Materials and methods

Common marmaoset ES cell culture and differentiation. theLMBC lines No. 20 and
40 were ob 4 from the Lab y of Applied Devel M.
Research Department, Central Imnml’othpenmeﬂal Anumls[?LC‘MBCsm
cultured on 10 yg/ml mitomycin C-treated mouse embryonic fibroblast (MEF) fee-
der cells with CMESM (c ES cell medium) culture ium, which
consisted of 80% Knoch s modified Eagle's medium (KO-DMEM; Invit-
rogen Co. 10829-018) supplemented with 20% Knockout Serum Replacement®
(KSR; Invitrogen Co.. 10828-028), 0.1 mM MEM Non-Essential Amino Acids Solution
(Sigma-Aldrich Co. M7145), 2mM -Glutamine (invitrogen Co. 25030-081),
0.1 mM p-Mercaptoethanol (2-ME: Sigma-Aldrich Co.. M-7522) and 4 ng/mL basic
fibroblast growth factor (bFGF; Wako Pure Chemical Industries Lid., 064-04541)
CMESCs were passaged every 5 or 6 days to maintain them in an undifferentiated
state.

For differentiation, CMESC colonies of an appropriate size were chosen using a
combination of 40-um and 100-um cell-strainers (Becton-Dickinson) that also
facilitated the complete removal of feeder cells. Embryoid bodies (EBs) were
formed by suspending and culturing colonies in Petri dishes during the first 10
days. To evaluate the incidence of beating EBs, EBs were distributed in non-adhe-
sive 96-well culture plates (Sumitomo Bakelite Co., Ltd.) with approximately 1-2
EBs per well.

Reverse transcriprion-polymerase chain reaction (RT-PCR) analysis. Total RNA was

prepared from EBs using ISOGEN (Nippon gene Co., Ltd., 317-02501), according to
the manufacturer's instructions. Ci inating g ic DNA was degr by
RNase-Free DNase | (Ambion, japan, #2222) at 37 °C for 30 min. Following phe-
nol-chloroform extraction and ethanol precipitation. total RNA was reverse tran-
scribed into cDNA using the Oligo-{dT)12-18 primer (Superscript Il RT kit:
Invitrogen Co., 18064-022) and then amplified by PCR using RED-Taq DNA polymer-
ase (Sigma-Aldrich Co., D4309). The primer sequences and PCR conditions are listed
online in Supplementary Table 1.

Immunoftuorescent staining. EBs (6-8 weeks after differentiation) were fixed in
4% paraformaldehyde for 30 min at room temperature, ﬂmﬂ!m.iwim SUCTOS®
and cryosectioned into 7-um sections, After p Block™
(Dainippon Sumitomo Pharma Co,, Ltd,, mu the nmom m incubated at
4°C overnight with the primary antibodies diluted in TBST (Tris-buffered saline
with 0.1% Tween 20). The fNuorescent dye-conjugated secondary antibodies were
then applied to the sections for 30 min at 37 °C. The antibodies used in this study
are listed online in Supplementary Table 2. The nuclei were stained with DAPI or
ToPro-3 (Invitrogen Co.) and observed by ional
(1X71; Olympus Co.) and confocal Laser microscopy (LSM510 META: Carl Iets:
Inc.), respectively.

Transmission electron microscopy (TEM). EBs were fixed in cold 2.5% glutaralde-
hyde with 2% w&fomldehydg in 0.1 mol/L cacodylate buffer (pH 7.4), post-fixed
in 1% i drated and embedded in Epon resin. Ultrathin sec-
tions were mounted on f.ower grids, stained with uranyl acetate and lead citrate,
and examined by TEM (Philips).

Electrophysiology. The mic pe was equipped with a recording chamber
and a noise-free heating plate (Microwarm Plate; Kitazato Supply) A 10 mmol/L
volume of HEPES was added to the culture medium to maintain the pH of the
perfusate at 7.5-7.6. Standard glass microelectrodes that had a DC resistance
of 25-35 M when filled with pipette solution (2 mol/L KCI) were used. The elec-
trodes were positioned using a motor-driven micromanipulator (EMM-35V:
Marishige) under optical control. Spontaneously beating cells were selected as
targets, and the action potentials of the targeted cells were recorded. The record-
ing pipette was connected to a patch-clamp amplifier (Axopatch 2008; Axon
Instruments), and the signal was passed through a low-pass filter with a cut-
off frequency of 2 kHz and digitized with an A/D converter with a sampling fre-
quency of 10 kHz (Digidata 1440A; Axon Instruments). Signals were monitored,
recorded as electronic files, and analyzed offline with pCLAMP 10 software (Axon
Instruments).

BrdU incorporation assay. After three weeks of differentiation, the medium was
changed and EBs were cultured in 2-MEM supp 1 with 10% FCS. Five to 36+
week-old EBs were divided into two groups. EBs in Group 1 (intact EB) were cul-
tured with 10 ymol/L of BrdU for 24 h in »-MEM supplemented with 10T FCS, then
fixed with 4% paraformaldehyde. After treatment with 20% sucrose for | hour at RT,
the fixed cells were cryosectioned. The sections were immersed in 2 N HCl with
0.5% Tween 20 solution for 20 min, Cardiomyocytes that had incorporated BrdU
were detected using the BrdU Labeling and Detection Kit | (Roche Diagnostics Co.,
11296736001 according to the manufacturer's instructions, except that the pri-
mary antibody for Nkx2.5 and the secondary antibody conjugated with Alexa-546
(Invitrogen Co.) were also used to identify cardiomyocytes. EBs in Group 2 (dis-
persed condition) were dispersed by 0.1% trypsin and 0.1% collagenase type I
(Worthington Biochemical Co.. #4182) in ADS buffer (116 mM NaCl, 20 mM HEPES,
12.5 mM NaH,PO,, 5.6 mM glucose, 5.4 mM KCI, and 0.8 mM MgS0,, pH 7.35) with
stirring. After 2 days of culture in =-MEM supplemented with 10% FCS, 10 ymol/L of
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BrdU was added and the dispersed EBs were cultured for a further 24 hat 37 °Cin
the same medium. Detection of BrdU-incorporated cardiomyocytes was performed
as described above.

Results

Differennation of CMESCs info spontaneously contracting
cardiomyocytes

The two lines of CMESCs were cultured in medium containing
KSR instead of animal-derived serum in order to maintain pluripo-
tency (Fig. 1A, left). To stimulate the CMESCs to differentiate into
cardiomyocytes, we adopted a conventional floating culture sys-
tem and tested several combinations of medium (DMEM, KO-
DMEM or «-MEM) and several lots of fetal calf serum (FCS) or
KSR. We succeeded in stimulating CMESC line No. 20 to differenti-
ate into contracting EBs, but failed to differentiate CMESC line
No.40 under all conditions tested. CMESC line No. 20 could differ-
entiate into EBs with contracting areas when a combination of
three out of five lots of FCS (5-20% in use) and KO-DMEM or -
MEM were used. Strikingly, beating EBs could be obtained very
efficiently by culturing the cells in KO-DMEM supplemented with
20% KSR, which was named dCMESM (common marmoset ES cell
medium for cardiomyocyte differentiation). This had the same
composition as the CMESM, but lacked bFGF. Confluent cultures
of undifferentiated CMESCs were completely dissociated from the
feeder cells and cultured in suspension to form EBs in dCMESM.
In the floating culture system, CMESCs efficiently developed EBs
and spontaneously beating cells (Supplementary Movie). An aver-
age of 10-20% of EBs began spontaneously contracting 12-15 days
after differentiarion. A maximum percentage (46 + 13%) of contrac-
tile EBs was observed at approximately 18 days after differentia-
tion, and was roughly sustained for two months.

Most contractile areas within EBs were located in the cell mass
or the periphery of cystic structures. Contraction of CMESC-derived
EBs was highly sensitive to temperature, a characteristic shared by
human ES-derived EBs. EBs were cryosectioned 6-8 weeks after
differentiation and immunofluorescent staining was performed.
Typically Nkx2.5 and x-Actinin double-positive areas existed in
the subsurface of EBs (Fig. 1A, center and right). In the cardiomyo-
cyte-containing EBs, the Nkx2.5 and =-Actinin double-positive cells
were approximately 30% of total cells.

Immunofiuorescent staining and microstructure of CMESC-derived
cardiomyocytes

Immunofluorescent staining was essential to determine the car-
diomyocyte structure and the expression of cardiomyocyte-spe-
cific proteins. However, at the start of this study, the type of
antibodies that would recognize common marmoset monkey
cardiomyocytes was unknown, We therefore tested various anti-
bodies that could detect cardiomyocyte-specific proteins in the
CMESC-derived cardiomyocytes. Spontaneously beating EBs were
dispersed and the CMESC-derived cardiomyocytes were cultured
under adherent culture conditions. Immunofluorescent staining
was then performed, Antibodies for the cardiac-specific transcrip-
tion factors Nkx2.5 and GATA4 strongly labeled the nuclei of the
CMESC-derived cardiomyocytes. Moreover, antibodies for »-Acti-
nin, myosin heavy chain (MHC), myosin light chain (MLC) and
Tropomyosin strongly labeled the typical myofilament structure
of the cardiomyocytes. The antibody for the atrial natriuretic pep-
tide (ANP) highlighted the secretary granules typical of cardiomyo-
cytes surrounding the nucleus (Fig, 1B).

Microstructural analysis using TEM revealed typical myofila-
ment structures, desmosomes and a number of mitochondria in
CMESC-derived cardiomyocytes (Fig. 1C).
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Fig. 1. Structural studies of CMESC-derived cardiomyocyte

cystic embryoid body (EB) (center). Immunofluorescent microscopy of cryosections of EBs using anti-s-Actinin and Nioc2 5 antibodies. (B) Double immunofluorescent st
Nkx2 SATA4 combined with x-Actinin, MHC, M ransmission electron micrascopy of the CMESC-derived cardiomyocytes

fiber (left, black arrow), desmosomal structure (middle. white arrow head) and mitochondria (right, black arrow head). Scale bars: (A) 100 ym; (B), 20 um; (C) 0.5 um

pomyosin or ANP

Time course of marker gene expression during cardiomyocyte with pluripotency, visceral er
differentiation

and late cardio-
myogenesis. Some of the primers used have been described previ-
ously [7.10], and some were designed based on similar murine,

joderm, and earl

To characterize the differentiation p
CMESC into cardiomyo
PCR to analyze the exp

Nay

indifferentiated macaca fascicularis and homo sapiens sequences (Su i
»d semi-guantitative RT Ta The pluripotency markers Nanog and octamer-bindin
transcription factor 3 (Oct3/4) were expressed at higl

g
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undifferentiated ES cells. Expression |levels of both markers gradu-
ally decreased upon differentiation and completely disappeared at
day 15 post-differentiation (Fig. 2A). The early mesendoderm mar-
ker Brachyury was observed from day 3 post-differentiation,
peaked at day 6 post-differentiation. but could not be detected at
day 9 post-differentiation (Fig. 2B). The visceral endoderm marker
alpha-fetoprotein (AFP) was observed from day 3 post-differentia-
tion and peaked at day 9 post-differentiation, but could not be de-
tected ar day 15 post-differentiation (Fig. 2C). For the genes
encoding cardiac-related transcription factors, the expression of
the friend of GATA 2 (FOG-2) was first observed from day 3 post-
differentiation, GATA4 and the t-box 20 (Tbx-20) were from day 6
post-differentiation, Tbx5 was from day 9 post-differentiation,
and Nkx2.5 was strongly observed at day 15 post-differentiation
(Fig. 2D). For the cardiomyocyte-specific proteins, ANP and the
MLC 2 atrial (MLC2a) were observed first from day 6 post-differen-
tiation, 2-MHC and -MHC were from day 9 post-differentiation,
the MLC 2 ventricular (MLC2v) was from day 12 post-differentia-
tion (Fig. 2E).

Action potential recordings of CMESC-derived cardiomyocytes

We recorded the action potentials of CMESC-derived cardio-
myocytes using glass microelectrodes. Eight-week-old contracting
EBs were selected manually and dispersed into small clumps and
single cells, The dispersed EBs were cultured to confluence for
three days before analysis. The microelectrode was advanced to
the intracellular cytoplasm and the voltage of the bulk solution
and cytoplasm were measured. Rhythmic beating could be de-
tected in the CMESC-derived cardiomyocytes. The action potential
resembled a sinus node, indicating that the CMESC-derived cardio-
myocytes had a relatively shallow resting membrane potential,
slow diastolic depolarization and relatively long action potential
duration (Fig. 3A). The administration of isoproterenol increased
their beating rates (Fig. 3B). The basic cycle length (BCL), action po-
tential duration (APD), dV/dt, action potential amplitude (APA) and
maximum diastolic potential (MDP) were also recorded (Fig. 3C).

days
RT
Nanog
A[ o
B C Brachyury
CLAFP
r FOG-2
GATA4
Nkx2.5
Thx5
L Thx20
- ANP
MLC2a
MLC2v
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Fig. 2. RT-PCR analysis of the CMESC-derived EBs for various immature and card-
lomyocyte-specific proteins. (A) Pluripotency-related genes: Nanog and Oct3/4: (B)
Mesodermal marker gene: Brachyury, (C) Primitive endodermal marker gene: AFP;
(D) cardiomyocyte-precursor and cardiomyocyte marker genes: FOG-2, CATA4, N-
kx2.5, Thx5, and Thx20; (E) Cardiomyncyte-associated structural protein genes: ANP,
MLC2a, MLC2v, 3-MHC, 3-MHC, and equal loading control f-actin. Reverse-tran-
scription negative controls were also amplified and loaded in the lane next to the
relevant sample. Abbreviations are listed in Supplementary Table 1
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Fig. 3. Electrophysiology of CMESC-derived cardiomyocytes. (A) Representative
action potentials of CMESC-derived cardiomyocytes showing spontaneous beating
(left) and the relatively short duration time of the action potential (right), () Effect
of isoproterenol (ISP) on the beating rate. (C) Statistical parameters obtained from
12 cardiomyocytes including beating cycle length (BCL), action potential duration
(APD), dV/dt max, action potential amplitude (APA) and lic pote-
ntial (MDP).

Proliferative potential of CMESC-derived cardiomyocytes

Since the gestation period of the common marmoset is approx-
imately seven times longer than that of the mouse, we hypothe-
sized that CMESC-derived cardiomyocytes also retain their
proliferative potential for a longer period of time and investigated
this possibility. When EBs were dispersed into small clumps we
observed a relatively long-term proliferation period and noticeable
cell multiplication, From these findings, we expected that CMESC-
derived cardiomyocytes might possess a higher proliferation abil-
ity than mouse-derived ES cells.

First, we performed BrdU incorporation assays on intact EBs at
several time points after differentiation had occurred. The identifi-
cation of DNA synthesizing cardiomyocytes was confirmed by co-
immunofluorescent staining of Nkx2.5 and BrdU. At 6 weeks, intact
EBs initially contained 33% BrdU-positive cardiomyocytes, but this
decreased to less than 1% at 12 weeks (Fig. 4A and B), Next, the dis-
persed cells from EBs at several time points were applied to BrdU
incorporation assays. Average 73% of cardiomyocytes were positive
for BrdU at 5 weeks. This gradually decreased to 30% at 24 weeks,
and 0% at 36 weeks (Fig. 4A and C). Most of the cardiomyocytes
from freshly dispersed EBs 36 weeks after differentiation were
rod-shaped (data not shown). These data indicated that common
marmoset ES cell-derived cardiomyocytes retained their prolifera-
tion potential for an extended period of time.

Discussion

This is the first study to demonstrate that CMESC can differen-
tiate into cardiomyocytes in vitro, We described their overall differ-
entiation mechanism including time-courses for the expression of
various genes during cardiogenesis, and characterized them in
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Fig. 4. Proliferation properties of CMESC-derived cardiomyocytes. (A) Time course Brdl incorporation assay in intact EB (open circle: n = 3) and dispersed condition (closed
circle; n = 3) during weeks 5-36 post-differentiation. Cardiomyocytes were identified by immunofluorescent staining for Nkx2.5. The fractions of BrdU-positive cardiomy-
ocytes were plotted. (B) Typical immunofluorescent staining patterns of Nkx2.5 (left), BrdU (middie) and merged images (right) in the intact EBs 6 weeks after differentiation
upper panel) and 12 weeks after differentiation (lower panel). (C) Typical immunodetection of Nkx2.5 (left), BrdU (middle) and merged images (right] in the dispersed

condition 6 weeks after differentiation. Scale bars: (B) 100 pm; (C) 20 um

detail by immunofluorescent staining, ultrastructural analysis,
electrophysiology and determining their growth properties,

Gene expression analyses during cardiogenesis in several spe-
cies including mice [12], humans [13], and rhesus monkeys [10]
are available. The present study enabled us to obtain gene expres-
sion data for the common marmoset monkey. A comparison of
gene expression profiles between the species listed above high-
lights many similarities. The only major difference seems be in
the timing of cardiomyocyte development: 8-14 days in humans;
12 days in the common marmoset: 8 days in the rhesus monkey:
and 6 days in mice. Although minor differences in the expression
timings of the ANP, MLC-2a, MLC-2v and 2-MHC genes also exist
during differentiation. we found that the timing of CMESCs was
closest to human ES cells.

We found that the efficiency of cardiac differentiation was the
same when obtained under non-serum conditions using KSR in-
stead of FCS. These observations indicated that CMESCs, unlike hu

man | 14] or rhesus monkey | 10] ES cells, do not require any serum-
derived stimulating factors for mesendoderm induction and cardi-
ogenesis, because KSR does not contain any cytokines or growth
factors. On the other hand, the expression of various marker genes
during cardiogenesis was very similar to that seen in human [ 14|
and rhesus monkey [10] ES cells, suggesting that CMESCs have a
similar cardiogenic differentiation system to human and rhesus
monkey ES cells. CMESCs might be able to provide differentia-
tion-inducing auto- andfor paracrine factors. Further mechanistic
comparative studies between CMESCs and human and/or rhesus
monkey ES cells will provide further insights into cardiogenic
differentiation.

BrdU incorporation assay indicated that CMESC-derived cardio-
myocytes were capable of long-term proliferation for extended
periods of time. Importantly, CMESC-derived cardiomyocytes were
still able to proliferate 24 weeks after differentiation, but the
ability to proliferate ended at 36 weeks. Considering the gestation

36
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period of the common marmoset. these findings had a reasonable
explanation.

Much information about human ES cells and their application to
heart regeneration therapy has accumulated [15.16]. Moreover,
mouse and human inducible pluripotent stem cells (iPS cell) have
also been established [17]. In order for heart regeneration therapy
using regenerated cardiomyocytes to become a reality, preclinical
studies using primate ES cell- or iPS cell-derived cardiomyocytes
for transplantation are necessary. The common marmoset monkey
is an ideal primate model for preclinical studies in the field of
regenerative medicine. We believe that this report provides funda-
mental details about CMESC-derived cardiomyocytes that will aid
their use as a primate heart cell-therapy model.

Appendix A. Supplementary data

Supplementary data associated with this article can be found. in
the online version, at doi: 10.1016/j.bbrc.2008.02.141.
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